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Aspects of Microbial Biofilms in Water
Treatment

Riddha Dey and Richa Raghuwanshi

Abstract

Global water crisis created due to increasing population and its demands needs to
ascertain proper water management practices. Biofilm, which is a conis the
fundamental unit of atgregation of microbial cells that are irreversibly attached
to the surface and confined within the matrix of polysaccharide material, plays a
major role in water treatment and reuse technology. A biofilm structure has a
specific architecture that consists of microbial cells and extracellular polymeric
substance provided with an ideal environment for the exchange of genetic
material between cells. The growth and attachment process depend on the growth
medium, substratum, and the cell surface. Biofilms are the main component of
membrane bioreactors. The microorganisms present in the biofilms participate
actively in contaminant bioremediation and degrade the organic contaminants of
the polluted water. The planktonic-biofilm transition is a highly regulated and
complex process that depends on the phenotypic characteristics of the bacteria
and environmental factors. The microorganisms that help in biofilm formation
have specific regulatory genes and communicate through quorum sensing which
in turn can initiate certain biofilm processes such as detachment. Recently, studies
have identified the genes and regulatory circuits which are involved in initial cell
surface interactions, biofilm maturation, detachment, and the conversion of
biofilm microbial cells into planktonic mode of growth. This chapter explores
the ways of formation and architecture of biofilms and deals with the ecology of
the surface microbes, their growth control mechanisms, and their role in water
reclamation system.
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1 Introduction

Modern civilizations have witnessed the process of rapid industrialization and
urbanization which have not only affected the individual lifestyle and society but
have also modulated the environment. Unlike the positive drive it has on the
economical and social frames, the impact of both industrialization and urbanization
has adverse effect on nature and its precious resources especially the air and water.
Since water has guided the growth of various epical civilizations, its importance in
structuring a stable society can never be overlooked. However, the discharge of toxic
chemicals and untreated sewages from the rapidly growing industries and cities has
contaminated a large portion of usable water, affecting the water quality and human
heath at the same time. Contaminated water generally consists of industrial, agricul-
tural, and domestic effluents which may be comprised of detergents, fats, oils,
pesticides, and trace metals like lead, cadmium, mercury, nickel, zinc, etc., making
it unfit for drinking. The lack of proper water treatment plants has also contributed to
increased toxicity of water bodies to a large extent. According to the UNESCO
(2017), over 80% of the effluents released worldwide in the water bodies are without
sufficient treatment. Moreover, the WHO has quoted that 40% of the deaths and 30%
of all the diseases have been resulted due to contaminated water (Kantawanichkul
et al. 2009), causing it as a global concerned.

Deterioration of life and health quality due to polluted water and regular assess-
ment of progressive contamination of water bodies by various researchers suggest
the need of focusing toward a necessary cure for the existing situation. Treatment of
contaminated water bodies in an efficient way to remove toxins has gained attention.
The process of water purification starting with the filtration was appreciated due to
its cost-effectiveness and practicability. However, the use of chemical filters or the
contemporary physical methods had many drawbacks. The use of biological knowl-
edge for wastewater treatment was introduced in the year 1893 in England as
trickling filters (Metcalf and Eddy Inc 1991). The concept of utilizing microbial
population for the metabolic degradation of organic wastes and chemicals and
removal of trace metals from the effluents has gradually evolved and is being
commercialized. The pioneering works in this area guided the development of
biofilters and the successful application of biofilms for filtering both polluted air
and water at industrial level.

Initially, the biofilters were developed on slag or rock as filter media; however,
with the latest advancement, an array of filter media are purposefully used for
obtaining requisite biomass preeminent toward metabolic degradation of pollutants.
Progress in the knowledge of biofilms and their effective utilization using array of
support media leads to the development of plastic-based media (bundled plastic
transition to expanded polystyrene units) into various fixed film filtration units in the
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mid-twentieth century (Antonie and Aacken 1971; Antonie 1976). Subsequently, the
advanced biofiltration unit was developed with high treatment efficacy by the
purposeful implication of support media. Further, hybrid (suspended and fixed
film system together) and upgraded fixed film systems were also introduced for
better water treatment (Canler and Perret 1994). However, in biofiltration units, the
optimum operational parameter, which includes pH, temperature, moisture, aeration,
etc., should be properly maintained for better results. Govind (2009) percolated that
biofiltration can effectively remove as high as 5000 ppmv concentration of
contaminants if provided with structural and operational optima.

Utilization of biofilms for filtration has many advantages over the physical
methods which include cost-effectiveness and filtration efficacy due to metabolic
breakdown of biodegradable pollutants along with environmental benefits. In nature,
microorganisms preferably form consortia for proper utilization of available
nutrients and combat stress. This natural process gradually results in the form of
biofilm which may consist of microbes belonging to different trophic levels. In a
biofilm, complex organic contaminants can be utilized sequentially by various
classes of microbes ultimately resulting into increased biomass and subsequent
biodegradation of contaminants. Therefore, the utilization of biofilms in the mem-
brane reactors and filtration units for the removal of pollutants has great scope.
Today, modern biofilter technology is playing a paramount role over the quintessen-
tial physical methods for water reclamation and reuse processes. Nevertheless, the
increasing demand of water due to rapid rise in the global population and following
depletion of freshwater sources is urging for more efficient biofilters to increase the
mass reuse of available water and prevention of water pollution.

2 Wastewater Treatment

Wastewater treatment is a process through which the contaminants present in the
effluent are removed and converted into reusable form with minimum impact on the
environment. Wastewater treatment can be broadly divided into three categories:
physical treatment, chemical treatment, and biological treatment.

Physical Water Treatment: In this process, solid wastes are removed without
involving any use of chemicals. Processes like screening, sedimentation, and
skimming are used in which the insoluble heavy particles settle down at the bottom
and the pure water is separated. Other effective methods are aeration (providing air
through the water to provide oxygen) and filtration (wastewater is passed through the
filters to separate the contaminants and insoluble particles). Sand filters are mostly
used in this process. The major disadvantage is that not all the contaminants can be
removed by using physical treatments. The particles having smaller size cannot be
removed.

Chemical Water Treatment: This process involves the use of chemicals for water
treatment. Chlorine is widely used for water treatment. Ozone is an excellent
disinfectant and oxidizing agent and is used in water purification. Neutralization
technique is also used where acid or bases are added to neutralize the pH of the
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water. Chemical treatments can check the growth of microorganisms, but its
prolonged use can cause water hardness and make it turbid changing its taste
and odor.

Biological Water Treatment: Biological treatments make use of microorganisms
to break down organic wastes using normal cellular processes. Among the available
treatment processes, application of biological processes is gradually gaining pace as
it involves no chemical use and is ecofriendly, cost-effective, and efficient in lower
level of contamination. It is mainly of two types: suspended and fixed film growth
systems. Suspended growth systems have some definite disadvantages like washout
and low biomass concentration (Metcalf and Eddy 2003). Fixed film systems have
many advantages like:

1. They are closer to natural biofilm systems.
2. Prevent washout of biomass.
3. Increased mean cell retention time.
4. Enhanced biomass loading per unit reactor volume.
5. Easy solid and liquid separation.
6. Surface biodegradation facilitates providing resistance to shock loadings.
7. Higher biodegradation rates.
8. Higher active biomass.
9. Enhanced rates of genetic transfer resulting in stable gene pool.

10. Extensive microbial diversity.
11. Greater efficiency to degrade recalcitrant (Bisop et al. 1995).

The concept of biofilms was followed for the development of biofilters which are
the most recent and promising technique possessing higher efficiency and better
performance for biological wastewater treatment (Cohen 2001).

3 Biofiltration

Biofiltration system involves removal of pollutants through biological degradation
unlike normal filtration technique where physical straining is used (Chaudhary et al.
2003). This breakdown of pollutants is carried out by microorganisms fixed to a
porous medium. The microorganisms including (anaerobic, aerobic, and facultative)
protozoa, bacteria, algae, and fungi suspended beside the medium particles gradually
develop a slime layer known as biofilm over the surface of the filter media. To ensure
large surface area for attachment and increase in nutrient supply, the filter bed
medium consists of relatively inert substances. The potential of a biofilter depends
on the properties and characteristics of the support medium including degree of
compaction, porosity, ability to host microbial populations, and water retention
capabilities. The parameters that determine the performance and successful opera-
tion of biofilters include the medium pH, microbial inoculation, moisture, tempera-
ture, and nutrient content (Devinny et al. 1999). Over the last few decades, fixed film
systems like trickling filters and rotating biological contractors have been used for
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wastewater treatment (Antonie 1974; Pederson 1982; Hinton and Stensel 1994;
Parker and Bratby 2001). The various abatement techniques related to biofiltration
is illustrated in Fig. 1. As the performance of biofilter depends on the microbial
activity, so availability of constant source of substrates is important to maintain and
control a healthy biomass present on the surface of the filter.

4 Performance Parameters of Biofilters

The parameters that play a crucial role on the performance of a biofilter are briefly
discussed below:

1. Physical factors
(a) Filter media

Filter media or packing is the fundamental unit of attached growth wastewa-
ter treating technology. It provides a surface on which the microbial growth
takes place and forms a biofilm layer. The source and concentration of
pollutants are the basis of selection of biofilter media which makes it crucial
for efficient functioning of biofilters. Porosity, size, density, and resistance to
erosion and chemicals are also important parameters for selection. The
biofilter media should provide suitable and larger surface area for quick
biomass growth and good quality surface texture to withstand shear and
sloughing of biomass. The filter medium should be insoluble, durable, and
resistant to chemicals (Christensson andWelander 2004). The hydrodynamic

BIOFILTRATION

ADVANCED
(Induced attachment
of micro organisms)

CONVENTIONAL
(Self attachment

of micro organisms)

Microen
capsulation
Bedding
Material
microorganism
association
Entrapment
within
polymeric
beads

Trickling 
Filters
Septic
Infiltration
Systems
Rotating
Biological
Contractors
Sand
Filters

External
configuration
Internal
configuration

Two phase
system
Three phase
system

Fixed bed
system Membrane

aided biofilter

Fluidized
bed system

Fig. 1 Types of biofiltration processes
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conditions of the support material are affected by the geometry of the reactor,
i.e., surface area and texture, affecting biofilm formation causing inappropri-
ate wastewater treatment (Yu et al. 2008; Matos et al. 2011). A medium that
has high void fraction, resistance to clogging, large passage diameter, high
specific surface area, good mechanical strength, inert material of construc-
tion, flexibility in shape, wettability for better growth of biofilm, light
attenuation, and ease of maintenance and is lightweight and cost-effective
is considered as a good filter medium. Various researchers have reported the
use of different synthetic and natural materials like polypropylene (Khatoon
et al. 2014), polystyrene (Naz et al. 2013), and pebbles (Naz et al. 2015; Khan
et al. 2015) as efficient media. For primary wastewater treatment, blast
furnace slag, granite, and synthetic media can be used as filter media. The
selection of filter media largely depends on the volume of wastewater.
Moreover, for the tertiary wastewater treatment, granular activated carbon
(GAC), filter coal, anthracite, and sand can be used. The use of GAC for the
removal of organic substances from tertiary wastewater is better than using
anthracite or sand as they are non-adsorptive media (Le Chevallier et al.
1992; Wang et al. 1995a, b). The biodegradable components are retained and
adsorbed by GAC, leading to continuous bioregeneration additionally
providing protection from shear loss of biomass. Certain spectroscopic
techniques like X-ray photoelectron spectroscopy and energy-dispersive
X-ray spectroscopy are utilized for the detection and quantification of the
elemental composition of the filter medium.

(b) Filter backwash
Filter backwashing is a very crucial step for the maintenance of the biofilm,
and the backwashing technique should be selected appropriately, or else it
could damage the biomass attached to the surface (Ahmad et al. 1998;
Bouwer and Crowe 1988; Bablon et al. 1988; Graese et al. 1987; Miltner
et al. 1995). The hydrophobic biological particles are attached to filter media
with greater force compared to that of nonbiological clay particle (Ahmad
and Amirtharajah 1998). Backwashing in granular activated carbon biofilter
showed no significant loss in vertical biomass profile (Servais et al. 1991).

(c) Empty bed contact time
The empty bed contact time (EBCT) is the main operating parameter of a
biofilter. The concept dimensionless contact time incorporating EBCT was
given by Zhang and Huck (1996). With the increase in contact time escalates
the organic substance removal until it reaches its optimum value. The
hydraulic loading and filter depth can be amended to enhance the EBCT.
In a rapid filtration unit, organic removal is not affected by hydraulic loading
for a given EBCT (Carlson and Amy 1995).

(d) Temperature
The effect of temperature on the bacterial activity is yet another parameter for
biofiltration. The activities of bacterial community adapted at 10 �C and
20 �C but can increase with the rise in temperature by 10–30 �C.
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2. Biological factors
The formation of microbial biofilm is the fundamental principle of biofiltration
technique. So it is required to understand the mechanism of the biological
processes involved in the formation of biofilms. Microorganisms play a crucial
role in removing anthropogenic contaminants from wastewater. The knowledge
of composition of the microbial consortia, which form the biofilm, is preferably
significant not only to construct highly efficient engineered biofilms but also to
understand the basic mechanism of decomposition performed by them. Although
microbial consortia are responsible for the biofilm formation, the methanogens
are the key players in waste removal. The microbes recovered from anaerobic
bioreactors mostly belong to the Euryarchaeota, Crenarchaeota, Korarchaeota,
and Thaumarchaeota (Riviere et al. 2009; Leclerc et al. 2004; Collins et al. 2006;
Dang et al. 2013). Along with Crenarchaeota, other potential ammonia-oxidizing
organisms, including Nitrosopumilus maritimus, Candidatus, and
Nitrososphaera viennensis, were also isolated from biofilms (Konneke et al.
2005; Tourna et al. 2011). Methanogenic archaea, dominantly consist of
Methanobacteriaceae, Methanosarcinaceae, and Methanosaetaceae, get attached
to the packing support materials carrying out methanogenesis efficiently (Zhang
et al. 2011; Buzzini et al. 2006; Del Nery et al. 2008). Moreover, Leclerc et al.
(2004) reported the consortia of Methanobacterium spp. and Methanosaeta
concilii in the biofilm layer. However, in the stirred tanks and fixed film digesters,
Methanosarcina frisus is the prevalent species, yet, in anaerobic sludge bed,
Methanosaeta spp. is mostly found. Visser et al. (1991) revealed that even after
a rise in temperature from 38 �C to 55 �C, several subpopulations including
Methanobrevibacter smithii, Methanospirillum hungatei, Methanobrevibacter
arboriphilus,Methanobacterium thermoautotrophicum,Methanogenium cariaci,
and Methanosarcina thermophila continue to carry out their activity proficiently.

5 Microbial Biofilms

A biofilm is defined as an accumulation of microbial cells that are attached irrevers-
ibly with a surface enclosed in a matrix consisting primarily of polysaccharide.
Biofilm matrix may also contain noncellular materials according to the environment
in which the biofilm has developed. The water system biofilm contains clay material,
corrosion products, filamentous bacteria, and freshwater diatoms making it more
complex. There are multiple biofilm growth modes. They may grow in flat sheets,
discontinuous patches, cluster shape, or columnar form. The mechanism of biofilm
formation is illustrated in Fig. 2.

There are three main biological processes that can occur in a biofilter:

1. Attachment of microorganisms.
2. Growth of microorganisms.
3. Decay and detachment of microorganisms.

Aspects of Microbial Biofilms in Water Treatment 7



5.1 Attachment of Microorganisms

Attachment is a process in which the microorganisms attach and colonize over the
filter media surface through transportation, initial adhesion, firm attachment, and
colonization (Van Loosdrecht et al. 1990). The microorganisms then get transported
toward the filter media surface further involving four processes: diffusion, convec-
tion, sedimentation due to gravity, and active mobility of the microorganisms.
Depending upon the total interaction energy (sum of van der Waals forces and
electrostatic force), the initial attachment can be reversible or irreversible. Irrevers-
ible adhesion of microorganisms occurs through production of extracellular poly-
meric substances. The polyhydroxyl groups in extracellular polymeric substances
form hydrogen bonding through which bacterial colonization takes place (Kjelleberg
et al. 2007). The process of adhesion of the microorganisms on the filter media
surface stands by the DLVO (Derjaguin-Landau-Verwey-Overbeek) theory. The
influent characteristics and surface properties of the filter media decide the processes
of firm attachment and colonization. The method of surface attachment of
microorganisms is greatly influenced by hydrophobicity of the microorganisms,
steric effects, contact angle, and electrophoretic mobility values.

5.2 Growth of Microorganisms

Following the process of microbial attachment on the filter media surface, the
formation of monolayer microcolonies takes place. The bulk and surface transport

Primary attachment

Irreversible 
attachment and 
formation of 
monolayer

Signal molecules

Formation of
microcolonies

Mature
biofilm

Invasion
of other
microbes

Detachment and
dispersion

Planktonic bacteria

Multispecies consortia

EPS

Fig. 2 Mechanism of biofilm formation
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phenomenon governs the supply of organic substrate. Once the substrate is
transported to the biofilms from the bulk liquid, it gradually diffuses into the biofilms
initiating the process of metabolism. Transportation of mass substrate to the biofilm,
rate of diffusion of the substrate into the biofilm, and kinetics of its utilization within
the biofilm decide the rate of substrate utilization. A three-dimensional arrangement
is formed by the attachment of the biofilms to debris from the adjacent environment.
Growth yield of the substrate also influences the performance of a biofilm process.
Invasion of new planktonic bacteria also takes place and forms multispecies
consortia.

5.3 Detachment of Biomass

Detachment is a critical phenomenon where matrix-encased and sessile microbial
cells are converted to free planktonic microorganisms that affect the maintenance of
biomass. Some of the important detachment mechanisms are erosion of biomass
(due to the fluid shear), abrasion of biomass (scraping the biocell off the surface by
collision of external particle), sloughing (detachment of large patches of biomass),
predation of protozoa (detachment of biomass on the outer surface of the biofilm),
and filter backwashing. During backwashing, the biomass is affected by expansion
of backwash bed, mode of backwash like filter effluent, chlorinated water, and air
scour (Chaudhary et al. 2001). There is no loss of effective biomass during normal
filter backwash (Ahmad and Amirtharajah 1998). However, it has been also reported
that biomass loss occurs due to shear stress and is stimulated by cell-to-cell signaling
mechanism through quorum sensing (Webb 2007).

6 Factors Promoting Biofilm Formation

The factors that promote the process of biofilm formation are as follows:

(a) Nutrients, pH, and temperature
Nutrient condition is the major factor that plays a pivotal role in microbial
growth in the biofilms. It ranges from enriched media to non-detectable one.
The conversion of microbial cells from planktonic to biofilm state needs dense
nutrient-rich environment, whereas the depletion of nutrients promotes biofilm
cell detachment from surfaces. The microbial community obtains nutrients
through various prominent ways like utilization of waste products from second-
ary colonizers, accumulating trace organic materials through extracellular poly-
meric substances, and biochemical resource pool (Sehar and Naz 2016).

Alteration in pH affects the microbial growth and development. The bacteria
present in the media modify the synthesis and activity of proteins associated
with different cellular processes. Although the formation of polysaccharides and
excretion of exopolymeric substances do not respond to pH variations, the
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optimum pH for the production of polysaccharide is around 7 (Oliveira et al.
1994).

Temperature is yet another factor which is very sensitive for microbial
growth. A healthy growth of microbes needs optimum temperature, or else it
will lead to reduction in bacterial enzyme reaction rates which will result in loss
of bacterial growth efficiency. The optimum temperature for bacterial growth
found in cooling water systems is about 40 �C (Ells and Hansen 2006).

(b) Surface topography
Bacterial adhesion to the surface is greatly governed by surface topography. The
aqueous media with higher flow rate and rough surface reduce the shear force on
microbial cells.

In the initial steps of attachment, a limited surface roughness enhances the
adhesion of microbes by providing it increased surface area for attachment of
cells. The surface exposed to the aqueous medium is coated with polymers
resulting in chemical modifications that affect the rate of microbial attachment.
Furthermore, the process of adhesion is influenced by factors like
hydrophobicity, charge, and elasticity (Prakash et al. 2003)

(c) Hydrodynamics
The zone adjacent to the substratum which experiences negligible turbulent flow
is known as the hydrodynamic boundary layer. The flow velocity in this zone is
insufficient to remove the biofilm layer. The region outside this layer shows high
level of turbulent flow and influences the attachment of the microbes on the
surface. The microbial cells act as particles in a liquid, and the linear velocity of
the liquid is the deciding factor for the rate of association of the cells with the
submerged surface. Association of the cells largely depends on cell motility and
cell size. The thickness of the boundary layer decreases with the increase in
linear velocity. When the magnitude of the linear velocity is less, the cells travel
through the hydrodynamic boundary layer, but as it increases, the boundary
layer decreases. As a result, the microbial cells experience high turbulence level
and mixing (Characklis 1990). Higher linear velocities can be considered the
same as rapid association with the surface until the detachment of the cells
occurs due to shear force caused by high velocities (Rijnaarts et al. 1993; Zheng
et al. 1994). Simoes et al. (2007) showed that physical properties such as
structure, thickness, and mass along with extra polymeric substance production
and metabolic activities of biofilms are influenced by hydrodynamic conditions.

(d) Gene regulation
Initial attachment of the cells with the solid media involves upregulation and
downregulation of a number of genes. Pseudomonas aeruginosa is an important
bacterium which is involved in biofilm formation. Approximately 22% of its
genes are upregulated, and 16% are downregulated during the process
(Steyn et al. 2001). Bacterial alginate functions as extracellular matrix material
which initiates differentiated biofilm formation. Genes like algD, algU, and
rpoS which encode bacterial alginate formation and genes regulating
polyphosphokinase synthesis are also upregulated during the process of biofilm
formation by Pseudomonas aeruginosa (Prakash et al. 2003). In case of
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Staphylococcus aureus, genes responsible for the synthesis of enzymes like
phosphoglycerate mutase, triphosphate, and alcohol dehydrogenase used in
glycolysis or fermentation are also upregulated (Becker et al. 2001)

(e) Extracellular polymeric substances
Extracellular polymeric substances are voluntarily secreted by microbial
biofilms in nature which are, generally, composed of high-molecular-weight
polymers, like polysaccharides, proteins, glycoproteins, DNA oligomers,
phospholipids, and humic acids, comprising of 50% to 90% of the total organic
carbon of the biofilms ((Flemming and Wingender 2010; Flemming et al. 2000).
The uronic acids (D-galacturonic, D-glucuronic, and D-mannuronic acids) or
ketal-linked pryruvates (Sutherland 2001) provide it the negative charge that
facilitated their association with divalent cations causing cross-linking of the
polymeric strands that provides greater binding force in the biofilm (Flemming
et al. 2000). The extracellular polymeric substances are also highly hydrated by
large amounts of water into their structure due to hydrogen bonding. The
extensive hydrophobic interactions along with its bridging with multivalent
cations aggregate the bacterial cell in the gel-like network. However, extracel-
lular polymeric substances are not essentially required for the sustainability of
microbial life, yet their provenance has significantly influenced the increased
survival, plasticity, adaptability. and their metabolic efficacy. Although extra-
cellular polymeric substances are considered as the secreted metabolic wastes,
they crucially secure the biofilm attachment and facilitate organization of each
microbial cell in the consortium. The extracellular polymeric substances, thus,
not only enable the increase in the efficiency of biofilm for entrapping and
gradual degradation of organics and nutrients from the surrounding but also
increase cell-to-cell exchanges and signaling (Zhao et al. 2013; Decho and
Gutierrez 2017). Moreover, it causes flocculation and granulation and further
protects bacteria against environmental stresses (Zhao et al. 2013). The
properties and primary characteristics of biofilm can be determined by the
compositional and structural variations of the extracellular polymeric
substances, since it is not uniform and rather alters on the basis of microbial
composition along the spatial and temporal scales. Nevertheless, the extracellu-
lar polymeric substance production in microbial community is affected by
nutrient status, where excess availability of carbon and limitation of nitrogen,
potassium, or phosphate promote extracellular polymeric substance synthesis
(Sutherland 2001). Retardation in bacterial growth also promotes extracellular
polymeric substance production, likely, as a mechanism of tolerance. Further, it
also contributes toward antimicrobial resistance of biofilms by slowing down
the bulk transfer and exposure of antibiotics through the biofilm by binding
directly to these agents (Donlan 2000). Notably, the increasing age of biofilms
promotes the biosynthesis and secretion of extracellular polymeric substances
significantly (O’Toole 2011).

(f) Extracellular DNA
Extracellular DNA serves very crucial role in various stages of biofilm forma-
tion including initial adhesion of bacterial cells followed by aggregation and
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microcolony formation promoting wastewater treatment. It is an integral part in
production of extracellular polymeric substances (Bockelmann et al. 2006). It
also provides strength to biofilms along with protecting the biofilms from
antibiotics, physical stress, and detergents (Das et al. 2013). Currently, it is
also prominently used in engineered biofilms for environmental pollutant reme-
diation and production of electricity or fuel in bioelectrochemical systems or
bioreactors.

(g) Divalent cations
Divalent cations are abundant in aquatic environments and are involved in
bacterial growth in biofilms. The extracellular DNA chelates divalent cations
which results in amendment of surface properties of microbial cell providing
resistance against detergents and antimicrobial agents (Mulcahy et al. 2008).
Calcium which is a divalent cation contributes in initial attachment by chelating
anionic sites on extracellular polymers between microbial aggregates of anaero-
bic sludge granules, activated sludge flocs, and biofilms (Kerchove and
Elimelech 2008). Calcium also influences cellular and extracellular product
formation, cell signaling, alginate regulation, and biofilm virulence (Sarkisova
et al. 2005). Cations like sodium, calcium, lanthanum, and ferric ions cause
reduction in the repulsive forces created between the negatively charged micro-
bial cells and the surfaces of attachment (Fletcher 1988). Introduction of diva-
lent cations enhances the thickness of the biofilms making it denser and
mechanically more stable (Das et al. 2014).

7 Biofilm Ecology

The microcolonies are the fundamental unit of biofilm structure. The compaction
and proximity of the microcolonies provide an ideal condition for exchange of
genes, quorum sensing, and creation of nutrient gradients. The cycling of various
nutrients like nitrogen, carbon, and sulfur occurs through redox reactions. Microbial
interactions like predation and competition also take place in the biofilm.

(a) Gene transfer
Gene transfer among the bacterial communities occurs through horizontal gene
transfer (HGT) events which generally includes the exchange of plasmid DNA.
HGT events confer the transfer of novel properties like antibiotic resistance,
hydrocarbon degradation, or stress tolerance among bacterial communities;
however, the lower rate of such interactions due to spatial separation of plank-
tonic cells is a prime barrier. In contrast, the biofilm provides an ideal niche for
such genetic exchanges as cells are more or less spatially fixed in the space
(Ehlers and Bouwer 1999; Roberts et al. 1999; Hausner and Wuertz 1999). The
consensus established that the HGT in the biofilm mostly proceeds with the
phenomenon of conjugation as the biofilm structure allows cell-to-cell contact
requisite for it. Thus, biofilms are considered as HGT “hot spots” due to high
frequency of plasmid exchanges (Van Elsas and Bailey 2002; Aminov 2011;
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Fux et al. 2005; Madsen et al. 2012). Nevertheless, the several abiotic factors,
nutrient status, and biofilm compositions influence the frequencies of conjuga-
tion. Conjugation takes place with conjugative pilus, encoded by the tra operon
of the F plasmid that facilitates as adhesion factor between donor and recipient
cells, forming three-dimensional biofilm (Ghigo 2001). Additionally, effective
and enhanced conjugation may be obtained in the biofilm as a consequence of
closer cell-to-cell contact facilitating minimal DNA shearing. The recipient
organisms which lack plasmid only produce microcolonies without any further
development, but plasmid-carrying donor strains convert them into biofilm
forming organisms through plasmid transfer.

(b) Quorum sensing
Among all the chemical signals required for the formation and regulation of
biofilms, quorum sensing is the most common one that facilitates biofilm
homeostasis through regulated cell attachments and detachments. This mecha-
nism of quorum sensing not only maintains the microfloral density but also
modulates toxin productions, bioluminescence, secondary metabolite secretion,
etc. (Harmsen et al. 2010). Microbiota densely packed in extracellular polymeric
substances matrix release a density-dependent chemical signal that mediates the
growth and development of biofilms on different surfaces via quorum sensing.
Quorum sensing uses the transcriptional activator protein which acts with small
autoinducer signaling molecules to stimulate expression of target genes, only
after its significant accumulation, resulting in changes in physiochemical behav-
ior (Xiong and Liu 2010). The cell-to-cell signaling systems in Pseudomonas
aeruginosa, namely, lasR-lasI and rhlR-rhlI, are involved in biofilm formation
(Davies et al. 1998). Biofilm differentiation is initiated when these signals reach
their optimum concentrations required for the activation of genes. The microbes
with double mutant although produce a biofilm lack typical biofilm architecture
with much thinner cell layer and more densely packed cells. Moreover, the
mutant biofilms are easily removed from surfaces. Quorum sensing mediates
induction of genetic competence, i.e., enabling the uptake and incorporation of
exogenous DNA by transformation in S. mutans, and increases it up to 10–600-
fold than planktonic cells (Yung-Hua et al. 2001). The mechanism by which the
bacterial communication is interrupted is known as quorum quenching. It
enhances the bacterial dispersal across membrane during the early development.
It suppresses the growth of specific microbial species (e.g., Acinetobacter). It
also influences the community dynamics affecting correspondingly the ecologi-
cal selection and dispersal processes (Jeong et al. 2020).

(c) Predation and competition
The microbial biofilms due to localized cell concentration are subjected to
predation by protozoa, bacteriophage, Bdellovibrio sp., and polymorphonuclear
leukocytes (PMNs). Murga et al. (2001) reported colonization of heterotrophic
biofilms leading to predation by a free-living protozoon, Hartmannella
vermiformis. McLaughlin-Borlace et al. (1998) demonstrated Acanthamoeba
sp. as a predatory organism in contact lens storage case biofilms.
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Competition is also a regular phenomenon observed within biofilms. James
et al. (1995) noted that in spite of the notable count of Hyphomicrobium sp. in
Hyphomicrobium biofilm, the invasion of Pseudomonas putida always results in
the dominance of Pseudomonas putida. Biofilms containing Klebsiella
pneumoniae and Pseudomonas aeruginosa show consortial growth in stable
community, but when it comes to mixed culture biofilms, the growth of Pseu-
domonas aeruginosa is dominated by Klebsiella pneumonia (Stewart et al.
1997). Pseudomonas aeruginosa grow primarily as a base biofilm, but Klebsi-
ella pneumoniae form localized microcolonies that are advantageous as they
may have greater access to nutrients and oxygen. Pseudomonas aeruginosa
compete by rapidly colonizing the surface, thereby establishing a long-term
competitive advantage, but they are outcompeted by Klebsiella pneumoniae as
they grow more rapidly by attaching themselves to the surface layer of Pseudo-
monas aeruginosa biofilm.

8 Use of Biofilms in Biofiltration

Biofilm system is an advanced technology that is used in biofiltration for the
wastewater treatment. Here, solid media is provided to the suspended growth
reactors which act as attachment surface for biofilms. The solid media increase
microbial concentration which leads to enhancement in contaminant degradation.
Besides from that, biofilm system also involves many processes like biodegradation,
bioaccumulation, biosorption, and biomineralization (Pal et al. 2010). Along with
the degradation of different pollutants, the microorganisms present in the biofilm
break down the trapped pathogens present in the wastewater. The treated water after
biofiltration is then reused for other recreational purposes. The mechanism of water
treatment using microbial biofilm technology is schematically shown in Fig. 3.
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Fig. 3 The mechanism of water treatment using microbial biofilm technology
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Membrane filtration technology is used in membrane bioreactors (MBR) in pilot
plants. Its working principle is based on the combination of two basic processes, i.e.,
biological degradation and membrane separation. The biodegradation is done by the
suspended solids and microorganisms, and the treated water is separated by a
membrane filtration unit (Manem and Sanderson 1997). As a result of this, the
slow-growing microorganisms and the particulate matters get accumulated, leading
to the enhancement of recalcitrant organic treatment. Moreover, it causes retention of
most pathogens which act like disinfectant. All biological solid wastes are trapped in
the system, and the excess growth is removed as waste activated sludge reducing the
turbidity as well as the suspended solids. Subsequently, the inorganic nutrients like
nitrogen and phosphorous are also reduced (Di Giano et al. 2004).

Traditionally, membrane filtration is used in reverse osmosis process for water
treatment. Reverse osmosis membrane filtration is more popular because it reduces
the cost of desalination process using various improvements in the technology which
decreases the energy consumption making the process more robust and cost-
effective (Veerapaneni et al. 2007). Besides this, it can be used in water softening
process also (Conlon et al. 1990). Instead of other traditional processes in water
treatment like coagulation, sand and activated carbon filtration, or ion exchange,
membrane filtration can be used without addition of chemicals to the water
preventing the formation of harmful by-products. The main limitation of membrane
applications is excessive biofouling which is prevailed by the use of reverse osmosis
and nano-filtration (Vrouwenveldera et al. 2009). The advantages of using biofilm
systems include low-space requirements, resilience to changes in the environment,
operational flexibility, reduced hydraulic retention time, high active biomass con-
centration, increased biomass residence time, enhanced ability to degrade recalci-
trant compounds, slower microbial growth rate, and lower sludge production. Over
the year, biological membrane-based system has shown a great success in converting
alternative water sources into potable water.

9 Research Status

Recent research works focus on exploiting the natural theory behind the microbial
biofilm formation for wastewater treatment technology in pilot plants. Odegaard
et al. (1994) reported the use of moving bed biofilm reactor for the first time in
Norway during late 1980s and early 1990s. Later on, he also added that designing the
biofilm carriers with increased specific surface area to escalate the future treatment
capacity excludes the requirements of additional reactors (Odegaard 2000). Further,
Maurer et al. (2001) used two types of biofilm carriers, sponge cubes and plastic
tubes, while studying denitrification in a full-scale pilot plant. Laboratory models
were also built with both attached growth biological reactor and suspended growth
biological reactor to study the effect of combined reactors. It was deduced that
combined reactors showed better oxygen transfer rate (Karamany Hesham 2001).
Borghei and Hosseini (2004) pioneered the use of moving bed biofilm reactors in
domestic and industrial wastewater treatment. The role of aeration system in rapid
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biodegradation was justified by Ahl et al. (2006). Biofilm reactors with freely
moving carrier media were also operated on activated sludge treatment process
(Odegaard 2006). Studies on organic phosphorus and nitrogen removal process
have been examined in synthetic wastewater on a laboratory scale (Kermani et al.
2009). Sombatsompop et al. (2011) deduced the fact that when organic load is
increased, the moving bed batch reactor showed more efficiency than conventional
batch reactors. Yang et al. (2012) studied biosolids dynamics and explained biofilm
growth and detachment, suggesting innovative design of reactors in membrane
bioreactors which drew attention of researchers.

10 Future Research Prospects

Progressive application of microbial biofilm for enhancing not only water quality but
also various fields has gained significant attention among the researches and
industries. However, the lack of knowledge in understanding the molecular aspects
and gene-dependent phenomenon of biofilm-associated organisms and their ecolog-
ical interactions has somehow remained unappreciated. Microbiologist should focus
on the dynamics of microbial interactions and also elucidate the genetic factor
influencing such versatile phenotypes persisting among different biofilms. Recent
researchers are escalating toward understanding the intrinsic and extrinsic factors
that have driven versatility among the biofilm phenotypes. Nevertheless, it is crucial
to explore the scope of utilizing biofilms in pathogenic resistance and treatment of
chronic diseases as well. It is a matter of acknowledgment for the microbiologist as
the pharmaceutical industries are embracing this novel biofilm-based approaches
that may have potential benefits for the mankind.
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Abstract

Environment of this planet is facing hazards from various pollutants, among
which heavy metal and radionuclide pollution is of great importance. This
pollution is a resultant of both geological and anthropogenic activities. Various
industrial and municipal solid wastes have been a major source of heavy metal
contamination in soil, water and also as atmospheric aerosols in air. Similarly,
radioactive wastes from nuclear plants and places where radioactive materials are
used (e.g., medical centers) are contributing to radionuclide pollution of the
environment. These contaminants are harmful for living beings and cause various
health hazards to them. Proper management of wastes from these sources is
required along with environment-friendly remedial techniques. Phytoremediation
has been used in this regard for many years. However, nowadays, novel biotech-
nological tools are used for achieving paths in bioremediation through
microorganisms. Microbes possess the ability to biotransform, biosorb, and
biomineralize these metals and radionuclides. Techniques are now being availed
to identify the microorganisms and study their biological functions in order to use
them in remediating these hazardous pollutants from the environment.
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1 Introduction

Environmental pollution is a global concern of this century. One of the major areas
of environmental pollution is the pollution caused by elements, which are now
categorized by researchers as “emerging contaminants” (Yu et al. 2014). This
pollution is mainly due to the presence of elements whose elimination results in
harm and destruction of the natural environment. Elemental pollution is primarily
due to anthropogenic activities involving rapid industrialization, advanced agricul-
tural practices, and improper waste disposal methods. These practices have led to the
increase in elemental concentration in the environment which can create immense
toxicological and adverse effects on living organisms (Wijnhoven et al. 2007).
Among the elemental pollution, heavy metals have emerged as a pollutant posing
grave concern for the planet. These heavy metals have the capacity to enter the
environment through high level single exposure and can also pose cumulative effect
through low and high level exposures. However, when present in the environment, it
can persist in its toxic form for a prolonged time period, causing ecological,
nutritional, and environmental problems (Das and Osborne 2018). Heavy metal
pollution comes from either natural or anthropogenic sources (Nagajyoti et al.
2010). But anthropogenic activities have resulted in heavy metal contamination in
large parts of the world. In India, several researchers have conducted detailed studies
on heavy metal contamination (Rajaganapathy et al. 2011; Paul 2017). Khan et al.
(2005) reported heavy metal contamination in the surroundings of Neyveli Lignite
Mines and associated industrial complex in Tamil Nadu. Similarly, Hejabi et al.
(2011) reported pollution due to heavy metals discharged from industrial effluents in
Kabini River of Karnataka. Similar to heavy metal pollution, another emerging
pollutant of this world is radionuclide contamination (Pravalie 2014; Szarlowicz
et al. 2019). Radionuclides are present in the environment from natural sources and
in today’s world majorly from anthropogenic sources. The advent of industrial
revolution in the early nineteenth century and discoveries regarding nuclear weapons
during World War II led to massive weapon production, experiments, and nuclear
power generations. These things contributed to the increase of radionuclides in the
environment (Hu et al. 2010). Both heavy metals and radionuclides pose detrimental
threats to the living organisms (Das and Osborne 2018). Thus, heavy metal and
radionuclide pollution is a worldwide phenomenon whose mitigation is of outmost
importance.

Conventional methods employed in industries have been used for these purposes.
Techniques like precipitation, oxidation, filtration, and adsorption have been used
for removal of heavy metals and radionuclides from the environment. However,
novel remedial technologies using organisms are being used. From conventional
phytoremediation to the new age genetically modified microorganisms, various new
approaches have been studied by the researchers in recent times. This chapter deals
with such emerging technologies employed in remediation of heavy metals and
radionuclides.
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2 Heavy Metals and Its Sources

The term heavy metal is referred to as a metal element having atomic density more
than 4 g/cm3 imparting toxicity at low concentrations. These heavy metals (e.g.,
lead, cobalt, cadmium, iron, zinc, nickel, arsenic, manganese, chromium) naturally
occur mostly in dispersed state in rocks. Industrialization and increasing urbaniza-
tion of humans have resulted in their presence in the biosphere. Heavy metals are
found dispersed mainly in soils and aquatic bodies and in lesser proportions as
vapors or particulates in the atmosphere (Nagajyoti et al. 2010). Heavy metals are
toxic to plants depending on parameters like metal concentration, pH, etc. but also
are required by plants as essential elements. For example, metals like copper and
zinc play the role of cofactors and activators of enzyme reactions. They also exert
catalytic properties (e.g., prosthetic groups of metalloproteins). Besides these
functions, they also play active role in redox reactions, nucleic acid metabolism,
and electron transfer. However, metals like Cd, Hg, and As can also inhibit growth
and death of organisms by targeting the metal-sensitive enzymes in organism’s body
(Nagajyoti et al. 2010).

In general, heavy metals are categorized as trace elements which are nonessential
or class B and are highly toxic (e.g., nickel, mercury, lead). They accumulate and are
not easily metabolized or eliminated from organism’s body. These metals become a
part of the food chain and remain in the ecosystem (Nagajyoti et al. 2010).

As mentioned earlier, there are different sources which contribute to heavy metal
pollution in the environment. These can be broadly classified into:

(a) Natural sources.
(b) Anthropogenic sources.

2.1 Heavy Metals from Natural Sources

Heavy metals have their natural origin in the Earth’s crust and are present naturally
in the soil due to weathering. Thus, the geological parent rock is the primary source
of heavy metals whose composition and concentration vary throughout the planet
depending on the rock type and environmental conditions. In the soils, sedimentary
rocks act as a lesser source of heavy metals in comparison to igneous rocks
(Nagajyoti et al. 2010). Volcanoes, however, have considerable higher levels of
heavy metals (Pb, Mn, Ni, Al, Zn, etc.). According to a very early research reported
by Pacyna (1986), global emissions of various heavy metals are mainly from various
sources which include windblown dust, volcanic particles, forest wild fires, vegeta-
tion, and sea salt.
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2.2 Heavy Metals from Anthropogenic Sources

Various sources as a resultant of different anthropogenic activities contribute to the
increase of heavy metals in the environment which are accessible to living organism
at a level above their permissible limits. The various anthropogenic sources are
illustrated in Fig. 1.

Agricultural sources contribute immensely to heavy metal pollution. Fertilizers
both organic and inorganic serve as sources for heavy metal contamination. Fungi-
cide contains heavy metals like Cd, Cr, Ni, Pb, and Zn in variable proportions
(Nagajyoti et al. 2010). Pesticides like lead arsenate were used in Canada for six
decades in the orchards which resulted in soil contamination with heavy metals.
Again, Paul (2017) reported that the uncontrolled use of heavy metal-containing
pesticides and fertilizers in agricultural fields have resulted in groundwater and
surface water heavy metal contamination in India. It has even led to their presence
in drinking water. Animal manure and sewage sludge used in agriculture add heavy
metals like Mn, Zn, Cu, Cr, Pb, Ni, Cd, and Co in the soil. Liming process also
contributes to this contamination (Nagajyoti et al. 2010). Various pedogenic and
anthropogenic processes also lead to contamination of forest soils (Wuana and
Okieimen 2011).

Industrial sources of heavy metal contamination occur due to processes like
smelting, metal finishing and recycling, and transportation of ores. Mining processes
also release metals in the environment. Coal mines act as sources of Cd, As, and
Fe. Hg use in gold mines also results in Hg contamination (Lacerda 1997; Nagajyoti
et al. 2010; Rajaganapathy et al. 2011). Heavy metal contamination of soil and
aquatic bodies also occurs due to mine waste erosion, transportation of crude metals
and metal leaching in water bodies. Thermal power plants and coal mining also
contribute to these contamination processes.

Fig. 1 Various anthropogenic sources of heavy metal contamination (Nagajyoti et al. 2010; Wuana
and Okieimen 2011; Das and Osborne 2018)
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Domestic effluents, solid wastes, and untreated wastewater from industries also
contribute to this list. These liquid wastes primarily pollute the water bodies and also
contaminate soils.

Again, the application of various biosolids like municipal sewage sludge,
manures, and composts in soils contributes to heavy metal contamination. Airborne
sources of metal contamination are also prevalent. In industries, metals such as As,
Cd, and Pb volatilize during processing at very high temperature. These metals are
emitted as aerosols in the air from the stacks (Wuana and Okieimen 2011).

3 Heavy Metal Toxicity

Heavy metals are often required by plants and animals as trace elements (ppb range
to less than 10 ppm) depending upon multiple parameters. Some often play their role
in biochemical and physiological functioning. Being constituents of enzymes, they
take part in oxidation-reduction processes in the body. For example, copper takes
part as a cofactor in enzymes like peroxidases, cytochrome c oxidase, etc. It is also
present in enzymes required for hemoglobin formation. Paradoxically, its cycling
between C (II) and C (I) state makes it toxic to living organisms leading to diseases
like Wilson’s disease in human beings. Metals have often been found to interact with
cell components leading to the disruption of normal cellular activity. They can cause
DNA damage, changes in cellular confirmation, and even carcinogenicity
(Tchounwou et al. 2012). In Table 1, the toxicity imparted by heavy metals in living
organisms specially in human beings is given.

Table 1 Heavy metals, its anthropogenic sources, and toxicity in humans (Tchounwou et al. 2012;
Paul 2017; Sengupta et al. 2017)

Metals Sources (anthropogenic) Toxicity

Zinc Refineries, metal plating Anemia, skin problems

Nickel Batteries, electroplating Respiratory disorder, kidney problems,
gastrointestinal distress, dermatitis, cancer

Mercury Pesticide, mining, paper
industry

Respiratory disorder, neurological disorder,
kidney problems

Lead Paint, pesticide, thermal
power plants, mining

Anemia, neurological disorder, renal damage

Copper Pesticide, mining,
electroplating

Gastric and neurological disorders

Chromium Mining, tannery, textile Respiratory disorder, cancer

Arsenic Pesticide, fungicide, smelting Neurological disorder, cardiovascular disease,
hematologic disorders, cancer

Cadmium Pesticides, fertilizer, nuclear
power plants, batteries

Oxidative stress, cancer

Manganese Fuels, welding Respiratory disease, neurological disorder,
Parkinson’s disease
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4 Methods of Heavy Metal Removal

Several methodologies have been adopted by researchers to successfully mitigate
heavy metals from soil and water. Among the conventional methods used in heavy
metal remediation, chemical precipitation is a widely used method in industries. In
this method, the chemicals (hydroxides and sulfides) formed precipitates, and the
metal ions were subsequently removed from the system. Furthermore, chemical
precipitation was combined with other methods (e.g., sulfide precipitation with
nanofiltration) for this purpose. Another approach that was used was heavy metal
chelation. Chelating agent like 1,3-benzenediamidoethanethiol (BDET2) dianion
was used to chelate out heavy metals. Then method like ion exchange was also
used having high treatment capacity and efficiency. Synthetic resins were used for
this purpose. Recent advancements led to technologies like membrane filtration. The
different types of this method include ultrafiltration, reverse osmosis, nanofiltration,
and electrodialysis. Again, adsorption of metals onto various adsorbents like
activated charcoal, clay, graphene oxide, carbon nanotube, rice husk, cellulose,
etc. is used effectively by researchers. However, using biological organisms for
this purpose has emerged as a green and sustainable route for this purpose. Plants,
animals like earthworms and microorganisms like bacteria, fungi, and algae are
being used for remediation purposes. Biomass of microorganisms, living or dead, is
being effectively used. Genetic engineering of these organisms is also being carried
out (Sengupta et al. 2017; Das and Osborne 2018). Various approaches adopted for
bioremediation of heavy metals are given in Fig. 2.

Conventional
approaches:
Reverse Osmosis,
Electrodialysis,
Ultrafiltration, Ion
exchange,
Chemical
precipitation,
Coagulation

Heavy metal removal
technologies

Biological approaches

Advanced “omics”
approaches:
Metagenomics,
Metabolomics, Proteomics

Phytoremediation:
Phytoextraction,
Phytovolatilization,
Phytostabilization

Microbes:
Endophytic
bacteria,
PGPR,
Actinobacteria,
Fungi

Vermiremediation
and algal
bioremediation

Fig. 2 Various heavy metal remediation approaches (Su et al. 2014; Das and Osborne 2018)
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5 Bioremediation of Heavy Metals

Bioremediation of heavy metals is a widely sustainable, green, and sought-after
method in today’s age. This technique employs organisms to breakdown hazardous
substances through biosorption, bioaccumulation, and biomineralization. The uses
of biomasses are studied to be more effective than living organisms in case of heavy
metal removal. Phytoremediation and use of earthworms are also some of the
techniques which could be deployed individually or through integrated approach
(Das and Osborne 2018).

5.1 Phytoremediation

Phytoremediation is one of the conventional bioremediation procedures, whereby
plants and their physiological processes are used for metal remediation purposes. In
nature, plants play the role of both accumulator and excluder of heavy metals. They
possess the ability to biodegrade or biotransform the heavy metals in their tissues in
inert forms. Whereas when plants exclude the heavy metals, they block the contain-
ment of the heavy metals in their tissues. The ion uptake mechanism through proton
pumps (i.e., ATPases) plays an interesting role in the uptake of heavy metals also.
This technique uses three processes, namely, phytoextraction, phytostabilization,
and phytovolatilization (Tangahu et al. 2011).

(a) Phytoextraction is the uptake of heavy metals by plant roots and their storage in
their biomass, e.g., Brassica juncea and Napier grass.

(b) Phytostabilization is another approach adopted by plants, whereby they immo-
bilize metals in their rhizosphere, e.g., giant reed and silver grass.

(c) Phytovolatilization employs volatilization of heavy metals like Hg and Se, e.g.,
canola and Indian mustard (Das and Osborne 2018; Tangahu et al. 2011).
There are various factors which affect the phytoremediation process in plants
like species of plant used, chemicals added as chelating agents in the soil,
properties of the medium (pH, fertilizer added), bioavailability of the concerned
heavy metal, root zone properties, and environmental conditions (Ginneken
et al. 2007;Tangahu et al. 2011).

However, phytoremediation technologies are in general cheap, aesthetic, and
eco-friendly methods for heavy metal containment, but as a method, it is time-
consuming and dependent on various external and environmental parameters.
Thus, researchers have been on the lookout of these remediation facilities by the
use of microorganisms as they are more effective and employ less hassle-free
technology.
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5.2 Bioremediation Using Microorganisms

Bioremediation technologies using microorganisms like bacteria, fungi, and algae
have been rapidly developed in recent times (Sengupta et al. 2017). In a recent
review, Yin et al. (2019) highlighted various strategies adopted by microorganism
for the effective remediation of heavy metals in the environment. They identified the
anthropogenic and natural processes/activities as the primary origin of heavy metals
in the environment emphasizing on the utility of bioremediation process to tackle the
challenges related to heavy metal deposition. In that respect, both living and dead
organisms have been used to get rid of the heavy metals. The straightforward and
inexpensive protocols along with high adsorption capacity and abundant choice of
the organisms have prompted the research to flourish at a faster rate than the other
methods.

Among the living choices, bacteria, fungi, and algae are the primary candidates
which are primarily considered for this remediation strategies. In case of bacteria,
primarily two types of mechanisms for heavy metal adsorption have been identified:
(1) through the functional groups (carboxyl, amino, phosphate, sulfate, etc.) on the
polysaccharide slime layers of bacteria (Yin et al. 2016; Yue et al. 2015) and (2) via
extracellular polymeric substances comprised of proteins, lipids, carbohydrates,
nucleic acids, etc. (Fang et al. 2010). Though, the first case is more prevalent in
the literature as exemplified by the recent reports of bioadsorption of Hg, Cr(VI)/Zn
(II) by Pseudomonas aeruginosa (Yin et al. 2016) and Staphylococcus epidermidis
(Quiton et al. 2018)., \respectively. The second type of adsorption have also started
to emerge (Wang et al. 2014). After the bioadsorption, subsequent transport of the
heavy metal into bacterial cells and through the corresponding enzyme-dependent
metabolism pathways, the oxidation state of the metal is changed to a less toxic
oxidation state. Commonly, the uptake capacity of bacteria for the heavy metals falls
between 1 mg/g and 500 mg/g, depending on the types and concentration of the
metal as well as the types of bacteria used for the experiment.

In case of fungi, due to its ability to survive in heavy metal concentrations, they
have also been used in various cases for the successful bioadsorption of heavy metal.
Both functional groups (amine, carboxyl, etc.) and the ionizable sites (glucuronic
acid, chitin-chitosan complex, etc.) affect the adsorption capacity as well as the
affinity toward a particular heavy metal. For example, Termitomyces clypeatus
effectively absorbs Cr (VI) with the help of various functional groups like hydroxyl,
imidazole, carboxyl, etc. on the surface (L. Ramrakhiani et al. 2011). Saccharomyces
cerevisiae, the most common fungus, has been employed to effectively remove
copper, zinc, and cadmium at high-salt environment (Li et al. 2013:46–52). Algae
on the other hand adsorb heavy metal ions on different peptide which in turn protect
algae from heavy metal toxicity. For example, the green microalga Desmodesmus
sp. (Rungini et al. 2018) and Fucus vesiculosus (Demey et al. 2018) have been
shown to effectively remove Cu (II)/Ni (II) and Pb (II), respectively, with high
capacity.

The major part of nonliving microorganisms, which are routinely used for the
removal of heavy metal, primarily originates from biomass produced by debris of
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microorganisms. Though sounds promising due to the high abundance of biomass,
in order to achieve satisfactory remediation capability, they are often modified using
different techniques. While acid treatment allows to incorporate additional adsorp-
tion sites (Mao et al. 2013), the base treatment increases the adsorption capability by
increasing the surface negative charge for the electrostatic attraction between the
surface and the positively charged heavy metals (Yan and Viraraghavan 2000).
Apart from chemical treatments, thermal treatment (Mane et al. 2011) including
heating in the presence of oxygen/air/argon/nitrogen, autoclave methods, etc. is also
routinely used to alter the nature and the amount of surface functional groups which
allow better interaction between the surface and the metal leading to higher adsorp-
tion efficiency.

Based on the available reports where the bioadsorption mechanisms and the
strategies are clearly explained, it is well-understood that for detoxification, active
bioorganisms are preferred because of their potential to convert the toxic metal ion to
their corresponding nontoxic counterparts. However, in case the requirement is
aimed toward removal of heavy metal, biomass-based systems with modified surface
properties are more conducive. However, the protocols that are to be adopted for
different heavy metal adsorptions are essentially purpose-based, and any generaliza-
tion on this may lead to oversimplification of the complexity.

While uptake of heavy metal into microorganisms emerges as effective remedial
method mainly due to the active participation in various metabolic and enzymatic
processes, the overdose of the metal ion concentration can be detrimental for the
microorganisms leading to enzyme inhibition, damage of DNA and cell membranes,
etc. Also, in some cases, metals such as Hg and Pb can inherently be toxic for those
microorganisms. The related studies of such toxicological effects of such heavy
metals on the microorganisms have impacted significantly in microbial ecology
where adoptability of microbial stains in the presence of various heavy metal is
investigated (Huertas et al. 2014). In case of exposure, the microorganisms have
their own detoxification strategies which are mainly enzyme detoxification, trans-
portation of heavy metals, and sequestration of intacellular and extracellular
enzymes, by which they try to circumvent heavy metal overdose (Fig. 3). In fact,
thorough knowledge of the resistance mechanism of microorganisms in the presence
of heavy metal can potentially lead to their evolutionary background and their future
fate.

These informations and strategies shows the path for development of techniques
which uses these microorganisms for remedial measures and are truly the emerging
technologies of our times.

5.3 Emerging Microbial Bioremediation Technologies

In recent researches, heavy metal adsorption by microbial biosorbents is used. This
uptake is mainly done through the electrostatic interactions of the cell wall
components with the heavy metals. However, it is a non-metabolic process.
Whereas, accumulation of the metals occurs by the functional groups of the
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polysaccharides/chitin/cellulose present in the cell walls (Yin et al. 2019). Thus, it is
mainly an exchange process of the functional groups which makes these
microorganisms effective absorbents. In this regard, genetic engineering plays an
important role to improve and redesign the microorganisms having heavy metal
uptake and sequestering properties. Genetic engineering can engineer the selectivity
and also enhance the accumulative properties. Cell surface adsorption can be
genetically engineered by embedding functional group proteins on the anchoring
protein molecules on the cell surface. This cell surface engineering in bacterial cells
has been achieved successfully. Again, cysteine-rich peptides like glutathione,
phytochelatins, and metallothioneins have the ability to sequester metal ions. Genet-
ically modified bacterial cells with overexpression of these proteins are able to
absorb more metals. All these techniques can be used for better remediation of
metal contamination (Sengupta et al. 2017).

With the advent of modern bioinformatics tools, information of microbial
organisms and processes could be used more effectively. These information could
be gathered through different approaches like metagenomics. By definition,
metagenomics refers to the study of genetic material sampled directly from environ-
mental sources. In the current context, metagenomics has been proven to be utilized

Fig. 3 Proposed detoxification pathways of microorganisms toward heavy metal ions.
(Reproduced with permission from Yin et al. 2019)
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to assess the correlation between the genetic materials for the microbial community
and the potential of their remedial activity. This emergence of this field is majorly
attributed to the fact that it provides direct information about the microbial
communities irrespective of their culturability. Till date, two major classes of
metagenomics techniques have been adopted for better understanding of interaction
between the microorganisms and the foreign bodies/environment: (1) library-based
targeted metagenomics and (2) direct sequencing. In the first case, isolated DNA
from the environment is cloned inside a host (commonly Escherichia coli), followed
by the selection and isolation of clone of interest depending on either their functions
or their sequence homology to generate a metagenomic library. Despite the preva-
lence of Escherichia coli as a host, several other new strategies such as multiple
hosts, etc. are also being adopted to overcome the difficulties related to gene
expressions, toxicity, etc. In case of direct sequencing, the cloning step is omitted,
and the genetic components of microorganisms are directly studied for the structural
and functional information of the microbial communities as well their interaction
with environment. For example, 16S rRNA genes and marker genes have been
utilized for this approach. Recently, after the introduction of next-generation
sequencing (NGS), the growth in the field of metagenomic has been quite sharp
due to the possibility of parallel sequencing of genetic materials. All these
approaches coupled with newer technological inventions are expected to help to
identify the missing links of the complete picture of bioremediation process. This
work has been carried out on various microbial species (e.g., Lysinibacillus sp. and
Rhodococcus sp. for removal of Pb, Mn, and Cu). Similarly, metabolomics and
proteomics approach designed to identify various chemical compounds, proteins,
and metabolic pathways in remediation studies helps in investigating remedial
studies. This information could be stored and used effectively for bioremediations
of heavy metals in the future (Das and Osborne 2018).

6 Radioactive Elements and Its Sources

Radioactivity is a natural phenomenon present in the planet Earth. Radionuclides are
found in the environment being present in air, water, soil, and living organisms. The
natural radionuclides may be classified into three categories, based on their source:

(a) Primordial radioisotopes have presented since the Earth was originated, nearly
4.6 � 109 years ago.

(b) The second classes are produced from nuclear reactions, and its constituents are
present in air or on the upper layer of this Earth.

(c) Third category includes the radioactive elements coming from different radio-
active decay series, i.e., uranium-radium series (containing 226Ra, 222Rn, 218Po,
214Pb, 214Bi, 214Po, 210Pb), uranium-actinium series (including 231Th, 227Ac,
223Ra, 215Po, 211Bi, 207Pb), and thorium series (such as 228Ra, 228Ac, 228Th,
220Rn, 212Pb, 212Bi, 208Tl) (Isaksson and Raaf 2016).
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However, over the recent years, various anthropogenic activities have contributed
largely to the increase of the amount of radionuclides in the environment and their
exposure to living organisms. Different industrial processes like metal mining,
mineral sands, activity associated with coal industry, etc. can give rise to drastically
increased radiation exposures especially to naturally occurring radioactive material
(NORM) (Szarlowicz et al. 2019). Another reason for exposure to radioactive
elements is due to the commencement of the so-called atomic age which was a
result of the experiments of mankind with nuclear weapons.

Various studies have been conducted regarding the presence of radioactive
elements in the environment. There are reports on efforts being carried out to
study the spatial boundary of highly radioactive sites of our planet and to note its
exposure on human beings. (Pravalie 2014). Researchers have reported studies
regarding the effects of radionuclides on living organisms especially on humans
where the source of radioactivity is anthropogenic. Likewise, analyses have been
carried out to correlate the incidence rate of the enhancement of thyroid cancer and
the rate of the presence of radioactive isotope (131I) at heavily contaminated nuclear
testing sites of Nevada, USA. Radionuclide pollution was reported due to hydrogen
bomb testing in Marshall Islands in the United States on the Bikini Atoll in 1954 (the
Castle Bravo test) and also due to the radioactive experiments conducted in the
Novaya Zemlya archipelago in the United States of Soviet Russia in 1961 (the Tsar
test) (Goodby 2005). It was reported that most of the airborne fission products had
been released through hydrogen bomb, vented and leaked over a great time span.
Therefore, highly volatile fission outcomes like 129Te, 131I, 136Cs, etc. were released
into the atmosphere. These radioisotopes were also moved together with different air
particles, and its subsequent wet and dry accumulation caused their clustering on the
surface of the Earth. Radionuclides (iodine, caesium, and strontium), which yielded
huge fission products, delivered a greater risk for inner radiation exposure through
intake of contaminated farming products (Kinoshitaa et al. 2011).

Naturally occurring radionuclides are present either in their cosmogenic or
terrestrial form in our surroundings. The major radioisotopes generated through
the reaction of different gases with cosmic rays are basically 3H, 7,10Be, 14C, 26Al,
and 39Ar. The rocks, minerals, and also soil carry NORM which has been
characterized by their greater half-life time spans (ATSDR 1999). The most potential
terrestrial radionuclides are 238U and 232Th decline series, with 40K. 226Ra, 232Th,
and 40K are mainly responsible for soil activity (UNSCEAR 2000). The term
radioactive contamination defines the presence of unwanted or undesirable radioac-
tive materials on the upper layer of soil or within solid particles, liquid substances,
and different gaseous materials and also in several biotas (IAEA 2007). The source
of any kind of NORM is associated with the generation of this planet. In other
context, different anthropogenic activities regarding the designing of nuclear energy
and its several usages have become significant source of radioactive pollution
(Smičiklas and Šljivić-Ivanović 2016). Since the last century, radioactive isotopes
have seemed through the discharge of anthropogenic radionuclides causing ionizing
radiation one of the crucial environmental factors (Aleksakhin 2009). Each and
every organism on the Earth is frequently exposed to natural ionizing radiation
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called background radiation. Origins of this type of radiation include cosmic rays
coming from the Sun and stars, NORM found in rocks as well as in soil,
radionuclides into animal tissues, and the products of radon, which are basically
inhaled. Human beings are also exposed to background radiation from different
anthropogenic activities, mainly through medical processes such as X-ray
diagnostics. Therapy associated with radiation is normally focused only to the
damaged tissues (Hazra 2018). Concern for radioactive contamination is enhanced
by the invention of artificial radioactivity, deigning of nuclear weapons, and devel-
opment of different nuclear reactors for producing electricity. Radioactive pollution
coming from both common nuclear approaches and defense-associated nuclear
activities poses an alarming problem for protecting and sustaining our environment
for both present and future generations (Hazra 2018).

The radioactivity of soils relies not only on man-made activities. Soils and other
naturally found objects carry NORM, and their presence is known as natural
radioactivity. The natural radionuclides can be of different origins; its major sources
are global fallouts of technogenic radionuclides due to greater radiation experiments
and nuclear accidents with discharge of technogenic radionuclides into the environ-
ment. Special focus is imparted to the removal of technogenic radionuclides and
their intake through soil-plant cover from the enterprises with nuclear fuel recycling
plants. The soil-plant cover adjacent to nuclear contaminant disposal sites is
subjected to radioactive pollution (Aleksakhin 2009). Some of the nuclear accidents
resulted in the radioactive pollution of considerable areas (Aleksakhin et al. 2001). In
1986, after the most dangerous nuclear accident in Chernobyl, total area impacted by
the radioactive contamination (with the degree of 137Cs contamination above 1 Ci/
km2) was nearly 195,000 km2 (Izrael et al. 1990, 1994). The Kyshtym accident in
1957 ensued in the generation of the East-Ural radioactive footprint (the level of the
radioactivity with 90Sr above 2 Ci/km2) on the domain of approximately 23,000 km2.
Different mineral fertilizers and some agrochemical modifiers can become sources of
several radioactive elements of the soil. Lower radioactive pollution can also happen
when different phosphoric fertilizers and phosphogypsum containing 238U, 232Th,
and their fallouts are used (Aleksakhin 2009).

7 Toxicological Effects of Radionuclide Pollution

Most of the radioactive elements did not exist naturally. Radioactive contamination
has become a critical issue since nuclear bombs and reactors have been developed
(Walker and Don 2013). Radionuclides have also been found in different types of
seafood in India, variety of foods in the Balkans, and food as well as drinking water
in Switzerland (Khan andWesley 2011; Carvalho and Oliveira 2010; Brennwald and
Dorp 2009). Risk assessments are carried out to ascertain that degree remains within
permissible levels (Thompson and Darwish 2019). Moreover, several experimental
approaches are undertaken to measure safety in ingestion pathways analyzing
different food uptakes (Prohl et al. 2005). Radionuclide substances have many
negative impacts on individual living creatures as well as whole ecosystems.
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Radionuclide and their compounds contain double toxicity—chemical toxicity and
toxicity induced by radioactive elements (known as radiotoxicity). Although the
occurrence of radioactive pollution is relatively rare, it requires more attention
because of utmost degrading effects of radioactive isotopes on different living
cells (Smičiklas and Šljivić-Ivanović 2016). The degree of the detrimental effects
of radioactive contamination depends on absorbed nuclear energy, permeable capa-
bility of radioactive ions, time period of exposure, as well as reproducibility of cells
(ATSDR 1999). Exposure to radionuclides or ionizing radiation induces
severe health effects including nausea, vomiting, headaches, etc. With more expo-
sure, the victim may also suffer different physical abnormalities such as diarrhea,
dizziness, disorientation, fatigue, fever, hair loss, weakness, low blood pressure, and
eventually death. Fetuses are basically susceptible to the effects of radioactivity at
the cellular level, which can ensue smaller brain formation, poorly developed eyes,
retard growth, and mental problems (Bogutskaya et al. 2011; Al-Zoughool and
Krewski 2009). Several contemporary literatures reported that long-term exposure
to radioisotopes results in an elevated risk of leucopenia, leukemia, and genetic
distortion which can cause lethal health issues that can be transferred into the next
generation (Mohner et al. 2006). Radioactive isotopes present in aquatic system are
components of uranium, thorium, and actinium radioactive series and also include
radium and radon. These radioactive isotopes may cause many biological alterations
(Bonavigo et al. 2009).

Uranium is an alpha-emitting, radioactive element that appears naturally in
almost all rocks and soils. Uranium has its own carcinogenic property, and it also
has the negative toxicological impact on kidneys. The main target organ of this
radionuclide is the kidney. Most of the kidney damage reports have been found after
inhaling or insertion of uranium compounds into the living body. On the other hand,
kidney problems have not been consistently seen in militaries having radioactive
metal fragments in their bodies for many years. Insertion of dissolved uranium
compounds will mostly participate in kidney damage than following exposure to
insoluble uranium. Persons who inhaled uranium hexafluoride have suffered with
respiratory irritation as well as accumulation of fluid in the lungs. Adverse effects of
uranium on the functioning of kidneys were previously reported including
alterations in renal metabolism of xenobiotics (Souidi et al. 2005), homeostasis
effect on vitamin D (Tissandié et al. 2007) and iron homeostasis (Berradi et al.
2008). More iron aggregation, apoptosis in the tubulointerstitial region, and oxida-
tive stress influenced by uranium were also documented (Taulan et al. 2004). Renal
tissue disruption was also reported mostly in the cortical part (Canu et al. 2011).
Uranium increases blocking of osteoblastic activity, yielding decreased bone vol-
ume, and healing interference. In vitro studies revealed that uranium influences
instability in genomes and neoplastic conversion in osteoblasts (Canu et al. 2011).
This radioisotope alters oxidative metabolism and decreases bone structures (Tasat
et al. 2007). According to Prat et al. (2010), uranium modifies the expression of the
gene for a biomarker of bone resorption, osteopontin.

Ra stored in bones can cause different types of bone abnormalities and even
cancers. Many contemporary researches investigated that radium has many
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detrimental effects on bone tissues (Canu et al. 2011). Both radioisotopes 226Ra and
228Ra rapidly enhance modifications in bone formation and hematopoiesis. Almost
in all species bone sarcomas and leukemias were also reported after 224Ra ingestion.

8 Conventional Methods for Removal of Radionuclide

Various conventional remedial technologies are available for removal of radioactive
wastes (Fig. 4). Chemical-reducing agents can be introduced into radioactive
contaminated soil or unconfined aquifers to form a subsurface blocker to trap or
completely ruin target contaminants. Then water having associated by-products and
other remaining reagents is pumped back out. The treatment barrier is a region of
suitable redox potential. The aim is to efficiently convert dissolved metals and
radionuclides to less soluble structures and to advance the demolition of organic
compounds like chlorinated hydrocarbons. This advanced technology permits in situ
treatment of groundwater pollutants and avoids disposal expenditure as
radionuclides are immobilized in place. The techniques available for treating aque-
ous radioactive contaminants are generally chemical precipitation, evaporation, ion
exchange, reverse osmosis, sorption, ultrafiltration, etc. Sedimentation, decantation,
filtration, centrifugation, etc. are techniques applied mainly to remove the effluent
wastes, insoluble particles, and other miscellaneous debris (Abdel et al. 2011; IAEA
2001).

Chemical precipitation are mainly applied for eliminating radionuclides from
aqueous radioactive contaminants at fuel recycling facilities, different research
centers, and power plants. Precipitation techniques are highly versatile and inexpen-
sive, and it can cover a broad range of concentrations of liquid effluents. However, in
order to improve the precipitation process, pretreatment steps like oxidation of
organic contaminants, degradation of different composites, and alteration of pH
and valence state should be carried out prior to the precipitation. Radioactive wastes
can also be dispatched using coprecipitation or adsorption (Valdovinos et al. 2014;
IAEA 2001).

Liquids (aqueous): Chemical precipitation, Ion exchange sorption, Evaporation

Liquids (organics): Distillation, Incineration, Wet oxidation

Solids
(compactable):
Incineration,
compaction

Solids (non-
compactable):
Decontamination,
Crushing

Treatment of radioactive wastes

Fig. 4 Classification of different technologies applied to radioactive contaminants (Valdovinos
et al. 2014)
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Ion exchange process has broad use in order to dislodge soluble radioactive
compounds fromliquid solutions generated from nuclear operations, radionuclide
formation, and other research activities. It can significantly convert large proportions
of radioactive substances into a trace amount of solid substance. Ion exchange
technique exchanges positively or negatively charged ions in between solid matrices
having ionizable groups and liquid system. Thus, ion exchangers may be reproduced
and recovered with its high activity. If exchangers were completely utilized, they are
mostly removed and treated as radioactive wastes (Valdovinos et al. 2014).

Varieties of substances are available for the ion exchange technology—(1) ion
exchanges such as cellulose, collagen, clays, etc. and (2) synthetic materials like
zeolites and oxides containing ionic groups—which has applicability in both contin-
uous and batch systems. When high concentration of radionuclides are present, the
water is pretreated before ion exchange process (IAEA 2001).

Evaporation is a potential approach for hazardous materials like radionuclide
removal from different liquid wastes. This process is utilized for treatment of
different levels of waste effluents. It may be conducted by the application of
commercially available evaporation instrument (IAEA 2001).

Again, incineration is also used for removal of radioactive wastes (solid and
liquid). This process burns contaminated substances at very high temperatures,
producing gases like carbon dioxide, water vapor, sulfur dioxide, nitric oxide, and
hydrogen chloride gases as end products of incineration procedure (Valdovinos et al.
2014).

Again, wet oxidation methods require insertion of chemicals which act as
oxidizing sources to damage the contaminated compounds containing the radioac-
tive wastes. In comparison to incineration, this method is economical as energy
requirement is less (Chang 2001).

Distillation technology can reduce radionuclide volume of pretreating liquid
solution and different solvent wastes in conventional equipment. This procedure is
easy, well-known, and inexpensive as the valuable solvent is reused. The remaining
part could be trapped and then destroyed by incineration (IAEA 2001).

Compaction is a process by which the volume of radioactive waste materials can
be reduced and condensed and acts as a processing technique before further remedial
measures can be used (Valdovinos et al. 2014; IAEA 2001).

9 Bioremediation Techniques for Removal of Radionuclide

Microbial bioremediation may be a lucrative alternative to excavate different types
of contaminated soil. Biological strategies take facility of natural organisms like
bacteria, algae, fungi, and plants to demolish or eliminate pollutants or to mineralize
metallic pollutants and its associated radioactive elements, thus trapping them in a
specific boundary. Microbes like Rhodanobacter sp., Desulfuromusa ferrireducens,
etc. were reported to be capable to eliminate these contaminants (Green et al. 2012;
Amachi et al. 2010). The interaction of bacteria induces solubility of modified
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radionuclides with addition or elimination of electrons, thus raising the motility of
the radioactive pollutants and allowing it to be quickly irrigated from our surround-
ings (Amachi et al. 2010). Thus, microorganism-assisted biotransformation delivers
the chances for bioremediation of radionuclides in this Earth, either to trap them in a
particular place or to induce their removal. The bioremedial approaches for radioac-
tive materials rely on the active metabolizing efficiencies of different types of
microbial cells. Radionuclides may be solubilized by enzymatic oxidation-reduction
reaction, alteration in pH and electronic activity, sorption by biomass, degradation of
radionuclides using microbes, etc. (Hegazy and Emam 2011; Law et al. 2010;
Holker et al. 2002). Activity of radionuclide-degrading microorganisms is highly
induced by electron transfer mechanism, several nutrients, and different environ-
mental factors.

Microbial degradation is basically employed to eliminate radioactive contamina-
tion from soil surface and also from groundwater where the other organic
compounds are operating as chelating agents which influence contaminant move-
ment (Gerber and Fayer 1994; CBCEC 1994). Demolition of the organic compounds
assists to decrease rate of transportation which gives the time for radioactive
contaminants to decay to harmless levels. Basically native or inoculated microbial
species degrade organic pollutants in soil as well as groundwater under optimized
either aerobic or anaerobic parameters. The in situ bioremediation of soil generally
includes the percolation or insertion of uncontaminated water combined with
nutrients and filled with dissolved oxygen. In different cases, microbial species
and a source of oxygen are also injected. Many national initiative programs have
begun for many years in order to study the bioremediation by microorganisms
through noninvasive techniques to remove radioactive contamination. Bioremedia-
tion strategies require comparatively inexpensive, low-technology methods and
produce very few or no residual waste, which normally have greater level of
commercial acceptance (Lloyd and Renshaw 2005). Compared with different other
more invading conventional approaches (IAEA 2004), biodegradation may offer a
low-cost route for removing radionuclide from polluted soil and water. The conven-
tional remediation approaches are expensive and cause ecological disturbances
along with having other limitations. This has resulted in bioremediation becom-
ing the most sought-after approach for radioactive waste removal. Microorganisms
including Deinococcus, Geobacter, Serratia, Kineococcus radiotolerans,
Hymenobacter metalli etc. are effective in removal of radioactive waste containing
higher level of radionuclides (Roh et al. 2015).

The efficient bioremediation of radioactive contaminants depends on a complex
interaction of biological, chemical, and physical procedures. Different types of
mechanisms including oxidation, reduction, precipitation, sorption, etc. can influ-
ence the toxicity and transfer of radioisotopes in biogeochemical systems (IAEA
2004). Uranium (VI) and technetium (VII) have been reported to be prone to various
microbial enzyme actions. The oxidized form of U and Tc is soluble in water, while
the reduced ones are not. Thus, enzymatic reduction as mentioned in Fig. 5 is a
possible approach for detection and removal of these from groundwater.
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Moreover, “indirect” methods of reduction can be essential in the immobilization
of Tc (VII) as deposits, while the microbially reduced Fe (II) is able to transmit the
electrons expeditiously to Tc (VII). Lovely and co-workers first reported that Fe
(III)-reducing bacterial species Geobacter metallireducens and Shewanella
oneidensis can be capable of acquiring energy for anaerobic growth by this reduction
process. Other microorganisms such as Clostridium sp., Desulfovibrio
desulfuricans, and Desulfovibrio vulgaris are also able to do this reduction process
but cannot utilize this energy for growth purposes. The first reported microbial
species in which enzyme system is accountable for U (VI) reduction was
Desulfovibrio vulgaris. Payne and co-workers (2001) utilized cytochrome c3 mutant
of the close relative Desulfovibrio desulfuricans G20 to affirm the function for this
electron transfer protein in H2-dependent reduction process of U (VI), but the
electron donation pathway bypassed the use of cytochrome. It was suggested that
c-type cytochromes in outer surface of Geobacter sulfurreducens might be respon-
sible in U (VI) reduction, but it has now been reported efficient U (VI) reduction can
take place at surfaces of electricity conducting pili or microbial nanowires. Orellana
described that wild-type species did not precipitate uranium along pili as discussed
in earlier studies but that U(IV) was precipitated at the outer layer of bacterial cells.
These outcomes are consistent with earlier findings that have reported that
Geobacter sulfurreducens does not need pili for reducing the extracellular electron
acceptors but surface c-type cytochromes for this purpose. Shewanella oneidensis
MR-1 has 42 putative c-type cytochromes which are necessary for reduction of metal
(Roh et al. 2015).

Electron oxidation
U (VI), Tc (VII)
More toxic, motile and soluble

U (IV), Tc (IV)
Less toxic, non-motile
and insoluble

U (VI), Tc (VII)
More toxic, motile
and soluble

U (IV), Tc (IV)
Less toxic, non-motile and insoluble

Fe (III), sulphate ion

Fe (II), H2S

Reduction

ReductionOxidation

Electron oxidation

Microbial
Cell

Microbial
Cell

Fig. 5 Microbial approaches of dissolved radioactive (more toxic) metals into insoluble and less
hazardous species (Roh et al. 2015)
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10 Conclusions

Heavy metals and radionuclides are the emerging contaminants of today’s world
having highly toxic effect on living organisms including human beings. Though
natural sources contribute to this contamination, exposure to heavy metals and
radionuclides has increased considerably due to anthropogenic activities. We
urgently need to curb these activities in order to save mankind from these harmful
effects and also work toward removal of the existing contaminants as heavy metal
and radionuclides are generally cannot be removed from the environment easily.
They can be converted to a lesser toxic form, or contained in remedial organisms like
plants and microbes or utilized by microorganisms in their metabolic activities.
Modern biotechnological tools of genetic engineering are used nowadays to enhance
the remedial properties of the microorganisms. Studies on various microbes and their
pathways on one hand will lead to better research on better removal strategies, and
also using bioinformatics tools will assist in storing of this information and using
them accurately. The use of bioremedial measures over the previously used conven-
tional ones will surely be the path forward in achieving a green, sustainable route for
removal/containment of heavy metal and radionuclides from the environment and
saving the living organisms from their exposure.
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Removal of Heavy Metals Using Bentonite
Clay and Inorganic Coagulants

Amit K. Thakur, Rahul Kumar, Pranava Chaudhari, and Ravi Shankar

Abstract

The cost-effective removal of heavy metals from aqueous solution is a major
challenge for the scientific community. Heavy metal reduction from aqueous
solution using bentonite clay, inorganic coagulants, and their mixture is a cost-
effective technique. They are easily available and cheaper compared to the
activated carbon, which is widely used but an expensive adsorbent. Bentonite is
a clay mineral composed of very fine particles with high opening volume and
high specific active site. Thus, it has a significantly high absorption capacity. The
metal ion properties, adsorbent dosage, initial concentration, and operating
conditions (temperature, pH, contacting time, etc.) are the major parameters for
the effective application of raw and modified bentonite. Coagulation is also a
traditional technique to minimize metal ions from the bulk solution. Excessive
use of inorganic coagulants may result in corrosion and erosion effect on the
equipment and excessive generation of sludge volume during coagulation pro-
cess. Effectiveness of bentonite clay can be enhanced by mixing inorganic
coagulants such as sodium carbonate, sulfates and chlorides of aluminum, iron,
etc. These coagulants are mixed with the bentonite clay in an optimum ratio to
reduce the turbidity and COD of solution. This chapter includes a detailed review
of recent work on heavy metal reduction in aqueous system using bentonite clay,
inorganic coagulants, and their mixtures.
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1 Introduction

Elements with density above 5 g/cm3 are categorized as the heavy metals. These
pollutions are major components of wastewater system. Wastewater emanating from
mining, textiles, tannery, fertilizers, pesticides, metal refining, and smelting pro-
cesses is a major source of these types of unwanted metal contaminants. Generally,
metal pollutants in the aqueous phase are found in the ionic form. Metal pollutants
such as lead, cadmium, cobalt, zinc, nickel, arsenic, chromium, mercury, and iron
are detrimental to living organisms including human and aquatic animals. Many of
these metallic ions are highly toxic, carcinogenic, and non-biodegradable that can
cause liver damage, brain damage, and other health difficulties when deposited in
internal organs beyond the standard limits. Therefore, the discharge of heavy metal-
enriched effluent in the water reservoir is a major concern for the scientific commu-
nity (Xu et al. 2009; Zou et al. 2013; Vodyanitskii 2014).

There are several techniques, applied for the reduction of heavy metal ion
contaminants from contaminant effluents. These are physicochemical, electrochem-
ical, membrane filtration, and nanotechnology treatment techniques, which are
classified in some common techniques such as chemical precipitation (Ku and
Jung 2001), adsorption (Kongsuwan et al. 2009; Guo et al. 2010), reverse osmosis
(Mohsen-Nia et al. 2007), ultrafiltration, nanofiltration (Al-Rashdi et al. 2013),
chemical coagulation (Shan et al. 2017), flocculation (Huang et al. 2016), ion
exchange (Zewail and Yousef 2015), and electrodialysis (Ebbers et al. 2015).

The chemical precipitation processes need chemical agents to reduce the metal
ions into insoluble solid precipitates. The solid precipitates can be separated by
filtration or sedimentation. Limestone is a most widely used inorganic chemical
coagulant in chemical precipitation processes (Malik et al. 2017). The chemical
agents used in this process may result in further source of water pollution. Moreover,
the high cost of sludge disposal and slow process of metal precipitation often make it
an impractical technique in many water cleaning techniques (Azimi et al. 2017). The
adsorption process uses highly porous and large specific surface adsorbents for the
reduction of heavy metals. This process can run in a reversible cycle of adsorption
and desorption. The used adsorbents can be renewed and reused by desorption.
Efficient and cost-effective adsorbents can be derived from the natural sources
(Bobade et al. 2015), agriculture/plant wastes (Wan Ngah and Hanafiah 2008), and
industrial by-products (Azimi et al. 2017). Reverse osmosis (Aljendeel 2011),
ultrafiltration (Vinodhini and Sudha 2017), and nanofiltration (Al-Rashdi et al.
2013; Mohammad 2013) are pressure-driven processes through a semipermeable
membrane. These processes remove heavy metals, oils, and inorganic materials from
the aqueous solution. In reverse osmosis, hydraulic pressure is applied to the
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contaminated solution, water, and other lighter molecules across micro-openings of
the semipermeable membrane, whereas the impurities/metallic ions are retained in
the membrane. Flexible design, installation, and efficient removal are the main
advantages of the reverse osmosis process. High maintenance/operating cost due
to high pumping power requirement and membrane restoration is the disadvantage
of the membrane process. The coagulation technique uses a chemical or coagulant to
form aggregates of colloids called flocs. Polyaluminum chloride and ferric chloride
are common types of coagulant, used for the reduction for impurities/heavy metals.
The flocs attract the suspended materials to form lump of aggregates. In the floccu-
lation technique, the solution is gently mixed so as to form an aggregate of flocs. The
ion exchange method is used to exchange the metallic ions present in bulk solution,
between liquid and solid. Alumina, zeolite, and silicates are used in the ion exchange
process. This technique has high efficiency, low cost, & high selectivity and its
performance is strong function of solution pH. In electrodialysis technique,
dissolved ions are separated across the membrane under an electric field. This
process has an ion-selective exchange membrane which does not allow simultaneous
transport of opposite charge ions (Azimi et al. 2017). Among all the techniques
discussed above, the adsorption process using low-cost adsorbents is suitable for
wide applications. Adsorption techniques are simple, efficient, cost-effective, easily
available, and easy to operate. This technique is a popular choice because the
adsorbents can be regenerated and reused.

Activated carbon, carbon nanotubes, cellulosic materials, biochar, agriculture and
plant wastes, industrial by-products, bioadsorbents, and natural clays are the com-
monly used adsorbents in water purification. Among these adsorbents, activated
carbon is extensively used due to its high pore volume and high specific surface area.
However, depletion of the coal-based commercial activated carbon is making the
activated carbon adsorption process costlier. In past several years, agricultural waste
and biomasses such as bagasse, coconut shell, saw dust, tree bark, banana pith, etc.
are used for the activated carbon-based adsorbent preparation. The effectiveness of
cellulosic material is enhanced by modification of its surface. It is also economically
expensive at the commercial scale. Therefore, low-cost adsorbents are being
explored for the reduction of heavy metal ions from bulk solution. These materials
are locally available in abundance as natural clays (bentonite, kaolinite, smectite,
ball clay, montmorillonite, etc.) (Uddin 2017), agricultural wastes (grape stalks, tea
and coffee wastes, plant leaves, fruit peels, nut shells, rice husk, seaweed, etc.)
(Pyrzynska 2019), industrial by-products and wastes (fly ash, blast furnace slag,
lignin, paper waste, battery industry waste, etc.) (Tripathi and Rawat Ranjan 2015),
marine materials (red and green algae, algal biomass, etc.) (Pyrzynska 2019), and
biopolymers (chitosan, cellulosic biopolymers, etc.) (Kanmani et al. 2017). Kyzas
and Kostoglou (2014) named these materials, green adsorbents.

Adsorbent preparation from organic waste is costlier in comparison with inor-
ganic adsorbents. Bentonite is a natural clay mineral belonging to the smectite group.
It has large active surface area, unique hydration characteristics, and good cation
exchange capability. It is cheaper, abundantly available, and efficient for many
impurities/metal ions. These characteristics of bentonite clay make it a strong option
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for the heavy metal ion reduction from bulk solution. Heavy metal reduction by
coagulation technique using inorganic coagulant has also been a cost-effective
choice in the water purification process. Effectiveness of coagulation can be
enhanced by mixing bentonite clay with inorganic coagulants in an optimum volume
ratio.

This chapter presented an extended literature study of heavy metal reduction from
polluted effluent using bentonite and inorganic coagulants. This study is explained
into two sections where the role of natural/modified bentonite and role of coagulants
for the reduction of heavy metals from the aqueous solution are discussed. Here the
effectiveness of natural/activated bentonite as adsorbent and various coagulants are
presented in detail, and the various factors affecting the removal of heavy metals are
also discussed. The combined effect of bentonite and inorganic coagulant for heavy
metal reduction is also discussed.

2 Bentonite as Adsorbent

Bentonite is a natural clay which mainly consists of Al2O3, SiO2, MgO, CaO, K2O,
and Fe2O3 (Wan Ngah et al. 2011). It is a three-layer type crystalline clay mineral in
which an octahedral sheet of alumina is arranged between two tetrahedral sheets of
silica giving a 2:1 layered structure (Uddin 2017). The length of the layer is in the
order of several micrometers, and the thickness is in the order of few nanometers.
The layers are arranged in stack with the gap filled with water-solvated metal cations
and organic complexes. Its small crystal structure, chemical composition, and
excellent ion exchange capability lead to the higher surface area, high porosity,
and, consequently, high adsorption capacity toward various organic and inorganic
water contaminants. There are two types of bentonite clay, namely, sodium bentonite
and calcium bentonite. Both are abundantly available and widely used. Although the
swelling tendency of sodium bentonite is relatively high compared to the calcium
bentonite (Gleason et al. 1997), both have reasonably good adsorption capacity
toward heavy metal ions.

There are various methods to activate the natural bentonite. Which includes
activation by acids, thermal activation and treatment with organic surfactants,
composites with clay and rubber, lyophilization, adsorption with organic and inor-
ganic cations, etc. The modification of natural bentonite using polymer is done by
insertion of polymer into the interlayer space of the bentonite. The modification
using this technique improves the physical and chemical properties of the bentonite
without changing its structure.

The surface characteristics of natural and modified bentonite can be studied by
various techniques such as Fourier transform-infrared spectroscopy (FTIR),
Brunauer-Emmett-Teller (BET) technique, X-ray diffraction (XRD), and scanning
electron microscopy (SEM). FTIR spectroscopy technique is used to determine the
change in structure and bonding of molecules by modification and activation
process. BET technique determines the pore size and specific surface area. XRD is
used to investigate the mineral composition, lattice structure, and crystallinity of the
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samples. SEM is used to evaluate the morphological and elemental characteristics of
the sample.

The use of modified bentonite for the reduction of metal ions has been studied by
several workers in the recent past. Sen and Khoo (2013) studied the removal of Zn2+

using bentonite as adsorbent. They reported that the adsorption of Zn2+ on bentonite
is a two-step process. The first step is the rapid adsorption of metal ion at the surface
of the adsorbent, and the second step is a rate-limiting step in which the metal ion
diffuses into the interior of the adsorbent. The adsorption isotherm best fits the
Langmuir model with a maximum adsorption capacity of 62.5 mg/g (Kanti Sen and
Khoo 2013). Araujo et al. (2013) investigated the adsorption capacity of Zn2+ using
bentonite clay. The bentonite clay was thermally treated for enhancement of adsorp-
tion capacity. The Langmuir model was found the best fit for isotherms with a
maximum adsorption capacity of 4.95 mg/g (de Araujo et al. 2013). Guerra et al.
(2013) used Brazilian bentonite and modified Brazilian bentonite to investigate the
removal of Pb2+ from aqueous solution. The Brazilian bentonite was modified using
3-aminopropyltriethoxysilane and 3, 2-aminoethylamino propyltrimethoxysilane.
The adsorption isotherm was reported to fit the Langmuir model with maximum
adsorption capacity (mg/g) of 20.6843, 27.6524, and 29.5413 for Brazilian benton-
ite, Brazilian bentonite modified using 3-aminopropyltriethoxysilane, and Brazilian
bentonite modified using 3, 2-aminoethylamino propyltrimethoxysilane, respec-
tively (Guerra et al. 2013).

Aljlil and Alsewailem (2014) used natural bentonite to investigate the reduction
of copper and nickel from wastewater. They reported the maximum adsorption
capacity of copper as 13.22 mg/g while that of nickel as 9.29 mg/g. The heavy
metal adsorption was found to increase with increase in temperature (Aljlil and
Alsewailem 2014). El-Maghrabi and Mikhail (2016) also used natural bentonite for
removal of Fe2+, Zn2+, and Ni2+ ions from aqueous system. They reported that the
heavy metal adsorption from the single solution using bentonite clay follows the
order Fe2+ > Zn2+ > Ni2+ (El-maghrabi 2016). Choudhury et al. (2015) synthesize a
nanocomposite of bentonite and hydroxyapatite cross-linked by glutaraldehyde.
This nanocomposite was used to study the removal of Pb2+ ion from wastewater.
Langmuir isotherm best described the adsorption of metal ion on the nanocomposite
with maximum adsorption capacity (mg/g) of 346 at 303 K (Choudhury et al. 2015).

Olekhnovich et al. (2015) studied the reduction of heavy metal ions such as Cu2+,
Co2+, and Ni2+ using a composite of poly (acrylic acid)-co-acrylamide/bentonite.
Their observations reveal the high affinity of the bentonite-polymer composite
toward the heavy metal ions (Olekhnovich et al. 2015). Ahmad and Hasan (2016)
synthesized a nanocomposite of L-cysteine-modified bentonite-cellulose for adsorp-
tion of heavy metal ions (Cu2+, Pb2+, and Cd2+) (Ahmad and Hasan 2016). They
reported the values of maximum adsorption capacity (mg/g) of Cu2+, Pb2+, and Cd2+

as 32.36, 18.52, and 16.12, respectively. Their experimental data fitted better to
Langmuir adsorption isotherm and a pseudo-second-order kinetic model compared
to other isotherms and kinetic models (Ahmad and Hasan 2016). Green tea extracts
based on nanoscale zero-valent ions supported on bentonite can be used for the
removal of Cr6+ from aqueous system. It is found that, there is 34-fold increase in the
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adsorption capacity using zero-valent ions supported on bentonite compared to that
of the natural bentonite (Soliemanzadeh and Fekri 2017). Table 1 summarizes the
maximum adsorption capacity of some adsorption studies using natural bentonite,
modified bentonite, and bentonite composites.

2.1 Parameters Affecting Adsorption of Heavy Metal Using
Adsorption Process

The various factors affecting the adsorption of heavy metal are the contacting time,
adsorbent dosage, pH, adsorbate concentration, and the temperature.

Effect of contacting time: Contact time of adsorbent and adsorbate is an important
parameter affecting the adsorption. The adsorption first increases with an increase in
the contact time, and maximum adsorption is achieved after a certain time, after that
equilibrium is reached and there is no change in adsorption (Vhahangwele and
Mugera 2015). This is because during initial stage, large amounts of adsorption
sites are available, and as time progresses, the binding sites are occupied, and
adsorption equilibrium is attained (Gandhi et al. 2014). In almost all studies Uddin
(2017) using bentonite as adsorbent, it is observed that the rate of adsorption is
initially fast and equilibrium is established in few hours. This observation suggests
the strong affinity of bentonite to the metal ions.

Effect of adsorbent dosage: An increase in adsorbent dosage increases the percent-
age adsorption. In the case of multi-ion adsorption (Taha et al. 2016) at lower dose,
the metal ions compete for available adsorption sites, but at higher adsorbent dose,
enough vacant sites are available for adsorption of various metal ions and result in
increase in the adsorption percentage (Liu and Zhou 2010; Tomul and Basoglu
2010). However, an increase in adsorbent dosage also results in decrease in the
adsorption capacity due to reduction in the fraction of covered site per unit mass of
the adsorbent. Therefore, an optimum dosage of adsorbent is required for optimum
percentage removal and adsorption capacity.

Effect of pH: The pH is a key factor during adsorption process as it is related to the
surface characteristics of adsorbent. Studies reported an optimum range of pH for
maximum adsorption efficiency. Taha and coworkers (2016) conducted an adsorp-
tion study on Egyptian Na-activated bentonite for the reduction of Pb2+, Cd2+, and
Ni2+ ions. The pH was varied from 2.0 to 7.0 at 298 K and 100 rpm. The adsorption
percentage was found to increase with increase in pH (Taha et al. 2016). In an
another study (Inglezakis et al. 2007) using pure bentonite for the removal Pb2+, it
was reported that the percentage removal of Pb2+ increases with increase in pH from
1 to 3, and at pH value of 4, there is a decrease in the percentage removal. A recent
study (Wahab et al. 2019) using a silk-bentonite composite for the removal of Cd2+,
Cr6+, Hg2+, and Pb2+ from aqueous system varied the solution pH from 3.0 to 9.0.
This study reported a decrease in adsorption efficiency at higher pH. An optimum pH
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Table 1 Maximum adsorption capacity of natural, modified bentonite, and bentonite composites

Adsorbent
Metal ion
removed

Maximum
adsorption
capacity
(mg/g) Remark References

Natural bentonite Cd2+, Cu2+ 63.29 Karapinar
and Donat
(2009)

Sodium-activated
bentonite

Pb2, Cd2+,
Ni2+, Cu2+,
Mn2+, Cr3+,
and Zn2+

>92% removal of
heavy metal ions

Taha et al.
(2016)

Natrified bentonite Cd2+ 72.99 Schütz et al.
(2016)

Quartz and bentonite
mixture

Cd2+ 116.28 Schütz et al.
(2016)

P4V4-bentonite Cr6+ 45.25 Natural bentonite
is a weak
adsorbent for
Cr6+

Mansri et al.
(2009)

Manganese oxide onto
sodium bentonite

Cd2+ 108.69 Schütz et al.
(2016)

GMZ-bentonite Cu2+ 44.25 Adsorption of
Cu2+ strongly
depends on
pH < 6.5

Li et al.
(2009)

Cross-linked chitosan-
bentonite beads
Non-cross-linked
chitosan-bentonite
beads

Cu2+

Cu2+
9.43
12.41

94.27% removal
of Cu2+

Aljlil and
Alsewailem
(2014)
Ba et al.
(2014)

Silk-bentonite
composite

Pb2+

Cd2+

Hg2+

Cr6+

11.1
11.35
10.5
10.2

>90% removal of
metal ions

Wahab et al.
(2019)

Humic acid-
immobilized amine
modified
polyacrylamide
bentonite

Cu2+ 112.5 >99% removal of
metal ion at the
pH range 5.0–6.0

Anirudhan
and
Suchithra
(2010)

8-Hydroxy quinine
bentonite

Cu2+

Cd2+

Pb2+

56.55
67.35
142.94

Gök et al.
(2008)
Bentouami
and Ouali
(2006)
Özcan et al.
(2009)

Polyacrylamide
composite bentonite

Cu2+ 33 Zhao et al.
(2010)

4-Methybenzo-15-
crown-5 bentonite

Cu2+

Pb2+
34.5
47.5

Liu et al.
(2006)

(continued)
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of 5 is reported for the maximum adsorption efficiency. In several studies using
bentonite as adsorbent, an optimum pH for many heavy metals is reported in the
range of 5.0–6.0 after precipitation. For reduction of chromium ion, an optimum pH
of 2.0 is reported in literature (Uddin 2017).

Effect of adsorbate concentration: Increase in the concentration of metal ions in
adsorbate increases the adsorption capacity and decreases the adsorption percentage
(El-maghrabi 2016). An increase in the metal ion concentration in adsorbate leads to
a decrease in pH of the final solution, and subsequently the adsorption percentage
decreases (Vhahangwele and Mugera 2015). The decrease in adsorption percentage
with an increase in the adsorbate concentration is profound in the case of multicom-
ponent adsorption and attributed to the competition between the metal ions for the
available active sites (Taha et al. 2016).

Effect of temperature: Increase in temperature decreases the adsorption efficiency
because high temperature favors desorption. However, the maximum adsorption
capacity (mg/g of adsorbent) and the percentage removal of heavy metal increase
with increase in temperature (Vieira et al. 2010). This is because a higher tempera-
ture leads to the activation of metal ions at the coordinating sites of the adsorbent
(Inglezakis et al. 2007). Moreover, a higher temperature also accelerates the move-
ment of cations to the active site leading to a higher percentage removal.

2.2 Equilibrium Adsorption Isotherms and Kinetics

The adsorption isotherm study is used to understand the interaction between the
adsorbates and the adsorbent. Many equilibrium adsorption models are used to
correlate the adsorption capacity and residual adsorbate concentration in liquid

Table 1 (continued)

Adsorbent
Metal ion
removed

Maximum
adsorption
capacity
(mg/g) Remark References

Manganese oxide-
coated bentonite

Cu2+ 58.88 Eren et al.
(2010)

HCl-activated
bentonite

Zn2+

Cu2+

Pb2+

Ni2+

8.87
7.01
9.6
0.99

0.05 M HCl is
used to activate
bentonite

Mohammed-
Azizi et al.
(2013)

Calcined biomass (pine
cone)-modified
bentonite

Cd2+

Cu2+

Pb2+

16.45
20
23.2

Olu-
Owolabi
et al. (2016)

Calcined biomass
(Carica papaya seeds)-
modified bentonite

Cd2+

Cu2+

Pb2+

13.61
32.79
17.76

Olu-
Owolabi
(et al. 2016)
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phase. Langmuir (1918), Freundlich (1906), Temkin and Pyzhev (1940), and
Dubinin-Radushkevich (D-R) (Nguyen and Do 2001) models are widely used to
obtain the relationship between the metal ions in solid and liquid phase at
equilibrium.

Langmuir adsorption model (Langmuir 1918) assumes the formation of mono-
layer of metal ions on the homogeneous surface of adsorbent containing large
number of active sites. The Langmuir equation in linear form can be given as:

Ce

qe
¼ Ce

qm
þ 1
kLqm

ð1Þ

Here Ce is the concentration of the metal ion (mg/L) at equilibrium, qe is the
adsorption capacity at equilibrium (mg of metal ions adsorbed per gram of adsor-
bent), and qm and kL are the maximum adsorption capacity (mg/g) and the Langmuir
constant, respectively. Further analysis of Langmuir model provides the dimension-
less adsorption intensity (RL), which determines the nature of the adsorption process
(Ho et al. 2002).

Freundlich isotherm model (Freundlich 1906) is based on the assumption of
formation of multilayer on the heterogeneous adsorbent surface. The Freundlich
model in linear form is given as:

log qe ¼ log kF þ 1
n
logCe ð2Þ

Here kF is the Freundlich adsorption capacity.
The Temkin isotherm (Temkin and Pyzhev 1940) in linear form is also used to

model the adsorption process. The linear form of the Temkin model is given as:

qe ¼ RT
b

lnAþ RT
b

lnCe ð3Þ

Here b (kJ/mol) is heat of sorption. T is the temperature and R is universal gas
constant. b and A are Temkin isotherm parameters.

The D-R isotherm (Nguyen and Do 2001) is often used to study the adsorption
equilibrium data. This model is given as:

ln qe ¼ ln qDR � βε2 ð4Þ
Here qDR is the adsorption capacity corresponding to monolayer formation (mg/g),
and β is a constant of adsorption energy.

The mechanism of adsorption involves the process of mass transfer by diffusion
and chemical reactions. In order to examine the controlling mechanism of the
adsorption process, various kinetic models are used such as Lagergren pseudo-
first-order kinetics, pseudo-second-order kinetics, and intraparticle diffusion kinet-
ics. Table 2 presents the various operating parameters, isotherms, and kinetics used
in recent studies on adsorption of heavy metal contaminants using natural and
modified bentonite.
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Table 2 Operating conditions, isotherms, and kinetics of heavy metal adsorption using bentonite

Adsorbent

Metal
ion
removed

Operating
conditions
(contact time, θ
(min), pH,
temperature,
T (K), adsorbent
dose, Cads)

Adsorption
isotherm

Adsorption
kinetics References

Natural
bentonite

Cd2+

Cu2+
θ: 5–60 min
pH: 1–5
T: 298–348 K
Cads: 50–300 mg/
l

Freundlich
Langmuir
D-R
isotherm

Karapinar
and Donat
(2009)

Sodium-
activated
bentonite

Pb2+,
Cd2+,
Ni2+,
Cu2+,
Mn2+,
Cr3+,
and Zn2
+

θ: 1–60 min
pH: 2–7
T: 290–328 K
Cads:
0.125–0.5 mg/l

Freundlich
Langmuir

Pseudo-
second-
order
Intraparticle
pore
diffusion is
the rate-
limiting step

Taha et al.
(2016)

N-2-
hydroxypropyl
trimethyl
ammonium
chloride
chitosan,
HACC-
bentonite

Cd2+ θ: 5–80 min
pH: 1–9
T: 293–323 K
Cads: 0.1–1.0 g

Langmuir
Freundlich
D-R
isotherm
Best fit:
Langmuir

Pseudo-
second-
order

Huang et al.
(2011)

Natrified
bentonite,
quartz, and
bentonite
mixture

Cd2+ θ: 0–1440 min
pH: 5
T: –
Cads: –

Langmuir Pseudo-
second-
order

Schütz et al.
(2016)

P4V4-bentonite Cr6+ θ: 0–180 min
pH: 1–11
T: 308–333 K

Freundlich
Langmuir

Mansri et al.
(2009)

GMZ-bentonite Cu2+ θ: 0–1440 min
pH: 5–6.5
T:
293.15–333.15 K
Cads: 1–3 mg/l

Freundlich
Langmuir
D-R
isotherm

Li et al.
(2009)

Cross-linked
chitosan-
bentonite beads
Non-cross-
linked chitosan-
bentonite beads

Cu2+ pH: 1–4 Freundlich
Langmuir

Pseudo-first-
order
pseudo-
second-
order
Best fit:
Pseudo-
second-
order

Aljlil and
Alsewailem
(2014)

(continued)
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3 Removal of Heavy Metals Using Coagulation

The use of sustainable treatment technology is the major challenge for any industrial
effluents. Operating conditions, types of effluents, environmental conditions, etc. are
the major parameters during the selection of any wastewater treatment technology.

Table 2 (continued)

Adsorbent

Metal
ion
removed

Operating
conditions
(contact time, θ
(min), pH,
temperature,
T (K), adsorbent
dose, Cads)

Adsorption
isotherm

Adsorption
kinetics References

Silk-bentonite
composite

Pb2+,
Cd2+,
Hg2+,
Cr6+

θ: 0–100 min
pH: 3–9
T: 293–353 K
Cads:
0.01–0.15 mg

Langmuir
Freundlich
Best fit:
Langmuir

Pseudo-first-
order
pseudo-
second-
order
Best fit:
Pseudo-
second-
order

Wahab et al.
(2019)

Humic acid-
immobilized
amine modified
polyacrylamide
bentonite

Cu2+ θ: 0–300 min
pH: 4–7
T: 283–333 K
Cads: 25–100 mg/
l

Langmuir
Freundlich
D-R
isotherm
Best fit:
Langmuir

Pseudo-first-
order
pseudo-
second order
Best fit:
Pseudo-
second-
order

Anirudhan
and
Suchithra
(2010)

Polyacrylamide
composite
bentonite

Cu2+ θ: 0–2880 min
pH: 2.4–7
T: 293–328 K
Cads:
0.08–0.65 g/l

Langmuir
Freundlich
Best fit:
Langmuir

Zhao et al.
(2010)

HCl-activated
bentonite

Zn2+,
Cu2+,
Pb2+,
Ni2+

θ: 10–120 min
pH: 2–8
T: Room
temperature

Langmuir
Freundlich

Pseudo-
second-
order

Mohammed-
Azizi et al.
(2013)

Na-bentonite Pb2+ θ: 180–1440 min
pH: 2–10
T: 298–338 K

Langmuir
Freundlich
D-R
isotherm
Best fit:
Langmuir

Yang et al.
(2010)
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Coagulation is a traditional method to clean wastewater using chemicals, called as
coagulants or flocculants. This technique plays a key role during reduction of heavy
metals from aqueous solution. The coagulants can be roughly classified as inorganic
coagulants, organic coagulants, and natural polymers based on their chemical
composition and source. Figure 1 shows a classification of coagulants used in
wastewater treatment.

Compared to the organic coagulants, inorganic coagulants are inexpensive and
very effective in many cases especially with the low-turbid aqueous solution
where the organic coagulants are not so effective. Every coagulant has its
advantages and disadvantages in its application. Some major advantages and
disadvantages of commonly used inorganic flocculants/coagulants are given in
Table 3.

Fig. 1 Classification of coagulants used in wastewater treatment

Table 3 Advantages and disadvantages of commonly used inorganic coagulants

Coagulant/flocculant Advantages Disadvantages

Aluminum sulfate
(alum)

1. Easily available
2. Most commonly used
3. Low sludge volume index
4. Effective within pH 5.5–7.5

1. Add dissolved salt to water
2. Effective in limited pH
range

Ferric sulfate Effective within pH 4–6 and
8.8–9.2

Add dissolved salt to water

Sodium aluminate 1. Effective in hard water
2. Low dosage of coagulant

1. Ineffective in soft water
2. High cost

Lime 1. Commonly used
2. Do not add dissolved salt

1. pH sensitive
2. More sludge generation
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3.1 Parameters Affecting Removal Efficiency of Heavy Metal
in Coagulation Process

The efficiency of heavy metal reduction often depends on the coagulation condition,
nature of raw water, and type of coagulants (Hu et al. 2012). The rate of reduction of
heavy metals in an aqueous solution mostly depends on the rate of adsorption,
complexation, and coprecipitation. Concentration of metal ions, valence state of
heavy metal, pH, and temperature are the main factors affecting the removal
efficiency of heavy metal ions during coagulation.

Effect of metal ion concentration: Low concentration of metal ions results in lower
removal efficiency. At low metal ion concentration, a small number of large flocks of
low density are formed. Consequently, a relatively high coagulant dose is required to
achieve high removal efficiency for low concentration of metal ion.

Effect of valence state of heavy metal: The valence state of metal ions also affects
its efficiency of removal. It has been reported (Bordoloi et al. 2013; Lee et al. 2003)
that As5+ is easily adsorbed compared to As3+ using inorganic coagulants in a
coagulation process. It is also reported that the coagulant alone cannot reduce the
concentration of As3+ below 10 μg/L (Bordoloi et al. 2013; Lee et al. 2003).
Therefore, As3+ is pre-oxidized to As5+ before coagulation process to enhance its
efficiency of removal.

Effect of pH: pH is the most important factor affecting efficiency of pollut-
ant removal. As indicated in Table 3, the coagulant is effective if coagulation is
carried out within an optimum range of pH moreover optimum range of pH is
different for different coagulant and aqueous system. Therefore, the removal effi-
ciency remains almost unaffected within the optimum range of pH for coagulation
process and it shows significant variation in other pH range.

Effect of temperature: High temperature favors the coagulation efficiency because
at high-temperature rate of hydrolysis, metal salt is high. Moreover, an increase in
temperature results in increase in collision probability and Brownian motion of the
metal ions and coagulants. Hence, the efficiency of heavy metal removal is favored
at high temperature. A very few studies specifically reported the effect of tempera-
ture in a coagulation process, and further investigation is needed.

3.2 Role of Inorganic Coagulants for the Removal of Heavy
Metals

There are various techniques which use chemical coagulants for heavy metal
reduction. Some of these techniques are briefly described below.
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Chemical precipitation: It is a common precipitation technique employed in the
reduction of heavy metals/unused inorganic from industry/processes. During this
process, coagulants react with the impurities/heavy metals and generate bulky/
insoluble precipitates in the aqueous solution. Further, the insoluble precipitates
are separated by the mechanism of sedimentation. Generally, heavy metals present in
wastewater are separated in terms of carbonates, sulfides, phosphates, hydroxides,
etc. (depending upon the nature of coagulant and other impurities properties).

Mirbagheri and Hosseini (2005) studied the removal of Cu2+ and Cr6+ ions from
pilot plant petrochemical wastewater effluent using Ca(OH)2 and NaOH as
coagulants. The hexavalent ion of chromium was converted to trivalent chromium
ion using ferrous sulfate. They reported that the maximum precipitation of chromate
ion occurred at pH 8.7, and the concentration of chromate ion reduced from 30 to
0.01 mg/L (Mirbagheri and Hosseini 2005). Similarly, the copper ion was reduced
from 48.51 to 0.694 mg/L at optimum pH of 12 (Mirbagheri and Hosseini 2005).
Matlock et al. (2002) used 1,3-benzenediamidoethanethiol dianion for the reduction
of heavy metals. They reported above 90% reduction of toxic metals from acid mine
drainage (AMD) samples, and iron concentration was reduced from 194 to
0.009 ppm at pH 4.5 (Matlock et al. 2002).

Calcium hydroxide was used as a coagulant for an aqueous solution containing
Cd(II), Zn(II), and Mn(II) (Charerntanyarak 1999). The initial concentrations of Cd
(II), Zn(II), and Mn(II) were 150, 450, and 1085 mg/L, respectively. This study
reported the complete removal of metal ions (up to 99.5%) at optimum pH of
11 (Charerntanyarak 1999). Chen et al. successfully removed the heavy metal
ions, Cu (II), Zn(II), Cr(III), and Pb (II) using calcium hydroxide as a coagulant
(Chen et al. 2009). In order to enhance the precipitation of metal ions, calcium
hydroxide was mixed with fly ash, and the resultant suspension was carbonated in a
carbon dioxide atmosphere (Chen et al. 2009). They reported the removal efficiency
of up to 99.37–99.6% at optimum pH between 7 and 11 using carbonated fly
ash-calcium hydroxide treatment (Chen et al. 2009).

Biogenic Mn oxides (BMO) have excellent heavy metal reduction capacity.
Biologically Pseudomonas putida-generated BMO were investigated (Zhou et al.
2015) for the reduction of Cd2+, Pb2+, and Zn2+. Based on kinetic and isotherm
study, it was reported the BMO has seven to eight times higher adsorption capacity
for Cd2+, Pb2+, and Zn2+ than the abiotic Mn oxide (Zhou et al. 2015). Effects of
parameters like pH, ionic strength, and temperature were also reported in this study.
The adsorption capacity was found to increase with increase in either temperature or
pH, whereas it decreases with increase in ionic strength (Zhou et al. 2015).

Coagulation and flocculation: In the coagulation technique, heavy metals/inor-
ganic impurities are reduced by suitable coagulants. Flocculation is a commonly
used method to reduce the toxic elements from the effluents. During the flocculation
process, agglomerates of fine particles are formed and clumped into flocs using
suitable flocculants. Flocculants such as sodium dodecyl sulfate, polyferric sulfate,
and polyacrylamide are commonly used for wastewater treatment.
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Electrocoagulation (EC)-based treatment techniques are the ones in which metal
electrodes dissolved and generate hydroxides of metal electrodes. The hydroxides
react with pollutants/heavy metals and are separated by the mechanism of bridge and
sweep coagulation (Shankar et al. 2014, 2015; Mahmad et al. 2016).

Leather industry-generated wastewater is a major source of Cr ion pollutants.
Abdalhadi Deghles and Ugur Kurt (2016) studied the color, chemical oxygen
demand (COD), NH3-N, and Cr ion reduction of tannery wastewater using a hybrid
process, EC integrated with electrodialysis (ED). Moreover, EC-treated solution
using aluminum electrodes results in COD, color NH3-N, and Cr ion percentage
removal efficiency of 92, 100, 100, and 100%, respectively, whereas in the case of
EC with iron electrodes, ED process also gives efficiency of removal for COD, color
NH3-N, and Cr as 87, 100, 100, and 100%, respectively (Deghles and Kurt 2016).

Chemically enhanced primary treatment (CEPT) is also an attractive option for
the reduction of toxic metals such as, copper, chromium, nickel, zinc, and lead.
CEPT using FeCl3 and polymer-based coagulants is a more efficient option com-
pared to CEPT using alum as coagulant. Johnson et al. (2008) reported that a mixture
of 40 mg/L of FeCl3 and 0.5 mg/L of anionic polymer results in enhanced metal
reduction efficiency of 200% for Cr, Zn, and Ni ions and 475% for Pb ions compared
to the traditional primary treatment (Johnson et al. 2008).

Coagulation-based combined/hybrid processes: The coagulation process com-
bined with other suitable treatment technologies is an effective way to enhance the
efficiency of heavy metal reduction. Other treatment technologies such as filtration,
flocculation, membrane, adsorption, oxidation, etc. can be integrated with the
coagulation process (Tang et al. 2016). Oxidation method can be used to destabilize
the stable metals ions present in aqueous phase. Zotter and Licskó (1992) developed
coagulation combined with the oxidation-reduction technique to reduce the
dissolved Cr and Ni compounds from aqueous solution with the help of
FeSO4�7H2O in both alkaline and neutral media. The partly soluble hydroxides of
Cr are generated during the oxidation-reduction processes, and the Ni compounds
precipitated are coagulated using iron hydroxides (Zotter and Licsko 1992).

Heavy metals in the aqueous phase can easily react with iminodiacetic acid
(IDA), ethylenediaminetetraacetic acid (EDTA), and organic matters and result in
reduction of rate of removal of heavy metals from aqueous phase. In this case, the
presence of the strong oxidant (Fenton oxidation reagent) facilitates the oxidation
and mineralization of the organic pollutants. This reaction results in transformation
of the dissolved compounds into precipitates and leads to the simultaneous reduction
of heavy metals and organic compounds. So, the integrating Fenton oxidation and
coagulation technique lead to an effective wastewater treatment containing organic
and heavy metal contaminants (Pachuau et al. 2013; Lan et al. 2012).

The membrane technology integrated with coagulation is also an interesting
hybrid technology for the heavy metal reduction from aqueous phase. However,
decrease in permeability of membrane due to fouling leads to regular cleaning or
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replacement of membrane. Due to this an increased operating cost becomes a major
issue in the sustainable operation of hybrid method (Fu and Wang 2011).

Car wash wastewater contains oil grease and heavy contaminants, which can be
coagulated by ferrous sulfate (FeSO4�7H2O) and Moringa oleifera (a natural coagu-
lant). The coagulation and flocculation process were integrated with sedimentation
and filtration to treat wastewater from car wash. The concentration of Moringa
oleifera and FeSO4�7H2O was taken as 35, 70, 105, and 140 mg/L (Al-Gheethi
et al. 2016). The hybrid treatment using Moringa oleifera and filtration were
successful in treatment of carwash wastewater (Al-Gheethi et al. 2016).

Industrial wastewater after primary treatment may contain small amounts of
heavy metals/organic compounds in the aqueous phase which can be treated with
the adsorption process for clean water production. Sahu et al. (2015) integrated EC
process operation aeration and used the activated carbon as an adsorbent to treat
biodigester effluent which contains organic compound as major pollutants and heavy
metals as minor pollutants. They reported that this hybrid system gives improved
results (Sahu et al. 2015).

Activated carbon (powder) can also be used to enhance the effectiveness of
coagulants for the reduction of surface water pollutants. Activated carbon adsorption
process can be integrated with aluminum chloride, aluminum sulfate, and
polyaluminum chloride coagulant for removal of Cu, Cd, Ni, Pb, and indicator
polychlorinated biphenyls (PCBs). It was reported that the integrated process gives
64, 39, 18, and 85% reduction for Cu, Cd, Ni, and Pb, respectively (Rosińska and
Dąbrowska 2016).

Table 4 summarizes studies on coagulation and coagulation-based hybrid
techniques for the reduction of toxic metals from aqueous system.

4 Role of Bentonite-Coagulant Mixture as Adsorbent
and Coagulant

The main disadvantages associated with the chemical coagulants are corrosion and
fouling of the equipments and generation of the large volume of sludge. Moreover,
chemical-based commercial coagulants may create an adverse effect on surround-
ings and lead to health problems in human beings. Therefore, the combination of
bentonite or other clay minerals and coagulants can be an eco-friendly choice for
reduction of turbidity, COD, and heavy metals from aqueous solutions. Efforts have
been made in the recent past to investigate the effect of combining the bentonite clay
and coagulants to exploit the simultaneous advantages of adsorption and coagulation
in wastewater treatment processes.

Syafalni et al. (2013) investigated the combination of bentonite and inorganic
coagulants (alum, limestone, and zeolite) as coagulant for the reduction of iron,
turbidity, and COD. An optimum value of both pH and coagulant dosage was
reported for pure bentonite as well as thecombinations of bentonite-inorganic
coagulants. They showed that the optimum volume ratio of bentonite-alum mixture
to achieve 93.09% COD removal was 1:1 at a pH equal to 8 (Syafalni et al. 2013).
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The best volume ratio of bentonite-limestone for maximum COD removal was
obtained as 6:4. The sludge generated using pure bentonite was higher (68.92 mL/
g) compared to both bentonite-limestone (40.54 mL/g) and bentonite-alum mixture
(44.59 mL/g) (Syafalni et al. 2013). Faghihian and Bahramian (2014) synthesized
composites of bentonite and inorganic polymeric coagulants (polyaluminum chlo-
ride (PACl) and poly iron chloride (PICl)) for removal of heavy metals and turbidity
from aqueous waste. Adsorption of Sr2+ and Pb2+ was studied to investigate the
effect of pH, contact time, initial ion concentration, and the adsorbent dosage. The
comparative performance study of four coagulants, composite bentonite-PACl,
composite bentonite-PICl, Al2O4Na2, and Fe2Cl2�H2O, toward percentage removal
of metal ions (Sr2+ and Pb2+) showed that the composite bentonite performs much
better than the rest (Faghihian and Bahramian 2014). A recent study (Ntwampe and
Moothi 2019) on acid mine drainage sample using combination of bentonite-
inorganic coagulants (FeCl3, Al2(SO4)3, and Na2CO3) also reported that a combina-
tion of bentonite-FeCl3 results in better turbidity removal as compared to the pure
bentonite clay, FeCl3 and AlCl3 (Ntwampe and Moothi 2019). A flocculent
synthesized using bentonite and Na2CO3 showed an optimal heavy metal reduction
potential (Ntwampe and Moothi 2019).

5 Conclusions

Heavy metal contamination in different water bodies is continuously increasing
because of rapid industrialization, population growth, and deforestation. The use
of chemical-based treatment technologies and biological-based treatment
technologies either consumes excess time or generates another pollutant in the
aqueous phase. Adsorption/coagulation-based technologies are the best suited
option for heavy metal reduction. Separation effectiveness of heavy metals from
aqueous solution and cost of adsorption are the major parameters for the sustainable
metal reduction. Bentonite clay-based coagulants and many inorganic coagulants are
the better options for the heavy metal reduction from aqueous solution because of its
availability and good separation properties. Inorganic-based coagulants generate less
sludge and less preparation cost in comparison with organic coagulants. Metal
removal efficiency from aqueous solution can be improved by increasing active
surface site by different treatment methods such as acid-base, thermal, and hydro
treatment. Many heavy metals from complex wastewater are not considerably
reduced by single treatment technologies. The presence of organic and other
impurities’ content in the wastewater may affect the coagulation and adsorption
properties. So, the use of hybrid technology could be the better option for the
considerable reduction of heavy metals and other pollutants. The use of adsorp-
tion/filtration/electrocoagulation/membrane, etc. integrated with coagulation
techniques could provide better metal-reducing options. The performance of ben-
tonite clay and inorganic coagulants is the strong factor of operating condition and
nature of wastewater. Chemical coagulant membrane-based hybrid technologies are
prone to suffer corrosion and fouling, which makes the process less efficient and
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costlier. Hence, there is a need to address this issue in coagulant membrane-based
hybrid techniques. Overall, the use of suitable materials, processes, and operating
condition could be used to clean the heavy metal-containing wastewater.
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Advanced Oxidation Processes
for Wastewater Remediation: An Overview
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Abstract

Water pollution has become the global scientific challenge with the emergence of
organic/inorganic pollutant levels that raise to an alarming rate. There has been an
increasing demand to develop green and sustainable wastewater treatment tech-
nology for the treatment of a wide range of pollutants. In the past few decades, the
advanced oxidation process (AOP) has been emerged as the most widely
anticipated treatment technology. It involves the chain of oxidative and reductive
reactions by the production of the most powerful reactive oxidation species.
These hydroxyl radicals as an oxidant degrade the range of persistent pollutants
into environmental friendly compounds. AOP has been used for the treatment of
recalcitrant pollutants that are resistant to conventional treatment technologies. In
the present chapter, the fundamentals of advanced oxidation process along with
the principle, type, and its applications for the treatment of wastewater have been
presented in detail. The chapter also highlights the advantage and disadvantages
of the various advanced oxidation technologies.
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1 Introduction

Since the past few decades, the term “emerging contaminants” has been used
frequently in many research papers, as the existence of new chemical substances
in wastewater systems (Rodriguez-Narvaez et al. 2017). These contaminants can
enter the water bodies through various points and nonpoint sources such as domestic
sewage, industrial effluents, landfill leachate, agricultural runoff, etc. (Lima 2018).
The presence of emerging contaminants in water systems causes a serious threat to
humans and the environment (Richardson and Ternes 2018). Also, they do not have
acceptable regulatory standards for the drinking water, and their long-term impacts
on human health and environment are yet to be evaluated further. Studies are
underway for the impact of these emerging contaminants on humans and ecosystems
as majorities of these contaminants are persistent in nature and conventional treat-
ment technologies are not sufficient for the removal of such contaminants from the
wastewater (Bolong et al. 2009). Even at the low concentration such as ng/L of these
contaminants poses serious hazards to the environment (Petrović et al. 2003; Murray
et al. 2010).

To overcome the drawbacks associated with the conventional treatment
technologies, the alternative method for complete treatment of recalcitrant toxicants
from wastewater into the environmental friendly compounds has led to the research
in the field of “advanced oxidation processes” (AOPs) as the advanced water
treatment technologies (Buthiyappan et al. 2016, Wols and Hofman-Caris 2012).
AOP utilizes powerful hydroxyl radicals as the main oxidizing agents which were
proposed for the first time in 1980 for the treatment of potable water; later AOPs are
being applied in broader ways for the treatment of different types of wastewaters due
to the potential of strong oxidizing agents which can degrade recalcitrant a hazard-
ous organic/inorganic pollutants from the wastewater (Xie et al. 2017; Huang et al.
2017).

The main aim of these AOPs is based on the in situ generation of highly reactive
species for rapid degradation of unmanageable organic compounds and pollutants,
water pathogens, toxicants, pesticides, and disinfection by-products (Kanakaraju
et al. 2018). The major advantage of using AOP is that it doesn’t produce any sludge
and toxic end products that require further handling or secondary treatment. It has
many advantages over other techniques such as low cost, complete degradation of
the pollutant, less or no waste disposal problem, and less dependence on temperature
and pressure (Arzate et al. 2019). All AOPs are identified by the same chemical
feature, i.e., the production of hydroxyl radicals “OH” (Korpe et al. 2019). These
radicals are extremely reactive species and attack every organic molecule with rate
constants usually in the order of 106–109 mol l�1 s�1 (Tichonovas et al. 2017).
Table 1 shows the relative oxidation potential of various oxidizing agents.
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2 Present Treatment Technologies

Various conventional treatment technologies have been employed for the treatment
of wastewater such as physical, chemical, and biological process or the combination
of all the processes (Rodriguez-Narvaez et al. 2017). As we know that the main aim
of wastewater treatment is the elimination of solids, organic matter, color, and odor
from the wastewater, however, some of the contaminants are recalcitrant in nature,
and they cannot be treated completely by any of the abovementioned technologies
(Ahmed et al. 2017; Visanji et al. 2018). The increased public concern toward
environmental pollutants has prompted the need to develop novel treatment methods
for the treatment of wastewater, as existing technologies just convert the contami-
nant from one phase to another rather than complete degradation from the environ-
ment (Petrović et al. 2003; Grassi et al. 2012).

The present treatment technologies for the removal of hazardous contaminants
and their intermediates demand high capital investment, operation cost, high main-
tenance cost, and large area (Swami and Buddhi 2006). The abovementioned
methods are efficient but have certain limitations in terms of effectiveness, applica-
bility, time, and cost.

The complete degradation of various organic pollutants is not possible by con-
ventional methods, i.e., physicochemical treatment, activated sludge digestion,
anaerobic digestion, and air stripping (Oh et al. 2012). The other technologies
such as adsorption and coagulation simply concentrate the pollutants present by
transferring them from one phase to another but still persist and not being completely
degraded from the system. Chemical oxidation is one such method, but it is
expensive and leads to the contamination of water with other toxic pollutants
(Ksibi 2006). Further, methods such as sedimentation, filtration, chemical, and
membrane technologies involve high operating costs and could generate toxic
secondary pollutants into the ecosystem (Gogate and Pandit 2004). These findings
demand the necessity of advance research for the removal of these contaminants to
reduce the risk of their accumulation in the water bodies for direct or indirect usage.

Table 1 Oxidation
potential of various
oxidizing species

S. no. Oxidizing species Oxidation potential

1. Fluorine 3.06

2. Hydroxyl radical 2.80

3. Oxygen (atomic) 2.82

4. Hole on TiO2 2.35

5. Ozone 2.08

6. Hydrogen peroxide 1.78

7. Permanganate 1.24

8. Oxygen (molecular) 1.23

9. Hypochlorous acid 1.10

10. Chlorine 1.00
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At present, AOP has a particular advantage over conventional technologies
because of its ability to eliminate recalcitrant compounds, and it is based on high
oxidation strength of free radicals and highly reactive oxidation species (Zhou and
Smith 2002). The main aim of the present chapter is to investigate the various AOPs
used for the treatment of wastewater.

3 Advanced Oxidation Process (AOP)

The ability of advanced oxidation technology has been extensively demonstrated to
remove persistent organic compounds (Tijani et al. 2014), toxicants (Ebbs 2004),
pesticides (Sanches et al. 2010; Khan et al. 2018), and dye effluents (Suriyaprabha
et al. 2016; Khan et al. 2017) from the wastewater. AOPs are defined as the oxidation
process that involves the rapid generation of hydroxyl radicals (OH) in enough
quantity to support the treatment of wastewater. The AOPs also explored sulfate
radicals (SO4��) later on (Méndez-Díaz et al. 2010; Deng and Ezyske 2011). These
radicals are different from common oxidants such as ozone and chlorine as they have
a dual role as disinfectants and decontaminants; on the other hand, AOPs are
primarily employed for the destruction of organic/inorganic contaminants from the
wastewaters (Lopez et al. 2000; Olmez-Hanci and Arslan-Alaton 2013). In the
treatment of wastewater, these powerful oxidizing agents are expected to destruct
the toxic pollutants and transform them into nontoxic end products, this way
providing a solution to the remediation of wastewater (Liu et al. 2016). AOPs are
characterized by a free radical mechanism initiated by the interactions of photons of
a proper energy level with the molecules of chemical species present in the solution
or with a catalyst (Wang and Xu 2012). Major factors affecting these AO processes
are the initial concentration of the pollutant, the quantity of oxidizing agents and
catalysts, irradiation time, light intensity, and the nature of the wastewater’s solution
such as pH, presence of solids, and other ions (Stasinakis 2008; Wang et al. 2003).
At first, Glaze et al. (1987) defined the AOP as the near ambient temperature and
pressure water treatment process that involves the generation of hydroxyl radicals in
sufficient quantity to initiate water purification. The OH is the most powerful and
nonselective chemical oxidant which acts effectively and rapidly on most of the
organic compounds. These �OH react unselectively once formed, and contaminants
will be efficiently fragmented and converted into smaller inorganic molecules
(Oppenländer 2007). In general terms, AOPs could proceed into three parts, such
as (Faouzi et al. 2006):

1. Formation of �OH radicals.
2. Attacks on targeted contaminant by �OH radical and their breakdown into the

fragments.
3. Lastly attacks by �OH until complete mineralization of the contaminant.
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3.1 Types of AOP

There are a few different ways by which AOPs can generate hydroxyl and other
radicals; it clearly indicates that the highly reactive HO� is the main driver for all
AOPs and the effectiveness of the method depends on the efficiency by which HO� is
produced. From the many AOP systems, ozonation, ultraviolet (UV)/ozone,
UV/hydrogen peroxide, and photocatalysis are most frequently studied and utilized
for many applications (Klavarioti et al. 2009). The most used AOP technologies can
be divided into the following groups (Poyatos et al. 2010) as irradiation based and
non-irradiation based as shown in Fig. 1.

1. Homogeneous AOP: Homogeneous processes use energy in the form of light.
Homogeneous AOP employs UV radiation for the degradation of pollutants
which absorbs UV radiation within the corresponding range of the electromag-
netic spectrum (Muruganandham et al. 2014a, b). Ultraviolet (UV) radiations and
other sources such as ultrasound (sonolysis), electrical energy, and microwave
and electron beam irradiation are generally utilized for the degradation of
compounds (Cieśla et al. 2004). Moreover, the compounds that absorb UV
light at lower wavelengths are suitable for such type of photodegradation
reactions. The process-based on this approach includes UV/H2O2, UV/ozone,
UV/photolysis, and photo-Fenton (Espinoza and Frimmel 2009).

2. Heterogeneous AOP: Heterogeneous processes generally use catalysts to
enhance the degradation of the contaminants. The term heterogeneous refers to
the dual phase such as the catalyst is in the solid phase, while the contaminants
are present in the aqueous phase (Muruganandham et al. 2014a, b). In the
heterogeneous process, two or more phases are used along with the light source
(UV/solar radiation) in the presence semiconductor catalyst (TiO2, ZnO, ZnS,
CdS, etc.) (Kim and Ihm 2011). It accelerates the chemical reaction due to the
presence of electron-hole pairs. The AOP-generated holes and electrons lead to
redox reaction (oxidation and reduction) for the degradation of contaminants

Fig. 1 General classification of advanced oxidation processes
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(Pinto et al. 2001). The AOP processes are further subdivided into processes that
use energy and processes that do not use energy as shown in Fig. 2.

This section discusses the detailed account of various advanced oxidation pro-
cesses for the treatment of wastewater.

3.1.1 Photocatalysis/UV-Based AOP
Mankind has received the gift of solar energy and had tried to explore the utilization
of this vast and abundant source of energy. The utilization of solar energy is a very
interesting aspect of science. Solar photocatalysis has, therefore, become a very
important area of research, wherein sunlight is the source of illumination to perform
different photocatalytic reactions (Mills and Le Hunte 1997). The term catalysis was
first used by Berzelius in 1836. The word “photocatalysis” is the combination of
photo (phos, light) and catalysis (katalyo, decompose). It is the acceleration of the
chemical reaction in the presence of light. In recent years, photocatalytic reactions
gained much attention and emerged as one of the most successful and convenient
technologies for the elimination and treatment of inorganic and organic
contaminants from wastewater (Mills et al. 1993; Hoffmann et al. 1995). Fujishima
and Honda first explain the photocatalytic splitting of water in 1972.

Among these AOPs, heterogeneous photocatalysis employing semiconductor
catalysts has demonstrated its efficiency in degrading a wide range of toxic
contaminants into biodegradable compounds and finally mineralized them to carbon
dioxide and water (Ibhadon and Fitzpatrick 2013). The semiconductor-assisted

Fig. 2 Classification of various advanced oxidation processes
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photocatalyst is one of the most extensively investigated AOPs, because of its
capacity to degrade a high number of recalcitrant chemicals in gaseous or aqueous
systems, through comparatively inexpensive procedures (Pelizzetti and Serpone
2012).

Photocatalysis is defined as the “acceleration of a photoreaction by the action of a
catalyst” (Fujishima et al. 2007). It occupies a central place in ecological equilib-
rium. The overall process of photocatalysis is very simple; a photon of light with
energy equal to or higher than the bandgap energy produces a charge-carrier pair. As
a result of this energy change, the formation of electron and holes takes place to
produce hydroxide and other radicals for the degradation of organic contaminants
(Litter 1999). The photocatalytic activity of the catalyst depends on the ability to
create electron-hole pairs, which generate free radicals (e.g., hydroxyl radicals,
�OH).

Heterogeneous photocatalysis is currently being considered as a promising tech-
nique for water purification in comparison to other conventional methods, as it can
break up complex long-chained organic molecules into simpler fragments (Martínez
et al. 2011). Heterogeneous photocatalysis is a process in which two active phases
solid and liquid are present; the solid phase is a catalyst, usually a semiconductor,
based on the irradiation of a catalyst, which may be photoexcited to form electron-
donor sites (reducing sites) and electron-acceptor sites (oxidizing sites), providing
great scope as redox reagents (Doll and Frimmel 2005). Several researchers have
typically used TiO2 and ZnO; both are perfect photocatalyst, because of high
chemical stability and highly oxidizing photo-generated holes. So, most of the
investigations have focused on TiO2 specially Degussa P25 and zinc oxide
nanoparticles (Ilisz et al. 2004). However, other materials such as cadmium selenide
(CdS) and zinc selenide (ZnS) and colloids were also investigated for their photo-
chemical properties (Joshi and Shrivastava 2011; Guo et al. 2006); though, they are
toxic, but they can be used after certain surface modifications (Sadegh et al. 2019;
Wen et al. 2015).

Heterogeneous AOP using TiO2 is an efficient advanced oxidation method for the
treatment of various industrial effluents and other wastewaters, where photocatalyst
is illuminated by artificial irradiation; as a result, electrons are being generated in
conduction band and holes in the valence band, and these electrons interact with
surface adsorbed oxygen to produce superoxide radicals anions; the hydroxyl
radicals are produced when the holes interact with the water molecules (Lim et al.
2018).

It is a known fact that most of the organic compounds can be degraded by the
oxidation under UV/photocatalyst and the degradation of organic compounds takes
place by reacting with the hydroxyl radicals at the surface of photocatalysts. Besides,
TiO2 nanoparticles are extensively used and found most suitable for wastewater
applications, because they are nontoxic, inexpensive, and chemically and biologi-
cally inert (Lamas Samanamud et al. 2012). Also, TiO2 has higher oxidative power
as compared to other oxidizing species (Arslan et al. 2000). Suspended TiO2

nanoparticles were used in most studies to the photocatalytic oxidation of
contaminants (Senthilkumaar and Porkodi 2005).
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Principle and Mechanism of Photocatalysis: The mechanism and theory of
semiconductor-based photocatalysis have been previously discussed in various
literatures. The photocatalyst gets activated by the illumination with the UV
radiations establishing a redox environment in the reaction medium. It is a process
of degradation of pollutants by accelerating the rate of chemical reaction in the
presence of a semiconductor catalyst without itself being consumed (Khan 2020;
Nosaka et al. 2014). The process principally depends on the generation of hydroxyl
radicals which are capable of converting various toxicants/nonbiodegradable
pollutants into nontoxic end products such as CO2, H2O, and other environmental
friendly compounds (Wang et al. 2013). The highest occupied valence band
(VB) and the lowest unoccupied conduction band (CB) are separated by the energy
bandgap. Holes in the valence band are the most powerful oxidizing agents, and the
electrons in the conduction band are the most powerful reducing agents (Ismail and
Bahnemann 2014). All the organic photodegradation processes utilize the oxidizing
power of the holes. When a semiconductor absorbs the photon of energy equal or
higher than the bandgap energy, electron from the valence band moves toward the
conduction band creating a hole (hvb

+) in the valence band; this is called generation
of an “electron-hole (e�/h+) pair” (Kabra et al. 2004). Over the surface of the
catalyst, electron and hole combine for the redox reaction; the photo-generated
electron reacts with the oxygen to produce the superoxide anion radicals. The hole
(hvb

+) oxidizes the pollutant directly and produces the hydroxyl radical OH; on the
other hand, electron (ecb

�) efficiently reduces the oxygen adsorbed by the catalyst
over its surface (Wenderich and Mul 2016). The basic reaction involved in
photocatalysis is as follows:

Photocatalystþ hv � Energy band gapð Þ ! Photocatalyst e�CBð Þ
þ Photocatalyst hþVBð Þ

Photocatalyst hþVBð Þ þ H2O=� OH ! Hþ þ OH�
Photocatalyst e�CBð Þ þ O2 ! O2

��

OHþ O2
�� þ Pollutant ! Intermediate ! CO2 þ H2Oþ Inorganic Ions

In the above steps, the generation of hydroxyl radical (�OH) and superoxide anion
(O2

��) radical is the most important oxidizing species for the photocatalytic oxida-
tion reaction.

In a photocatalytic process, hydroxyl radical generates due to the adsorption of
water molecule over the surface as OH�, oxygen molecule prevents the electron-
hole pair recombination need no other oxidants, as atmospheric oxygen can be
utilized as oxidants. When this �OH radical attacks the organic contaminant, it
involves the generation of various intermediate compounds; these intermediate
again reacts with �OH radical to produce final reaction products such as CO2 and
water (Herrmann 1999). The photocatalysis process is generally referred to as a
thermodynamically downhill reaction that occurs spontaneously with the negative
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Gibbs energy change (ΔG < 0). One most important point for the photocatalysis is
that the oxidation of contaminants and reduction of oxygen should proceed simulta-
neously just to avoid the accumulation of electron in the CB which reduces the
electron and hole recombination rate (Augugliaro et al. 2012); otherwise the energy
will eliminate in the form of heat, and no reaction will happen. The complete
processes of semiconductor-mediated photocatalysis during the light illumination
are shown in Fig. 3.

Semiconductors as Photocatalyst: Most commonly used heterogeneous catalysts
are semiconductors (Wang et al. 2014). The wide interest in small semiconducting
nanoparticles originates due to their novel photophysical and photocatalytic
properties. Semiconductors are basically important as a photocatalyst because of a
unique combination of its electronic structures, charge transport characteristics, light
absorption properties, and life of excitation state (Hisatomi et al. 2014). The main
advantage of using semiconductors as photocatalysts is that they are comparatively
inexpensive, nontoxic, high surface area, having broad absorption spectra with high
absorption coefficients, exhibiting tunable properties, affording facility for the multi-
electron transfer process, and capable of prolonged use without substantial loss of
photocatalytic activity (Zou et al. 2011).

Jamshidi et al. (2009) investigated advanced photochemical oxidation (APO)
processes (UV, UV/H2O2, UV/H2O2/Fe(II), and UV/H2O2/Fe(III)) in lab-scale
experiments for the degradation of phenol (initial concentration ¼ 0.5 mmol/L) in
an aqueous medium. A medium-pressure 300 watts (UV-C) mercury ultraviolet
lamp was used as the source of radiation and 30% H2O2 as the oxidant. In this
study, parameters such as pH, H2O2 input concentration, the type of iron salt, iron

Fig. 3 Mechanism of photocatalytic degradation process

Advanced Oxidation Processes for Wastewater Remediation: An Overview 79



catalyst concentration, and duration of UV radiation were studied based on the
standard methods. The results indicated that the photo-Fenton process was the
most effective treatment under acidic conditions producing a higher rate of phenol
degradation over a very short radiation time, and the process accelerated the oxida-
tion rate by four to five times the rate of the UV/H2O2 process.

Ghime et al. (2019) decolorize malachite green oxalate (MGO) dye by using
photochemical advanced oxidation processes (UV photolysis, UV/H2O2, UV/TiO2,
UV/H2O2/TiO2, and UV/H2O2/Fe

2+ processes). The influence of oxidant (H2O2) and
Fe2+ ions for the oxidation of MGO was also studied. A laboratory-scale photo-
chemical reactor was used for the experimental runs. It was found that about 98%
decolorization was obtained at initial 100 ppm MGO dye in photo-Fenton process
under optimal conditions (60 ppm Fe2+ concentration, 12 mM of oxidant concentra-
tion, at pH 3.0 for 60 min) and 97% decolorization was obtained using UV/H2O2/
TiO2 process. The percentage decolorization of MGO was in the range of 94–95%
for both UV/TiO2 and UV/H2O2 processes. Sulfate radical-based AOPs were proved
to be more effective in treating MGO dye with irradiation. Pseudo-first-order
kinetics model was observed to be the best model fit to explain the decolorization
of MGO dye solution.

Haddad et al. (2019) evaluated the degradation of high concentrations of formal
dehyde in the chemical-less UVC/VUV photoreactor. It was observed that 99.5%
degradation and 94% chemical oxygen demand (COD) removal of 200mg/L form-
aldehyde was achieved in the UVC/VUV photoreactor at a reaction time of 60 min
and solution pH of 7. The effect of water anions such as bicarbonate, carbonate,
chloride, nitrate, sulfate, and phosphate was studied on degradation and COD
removal of formaldehyde; nitrate and carbonate exhibited the highest inhibitory
effects on the process. Moreover, the treatment of formaldehyde-contaminated tap
water was also explored, and formaldehyde removal was decreased from 99.5% in
aqueous solution to 86.2% in tap water. The findings of radical scavenging tests
revealed that hydroxyl radical was the most predominant oxidizing agent contributed
to the degradation of formaldehyde.

3.1.2 Ozone-Based AOP
Ozone (O3) is one of the most powerful oxidants that have been used thoroughly in
the treatment of wastewater. Ozone-based methods have been employing for the
management of wastewater form marine aquaria, textiles, petroleum refineries,
electroplating wastes, distilleries, mills, and molasses (Wu et al. 2007). A recent
work on different wastewater treatments using ozone-based AOPs such as ozone/
hydrogen peroxide, ozone/UV, ozone/ultrasound, and ozone/titanium dioxide
photocatalysis is used frequently nowadays. In ozone-based processes, the formation
of radicals such as the hydroxyl radical (�HO) and superoxide radical (O2

��) occurs
when ozone is added to water, through a complex series of reactions (Ried et al.
2007). The disintegration rate of ozone in water is better at higher pH levels (Ikehata
and Gamal El-Din 2005). Moreover, the alkalinity of water, contact time, and the
dose of ozone determine the performance of the process (Liu et al. 2019a, b).
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Ozone has been used as an oxidant and disinfectant in water treatment since long;
as an oxidant, ozone is very selective and attacks primarily electron-rich functional
groups like double bonds, amines, and activated aromatic rings (Chávez et al. 2019).
Subsequently, ozone reactions in real aqueous solutions involve the formation of
OH; ozonation itself is considered an AOP or AOP-like process. OH can be formed
from the reaction of ozone with hydroxide ions. The process can be initiated by the
introduction of hydrogen peroxide; the oxidation of highly reactive species with
ozone took place which eventually enhances the degradation (Wang et al. 2020). The
process of ozonation by H2O2/O3 systems is the most established AOP in the
treatment of wastewater as compared to other AOPs. Another way to speed up
ozonation is by the use of homogenous/heterogeneous catalysts. Studies have been
carried out with various metal ions/metal oxides that have shown significant changes
in decomposition (Li et al. 2019). The concentration of ozone and ozonation time is
the predominant factor for the enhancement of degradation rate (Liu et al. 2019a, b).
Figure 4 shows the oxidation reaction during the process of ozonation.

Oxidation studies have been carried out on various organic contaminants using
Fe2O3, MnO2, TiO2–Me, Fe2+, Fe3+, and Mn2+. The ozone/catalyst system appears
to be more effective for the reduction of chemical oxygen demand (COD) and total
organic carbon (TOC) than oxidation with ozone alone at higher pH values (Lee
et al. 2011). There are several oxidation mechanisms that result in the destruction of
organic contaminants, but HO� is the predominant removal mechanism. The ozone
reaction involves the following reactions (Ikehata and Gamal El-Din 2005):

O3 þ H2Oþ hυ ! O2 þ H2O2 at hυ : λ < 300 nmð Þ
2O3 þ H2O2 ! 2HO � þ3O2

Figueredo et al. (2019) studied ozone-based advanced oxidation processes for
primidone removal in water using simulated solar radiation and TiO2 or WO3 as
photocatalyst. Primidone is a highly persistent pharmacological drug typically found
in urban wastewaters. The comparison of processes, kinetics, nature of transforma-
tion products, ecotoxicity of treated water samples and influence of the water matrix
were also evaluated. It was observed that in the presence of ozone, primidone is
rapidly eliminated while hydroxyl radicals being the main species involved. TiO2

was the most active catalyst regardless of the water matrix and the type of solar

Fig. 4 Oxidation reaction of pollutants during ozonation
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radiation applied. The synergy between ozone and photocatalysis (photocatalytic
ozonation) for TOC removal was more evident at low O3 doses. In spite of having a
lower bandgap than TiO2 P25, WO3 did not bring any beneficial effects compared to
TiO2 P25 regarding TOC removal. The ozonation is found very effective for the
removal of primidone.

Mansouri et al. (2019) investigated several AOPs such as O3/H2O2, O3/TiO2, O3/
activated carbon (AC), O3/Al2O3, O3/Fe

2+/H2O2, and UV/TiO2 and compared for
the removal of diethyl phthalate (DEP), an endocrine-disrupting compound, in
aqueous solutions. Hydroxyl radicals were the main species responsible for DEP
degradation, and this was supported by computational chemistry calculation, scav-
enger experiments, and LC/MS/MS analysis. Operating parameters such as pH,
ozone concentration, and catalyst dosage were also studied to achieve an enhanced
performance of the combined processes. O3/AC process was found to reduce the
oxidation efficiency of O3 at high ozone concentrations. Heterogeneous catalytic
ozonation with Al2O3 was found to be the most effective process for DEP removal
(�100% removal in about 15min).

Mestankova et al. (2016) studied the removal of emerging contaminants during
water treatment like UV- and ozone-based advanced oxidation processes (AOPs). In
this study, AOPs were explored for their degradation capabilities of around 25 chem-
ical contaminants. Twenty-three of these were found to be responsive to hydroxyl
radical-based treatment, with second-order rate constants for their reactions with
hydroxyl radicals (�OH) in the range of 3–8 � 109 M�1 s�1. Overall, this study
provides fundamental and practical information on the AOP-based treatment of
specific compounds.

3.1.3 Fenton-Based AOP
The combination of ferrous iron (Fe(II) and H2O2 in acidic condition results in the
formation of �OH termed as Fenton reaction. The Fenton reaction is restricted to
acidic conditions to prevent the formation of precipitation of iron (Hartmann et al.
2010). In this process, iron acts as a catalyst with maximum catalytic activity at pH 3,
especially due to the precipitation of ferric oxyhydroxide at higher pH value (Salimi
et al. 2017). Also the addition of H2O2 in excess leads to the reduction of Fe(III) to
Fe(II) in the reaction. It is also observed that the substitution of iron oxide with other
transition metals can enhance total performance. The main benefit of the Fenton
process is operation at low costs and the possibility of easy magnetic separation of
residual iron without generating the secondary pollutant (Bach et al. 2010). The
Fenton process is therefore established in several industrial pilot-scale applications.

Mechanism of Fenton Reaction: Like other AOPs, this process is also initiated by
the hydroxyl radical for the degradation of organic compounds, mainly by oxidation
reactions (Muruganandham et al. 2014a, b). But, the Fenton process is strict and
requires absolute pH control to prevent precipitation of the iron. The reactor must be
designed and developed to allow proper mixing of the Fe(II) and H2O2 to allow
optimum hydroxyl radical formation and degradation of the contaminants
(Kornweitz et al. 2015). Moreover, the Fenton process is a simple method to produce
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HO� without the requirement of special apparatus and chemicals, and the reaction
took place at ambient pressure and temperature; therefore, no special reaction
condition is required for the process (Schrank et al. 2005). The Fenton method is
an attractive way for oxidation, as H2O2 and iron salts are easily available, easy to
handle, and environmentally safe as compared to other chemical-dependent
reactions (Rodríguez et al. 2016). The destruction of organic compounds takes
place by the reaction of the HO�. The formation of HO� radicals are shown in
equation:

Fe2þ þ H2O2 ! Fe3þ þ OH� þ HO�

It is important to note that the rate of degradation of organic pollutants with
Fenton-Fenton-like reagents is strongly accelerated by irradiation with UV-VIS light
at wavelengths greater than 300 nm (Rusevova et al. 2012). The photolysis of Fe3+

complexes allows Fe2+ to be regenerated. The occurrence of Fenton reactions in the
presence of hydrogen peroxide is shown in equation:

Fe OHð Þ2þ hν ! Fe2þ þ HO � þOH�

The generalized mechanism of the Fenton process is that HO radicals are pro-
duced during the activation of hydrogen peroxide (H2O2) by Fe

2+ ion and form Fe3+

ion as shown in Fig. 5. The oxidized Fe3+ ion further reacts with H2O2 and forms
Fe2+ ion. Until now, Fenton and photo-Fenton processes have been used to treat a
wide range of toxic compounds such as herbicides, pesticides, phenols, dye
effluents, pulp bleaching, and chemical manufacturing (Pouran et al. 2014). Addi-
tionally, Fenton pretreatment can be used to enhance biological wastewater treat-
ment. The Fenton, photo-Fenton, and Fenton-like processes are popular methods for

Fig. 5 The Fenton process
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AOP due to their simplicity, flexibility, and integration into existing water treatment
methods such as coagulation (Chacón et al. 2006). The major drawback of using the
Fenton process is the production of sludge during the process that contains iron
hydroxide as a by-product; also periodic addition of H2O2 is one of the drawbacks of
the Fenton process, which considerably increases the operation cost (Jiang and
Zhang 2007). The disposal of the sludge formed has to be included when estimating
the cost of this process which increases the overall cost of the process (Pliego et al.
2015; Barbusiński 2005).

Zárate-Guzmán et al. (2019) investigated an iron-supported catalyst on granular
activated carbon for its use in heterogeneous Fenton reaction coupled to an in situ
H2O2 electrogeneration. An electrolysis cell was employed for this reaction using
carbon felt as cathode and graphite as an anode. A solution of H2O2

(electrogenerated at a rate of 30 mg L�1 h�1) was obtained using a current intensity
of 12 mA. A carbon-Fe catalyst was used in order to promote the decomposition of
H2O2 to �OH. The catalyst was prepared by an incipient wet impregnation method
using FeSO4 as precursor salt to obtain samples with 9% wt of iron. Samples were
characterized by EDX, FTIR, and XPS spectroscopy before and after wastewater
treatment using phenol as a model molecule. Two iron oxidation states on the
samples were found, Fe2+ and Fe3+. The ratio between Fe2+ and Fe3+ was 1.29
which was later reduced to 0.92 after the Fenton process; this might be associated
with the metal oxidation (Fe2+ to Fe+3) occurring during Fenton reaction, thus
indicating that H2O2 decomposition was carried out by Fe2+ on the carbon surface.
Detection and quantification of hydroxyl radicals were carried out by fluorescence
spectroscopy, obtaining a radical concentration of 3.5 μM in solution. Results
showed an environmentally friendly process that can generate reagents in situ,
with high efficiencies in the degradation of pollutants and minimizing the formation
of toxic by-products, which are common in conventional treatments.

3.1.4 Sonolysis
Sonolysis is one of the best green chemistry-based environmental friendly AOPs.
Sonolysis of water by ultrasound (US 20–5 kHz) leads to the rapid formation and
collapse of fine bubbles formed due to the acoustic cavitation by induced compres-
sion and rarefaction (Stock et al. 2000). These bubbles explode rigorously after
reaching the critical resonance size and generate high temperature (>5000 K) and
high pressure (>1000 bar) and highly reactive oxidative reactive species (Ince and
Tezcanlı  2001).

The destruction of contaminants in wastewater occurs by the thermal decomposi-
tion and reactions of various radicals; the ultrasonic cavitation exhibits low interfer-
ence from the water matrix and less heat transfer as compared to UV irradiation
(Olson and Barbier 1994). Though the process of ultrasonic is extensively energy-
intensive, therefore, the coupling of ultrasound with UV irradiation
(sonophotolysis), oxidants (O3, H2O2), catalysts (TiO2) (sonocatalysis), or both
(sonophotocatalysis) receives the utmost attention (Isariebel et al. 2009; Chakma
and Moholkar 2015). These hybrid processes can yield additional advantages, in
such conditions that the development of advanced hybrid technologies has resulted
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in the improvement of the degradation efficiency of organic pollutants in waters and
of the reduction of the sonochemical treatment time (Hoseini et al. 2013).

Ultrasonication is an aqueous medium involving particular AOP which can
process via two different types of actions, either chemical or a physical mechanism.
In chemical or indirect action, at high-energy frequency, water and dioxygen
molecules undergo hemolytic fragment and yield �OH, HO2�, and �O radicals
(Cubillana-Aguilera et al. 2011). On the other hand, direct action, called sonication,
involves the formation by the ultrasounds of cavitation bubbles which grow and then
collapse, creating powerful breaking forces with extremely high temperatures
(T ¼ 2000–5000 K) and pressures (about 6 � 104 kPa) (Maezawa et al. 2007). At
these extreme conditions, a sonolysis of water molecules occurs, which produces
very reactive radicals that are able to react with organic chemical species present in
the aqueous medium, and/or a pyrolysis degradation of organic compounds is taking
place (Gogate et al. 2003). The main reaction involved during the process of
ultrasonication is shown in equations:

H2Oþ Ultrasound ! �OHþ �H
�OHþ Organic compound ! Products

Organic compoundþ ΔH ! Products

Thus, in the recent past, ultrasonication has been used widely for the oxidation
and degradation of various organic pollutants in water and wastewaters. But, the
main drawback of the water treatment by ultrasounds is that the number of generated
�OH radicals is generally insufficient (Serna-Galvis et al. 2019). Sonolysis is consid-
ered one of the cost-effective and environmentally safe processes and treats wastes at
comparatively mild reaction conditions.

3.1.5 Electrochemical Oxidation Processes
Electrochemical AOP is based on the transfer of electrons which makes it interesting
for environmental applications as it employs a clean way to generate hydroxyl
radicals (in situ), which are able to destroy a wide range of toxic wastes from
wastewater (Dewil et al. 2017). These �OH radicals can be electrochemically pro-
duced either directly (AOP) or indirectly via electrocatalytically (in situ) generated
electro-Fenton’s reagent. The efficiency of the process can be further increased by
combining both electrochemical processes and the classical EF process (Flores et al.
2018). The electrochemical system generates oxidizing agents such as the hydroxyl
radical (�OH) in the solution, resulting in the destruction of organic contamination up
to their mineralization (Canizares et al. 2009).

In electrochemical AOP, the main electrodes which are commonly used are
boron-doped diamond (BDD), doped PbO2, SnO2, RuO2, and sub-stoichiometric
and doped TiO2 (Cañizares et al. 2008; Scialdone 2009). However, BDD electrodes
are the most applied electrochemical AOP method due to their relatively low
production costs compared to other electrodes and high stability of the diamond
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layer under anodic polarization (Rodrigo et al. 2001; Martinez-Huitle and Ferro
2006). The electrochemical AOP of contaminated wastewater with BDD electrodes
proceeds with the generation of OH radical directly via O2 evolution from the
oxidation of water (Ganzenko et al. 2014). Thus, BDD electrode treatment gains
interest as an eco-friendly and efficient method for the removal of various organic
and inorganic pollutants (Alfaro et al. 2006).

3.1.6 Other AOPs

Microwave: The application of highly energetic radiation in the microwave range
(30 MHz–300 GHz) has been investigated for the oxidation of contaminated water.
Microwave irradiation has been used for the combination with oxidants (H2O2) and
catalyst to assist the degradation of organic pollutants (Remya and Lin 2011).
Microwave can enhance the rate of reaction and induce selective heating of the
contaminants through internal molecular vibrations (Mudhoo and Sharma 2011).

Electron Beam
The utilization of ionizing radiation from an electron source for the treatment of
wastewater is used since long ago. The electron penetrates the water surface and
leads to the formation of electronically excited species in the water which includes
various free radicals and ionic species (Arslan-Alaton 2003). This process exhibits a
high oxidizing power and little interference by the water matrix, and the electrical
efficiency is within the feasibility range for most contaminants (Wojnarovits and
Takacs 2008).

The development of AOP applications has been motivated by increasingly strict
regulations; the contamination of water resources through various sources and the
regulatory requirements should meet effluent discharge standards. The above-
discussed AOPs are very helpful in the remediation of wastewater and provide the
better solution to the existing problems as compared to the conventional ones.

4 Conclusion

The present chapter provides the detail of the advanced oxidation process for
wastewater treatment. AOP emerges as the most efficient green chemistry-based
technology for the remediation of a wide range of emerging contaminants from water
and wastewater. The AOPs provide environmental friendly solutions to the problem
of wastewater in a sustainable manner. AOPs are based on a basic principle that
entails the generation and use of a hydroxyl free radical as a strong oxidant for the
destruction of compounds that cannot be oxidized using conventional oxidants and
technologies. AOPs have shown premises in various water treatment sectors due to
its superior efficiency in pollutant elimination in a sustainable way. Various
combinations of AOP processes like ozone, UV, H2O2, etc. may provide efficient
treatment of wastewater depending upon the characteristics of wastewater. Further,
the economic optimization of these processes must be worked out for treating a huge
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amount of wastewater by AOPs. However, they need to be evaluated for effective-
ness, costs, and possible side effects. In the general comparison, the effects of
different inorganic/organic compounds in the water were not considered. There are
still many research needs in the field of AOPs for water, wastewater, and polluted air
treatment, including further R&D to provide a better understanding of the
mechanisms of candidate AOPs, costs, efficiency, evaluation of by-products, and
their toxicity. Moreover, the improvement of AOP could ensure economic solutions
to the problem of water treatment and recovery.
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Rhizoremediation of Heavy Metal-
and Xenobiotic-Contaminated Soil: An
Eco-Friendly Approach

Pramila Verma and Seema Rawat

Abstract

In the last few decades, staggeredly increasing human population, indiscriminate
use of pesticides, polycyclic aromatic hydrocarbons, and discharge of effluents
containing toxic heavy metals, dyes, etc. have negatively impacted the soil
fertility and biodiversity to the extent of converting the agricultural land into
barren land. These pollutants can be removed or altered by conventional and
physical methods. However, these methods are neither cost-effective nor
eco-friendly as they generate large amount of toxic intermediates. The most
powerful eco-friendly approach is bioremediation. Microorganisms play a pivotal
role in the maintenance and sustainability of any ecosystem. They are versatile
and capable to adapt to any challenges posed by the environment. The biotic
activities of a diverse group of bacterial populations residing in rhizosphere affect
the dynamics of soil which in turn affect the crop productivity. They stimulate
plant growth by making soil nutrients available to them, stimulating the produc-
tion of various plant growth hormones, protecting the plants from pathogens by
their antagonistic activity and remediation of the pollutants by sequestering toxic
heavy metals, and degrading xenobiotic compounds such as pesticides, PAHs,
etc. This chapter highlights the role of PGPR in remediation of heavy metal- and
xenobiotic-contaminated soil for sustainable crop production.
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1 Introduction

The soil fertility and biodiversity have been adversely affected, in the last few
decades, due to continuously increasing human population, indiscriminate use of
pesticides, polycyclic aromatic hydrocarbons, and discharge of effluents containing
toxic heavy metals, dyes, etc. Industries such as plating, mining, petroleum, paint,
automotive, and battery manufacturing industries, printing circuits and chemical
manufacturing industries, etc. are the major sources of pollutants in the environment.
As per 2009 estimates, approximately 33,900 million liter per day (MLD) urban
waste water and 23,500 MLD industrial waste water were produced in India which
contaminated the water and soil resources (Saha et al. 2017). According to CEPI
(Comprehensive Environmental Pollution Index) rating, 43 critically polluted indus-
trial areas or clusters or zones have been declared in 16 states by CPCB (Central
Pollution Control Board) that have more than 70 CEPI rating. Among the 43 zones,
21 sites have been reported in four states, i.e., Gujarat, Uttar Pradesh, Maharashtra,
and Tamil Nadu (Saha et al. 2017).

These pollutants have adversely affected human health, plants, and associated soil
microorganisms. These toxic compounds accumulate in the agricultural soils in
which they are applied, threaten food security, and pose health risks to living
organisms by their transfer within the food chain. These pollutants accumulate in
different parts of the body such as the muscle, bones, brain, and kidney and cause
several harmful diseases like headache, nausea, vomiting, gastrointestinal tract
disorders, asthma, allergy, cancer, heart attack, renal failure, nervous disorder,
liver toxicity, Alzheimer’s diseases, and muscle weakness.

These toxic pollutants can be removed or altered by conventional and physical
methods such as membrane separation, chemical precipitation, reverse osmosis,
solvent extraction, filtration, flocculation, electrodialysis, electrochemical
treatments, ion-exchange, advanced oxidation process, and adsorption by using
nanocomposite materials (Saravanan et al. 2019). However, the conventional (phys-
ical and chemical) methods are complicated and expensive, require large energy
consumption, and generate large amount of toxic intermediates responsible for
secondary pollution. Moreover some techniques are not useful in removing the
high concentration of contaminants. This has led to search for a cost-effective
alternative method. Bioremediation is the most powerful eco-friendly approach. It
is the biological process that detoxifies, removes, and immobilizes the hazardous
pollutants from the environment by the use of naturally occurring bacteria, fungi, or
plants. It is a very useful technique for restoration of contaminated soil. The concept
of using plants for the treatment of pollutants has emerged a few years ago. When
plants remove, destroy, and stabilize the contaminants from soil, it is referred to as
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phytoremediation. This is a cost-effective and eco-friendly method, firstly
investigated by Chaney (1983). This process removes the pollutants from soil by
plants without affecting their biological activity, fertility, and structure of soil. It is
also known as green remediation and agro-remediation (Pivetz 2001). The process of
phytoremediation includes phytoextraction, phytoaccumulation, phytostabilization,
phytostimulation/rhizostimulation, phytovolatilization, and rhizofiltration (Akpor
and Muchie 2010).

Though phytoremediation reduces the contamination of many hazardous
pollutants, the large-scale field application requires long time period. It suffers
serious limitations by pollutant-induced stress which affects seed germination,
plant development, and plant biomass. The use of rhizospheric microbes is the
alternative way for reducing deleterious effect of pollutants to plants (Burd et al.
2000). The remediation of pollutants by rhizospheric microbes is called
rhizoremediation (Kuiper et al. 2004). The rhizospheric bacteria have the extraordi-
nary ability to promote the growth of plant by various mechanisms such as nitrogen
fixation, solubilization of minerals, production of plant growth regulators and
siderophores, and transformation of nutrient elements. Generally, the plant is not
directly involved in the bioremediation process. The rhizobacteria can directly carry
out the remediation process. Both endophytic and rhizospheric microbes have the
potential to carry out the remediation of pollutants. Thus, among the various
methods for the removal of pollutants, rhizoremediation is the most potential
eco-friendly approach in which pollutants are removed and degraded by the interac-
tion of microbes and plant roots. Plants provide the essential nutrients to microbes,
while microbes convert the toxic compound into nontoxic minerals and make them
available for plants. So, microbes enhance the soil health by addition of nutrients.
These rhizobacteria play an important role in biological restoration and reclamation
of contaminated sites. This process completely destroys pollutants and converts
hazardous compounds into harmless products, which also eliminates the possibility
of future liability associated with the treatment and disposal of contaminated
materials (Abtenh 2017). A consortium of microbes detoxifies the pollutants more
efficiently rather than single strain or species. This chapter focuses upon the
rhizoremediation of heavy metals and xenobiotics from environment.

2 Phytoremediation

It is a Latin word in which phyto means plant and the remedium means restoring
balance which maintains a permissible concentration of toxic material in the envi-
ronment. It is a promising and emerging area of interest because it is an environ-
mentally safe method for restoration of barren land. 0.2% of angiosperms tolerate
and accumulated high concentration of metals referred as hyperaccumulaters (Baker
and Brooks 1989). There are several examples of plants which act as
hyperaccumulaters like Alyssum species, Arabidopsis halleri, Astragalus
racemosus, Brassica juncea, Noccaea sp., and Viola calaminaria (Ganesan 2012).
Plants use various mechanisms to remove pollutants from soil (Table 1, Fig. 1).
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These are the following. (1) Phytoremediation—It is the uptake of pollutants from
soil by root system which are then converted into volatile form and released out in
the atmosphere. (2) Phytoextraction—It is the translocation of pollutant by root from
soil which gets accumulates in as hyperaccumulaters, and once the pollutant has
reached the saturation limit, then plants are cut and disposed
of. (3) Phytostabilization—It is the immobilization of pollutant in soil by absorption
and precipitation. (4) Phytodegradation—It is the degradation and mineralization of
pollutants via the metabolic processes of plants after uptake from the soils.

Table 1 Mechanisms used for bioremediation of for heavy metals and xenobiotics

Mechanism Pollutants Plants References

Phytovolatization Hg Chara canescens (musk
grass) and Arabidopsis
thaliana

Ghosh and Singh
(2005)

Phytoextraction Pb
As

Glycine max L.
Pteris vittata

Aransiola et al.
(2013), Xie et al.
(2009)

Phytodegradation/
phytotransformation

Total
Petrolium
carbon (TPH)

Scirpus grossus Al-Baldawi et al.
(2015)

Phytostimulation/
rhizodegradation

Biodiesel
Phenanthrene
and pyrene

Pisum sativum
Kandelia candel

Hawrot-Paw et al.
(2019)
Zhang et al. (2011)

Phytostabilization As Piricum sativum Jonnalagadda and
Nenzou (1997)

Rhizoremediation Cr
Lindane
PHCs

Helianthus annuus
Withania somnifera
Lolium perenne

Gupta et al. (2018)
Abhilash et al.
(2011)
Kukla et al. (2014)

Fig. 1 Bioremediation of pollutants
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(5) Phytostimulation—It is the degradation of contaminants by microbial activity.
Various types of xenobiotics are degraded by the process of phytoremediation.
Although phytoremediation is a promising approach, it has some limitations which
include the following: (1) long time period is required for remediation; (2) rate of
plant growth and accumulation should be fast for reduction of time period; and
(3) efficiency of phytoextraction is dependent upon translocation and
bioconcentration; some plants do not allow translocation; and (4) the accumulation
of higher concentration of pollutants by plant affects the growth and development of
plants. The transgenic plants have been used to improve remediation, but they inhibit
the growth of native plants by absorbing excess nutrients from soil.

3 Rhizoremediation

The word, “rhizoremediation” is composed of two words, rhizo (a latin word which
means roots) and remediation (which means the process of removal of pollutants).
It is a natural process and cost-effective and highly efficient method in which
pollutants of soil are remediated by rhizospheric bacteria (Kala 2014).
Rhizoremediation is a mutual relation between plant roots and soil microbes in the
rhizosphere in which plants provide essential nutrients in the form of root exudates to
microbes, and in return plants get protection from pathogens and help in nitrogen
fixation. The plant roots secrete some substances such as sugars, organic acids,
sterols, and amino acids which are utilized by the microbes for degradation of
pollutants (Kuiper et al. 2004; Saravanan et al. 2019). These root exudates make a
nutrient-rich environment in the rhizosphere where microbial metabolic activity and
number are too high. The root exudates play an important role in rhizoremediation
because these root exudates attract a specific microbial group. Rhizoremediation is
enhanced by expanded root system of plants which provide large surface area for
microbes which help in effective uptake and removal of contaminants (Praveen et al.
2019). This process is the combination of bioaugumentation and phytoremediation,
which solves the problems that arise during the use of individual methods (Bhatia
and Malik 2011). Thus, this process benefits the plants to enhance plant growth by
making soil nutrients available to them, stimulating the production of various plant
growth hormones, and protecting the plants from pathogens by their antagonistic
activity and remediation of the pollutants by sequestering toxic heavy metals and
degrading xenobiotic compounds such as pesticides, PAHs, etc. In the process of
rhizoremediation, the rhizospheric microbes change the bioavailability of metals by
changing the pH of soil, secretion of chelating agents (organic acids, siderophores,
etc.), and oxidation/reduction reactions (Rajkumar et al. 2012). Plant growth-
promoting rhizobacteria (PGPR) along with mycorrhizal and arbuscular mycorrhizal
fungi (AMF) carry out remediation. The fungi spread around the plant roots increase
competition for uptake of pollutants and reduce the uptake of pollutants by plants
(Praveen et al. 2019). The microbial diversity and activity in the rhizosphere of
plants are much more than that in bulk soil. Microbes residing in the rhizosphere of
plant are more potent to degrade or transform pollutants than the microbes of bulk
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soil (Kamaludeen and Ramasamy 2008). The microbes of rhizosphere form a mutual
association with root which has potential for detoxification of hazardous pollutants
(De Souza et al. 1999).

Thus, there are many advantages of rhizoremediation like it is a cost-effective and
eco-friendly approach, no need to add any chemical for degradation, and negligible
side effects while chemical degradation adversely affect the environment. The
efficient microbial strain and consortium has to be provided, and no investment is
required (Saravanan et al. 2019). In addition to phytoremediation, rhizoremediation
can be a better alternative for the removal of pollutants such as heavy metals,
pesticides, polycyclic aromatic hydrocarbons (PAHs), etc.

3.1 Heavy Metals

Metals are the natural components of soil. Some of them are essential and required
for various metabolic activities. Zn, Fe, Mg, Mn, Cu, Cr, Ni, Na, and Ca are essential
micronutrients. Fe3+ is essential for all bacteria, while Fe2+ is required for only
anaerobic bacteria and other metals such as Cd, Hg, Au, and Ag are nonessential and
very toxic to soil microbes and other organisms. Heavy metals occur in soil as free
cations in the form of complex with organic/inorganic ligands and soil colloids. Now
pollution of heavy metals has become a severe problem for the environment. The
increasing anthropogenic activities like industrial waste disposal, waste incineration,
vehicle exhausts, energy and fuel production, mining and smelting of metals, long-
term application of urban sewage sludge, and excessive use of agrochemicals and
pesticides, etc. are the major source of heavy metal contamination which poses
serious threat to soil ecosystem and human health (Khan 2005).

According to the report of Central Pollution Control Board (CPCB), in India, the
states of Gujarat, Maharashtra, and Andhra Pradesh have 80% contribution in the
generation of toxic pollutants including heavy metals. The report of Ministry of
Mines, Government of India (2018), suggested that India is the major source of
different types of metallic and nonmetallic minerals. Maximum numbers of mines
are present in Tamil Nadu and Madhya Pradesh (Kumar et al. 2019). High concen-
tration of heavy metal in soil are absorbed and accumulated by plant which ulti-
mately reaches into the human body (Mishra et al. 2017) via food chain. The
nonbiodegradable nature of these toxic heavy metals results in their persistence for
long period in the environment. Even a very low concentration of these metals enters
into the human body via contaminated food and contaminated drinking water and
gets accumulated in animals and plants which can have lethal effects.

Various physical and chemical methods such as excavation and stabilization or
solidification are used for removal of heavy metals, but these technologies have
some demerits like less cost-effective, generation of hazardous products, difficult to
operate, and cannot remove heavy metals permanently (Akshata et al. 2014).
The remediation of heavy metals by phytoremediation takes a long time period
while the addition of suitable microbes increases the rate of remediation. Microbes
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reduce the toxicity of metals by converting the metals from toxic to nontoxic form,
by stabilizing the metal in rhizosphere so that pollutants cannot be used by plants and
enhance the degradation of metals by increasing bioavailability.

The rhizosphere region of plants which is growing in heavy metal-contaminated
soil harbors a large population of microbes (Idris et al. 2004) which are able to
tolerate high concentration of metals. They convert toxic metals into bioavailable
form in soil by mechanisms like precipitation, chelation, acidification, redox
reactions, and complexation (Ma et al. 2016). These microbes have developed
various resistance mechanisms for survival in the presence of heavy metal-
contaminated soil such as bioabsorption, bioaccumulation, bioleaching, biotransfor-
mation, biomineralization, and plant-microbe interaction. Besides this PGPRs also
act as biofertilizer which enhance the yield of crops by efficient way of heavy metals
remediation in soil (Ganesan 2012).

Madhaiyan et al. (2007) reported that Methylobacterium oryzae strain CBMB20
and Burkholderia sp. strain CBMB40 reduce the toxicity of nickel (Ni) and cadmium
(Cd) in tomato by reducing uptake and translocation of heavy metals to shoot in
plant and also promote the plant growth in contaminated soil. Fatnassi et al. (2015)
reported that at high concentration of copper (Cu), the growth of plant Vicia faba
(fava bean) was inhibited, but when plant was inoculated with Rhizobium and
Pseudomonas, the inhibitory effect was decreased. Wu et al. (2006) observed that
Azotobacter chroococcum HKN-5 promoted the growth of Brassica juncea by
phytoextraction from the soil which was highly contaminated by lead (Pb). Dary
et al. (2010) reported that the consortium of Bradyrhizobium sp.750, Ochrobactrum
cytisi, and Pseudomonas sp. protected and promoted the growth of Lupinus luteus in
multi-metal-contaminated soil Cu, Cd, and Pb by the process of phytostabilization
and also helped in the reclamation of soil. The rhizobacteria Pseudomonas
aeruginosa and Burkholderia gladioli were reported to facilitate the plant growth
of Lycopersicon esculentum seedlings by reducing the accumulation of Cd metal due
to immobilization of metal on the root that prevented the translocation of metal
towards shoot and reduce the toxicity of Cd by decreasing bioavailability (Khanna
et al. 2019). Wani et al. (2008) reported that Bacillus sp. PSB10 improved the
growth, nodulation, chlorophyll seed yield, etc. of chickpea grown in chromium-
contaminated soil by reducing the uptake and toxicity of contaminant from soil.
Another study was performed by Gupta et al. (2018) on sunflower (Helianthus
annuus L.) in which inoculation of strain Pseudomonas sp. CPSB21 reduced the
Cr6+ toxicity and enhanced the plant growth and nutrient uptake. Some examples of
microbes involved in rhizoremediation of heavy metals are listed in Table 2.

3.2 Pesticides

Pesticides are organic chemical which were introduced in agriculture for increasing
agricultural yield and soil productivity, to protect agricultural products from crop
pests, and to control insect vectors for prevention of outbreaks of human and animal
epidemics. Pesticides are used for many purposes such as livestock farming,
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cropping, horticulture, forestry, home gardening, homes, hospitals, kitchens,
roadsides, and industrial areas. Pesticides are a cost-effective method to control
pest and increase agriculture productivity. But now the use of pesticides has become
a serious threat as they cause many adverse effects upon environment and the human
health. Residues of pesticides remain in the environment (air, soil, groundwater, and
surface water) for long periods. Pesticides pollute the rivers, ponds, and lakes and
also cause acid rain, which is hazardous to animals and especially amphibians

Table 2 Remediation of heavy metals by rhizobacteria

Plant Pollutant Microbes References

Brassica juncea Pb Azotobacter chroococcum HKN-5 Wu et al.
(2006)

Glycine max Mn Glomus etunicatum or G. macrocarpum Nogueira et al.
(2007)

Pteris vittata As Pseudomonas Huang et al.
(2007)

Zea mays Pb, Zn,
cu

Brevibacterium haloterans Abou-Shanab
et al. (2008)

Brassica juncea Ni Pseudomonas sp., Bacillus megaterium Rajkumar and
Freitas (2008)

Brassica juncea Cu Achromobacter xylosoxidans strain Ax10 Ma et al.
(2009)

Cicer arietinum Cr Bacillus sp. PSB10 Wani and
Khan (2010)

Helianthus annuus,
Ricinus communis

Ni Psychrobacter sp. SRS8 Ma et al.
(2010)

Lupinus luteus Cu, cd,
Pb

Bradyrhizobium sp.750, Pseudomonas sp.,
and Ochrobactrum cytisi

Dary et al.
(2010)

Orychophragmus
violaceus

Zn Bacillus subtilis, Bacillus cereus,
Flavobacterium sp., Pseudomonas
aeruginosa

He et al.
(2010)

Crotalaria juncea Cd Achromobacter sp. AO22 Stanbrough
et al. (2013)

Oryza sativa Ni Bacillus licheniformis NCCP-59 Jamil et al.
(2014)

Triticum aestivum
(wheat)

Zn Pseudomonas fluorescens Sirohi et al.
(2015)

Vicia faba Cu Rhizobium, Enterobacter cloacae, and
Pseudomonas sp.

Fatnassi et al.
(2015)

Brassica nigra Cu Kocuria sp. CRB15 Hansda et al.
(2017)

Leucaena
leucocephala

Zn, cd Rhizobia Rangel et al.
(2017)

Suaeda nudiflora Zn, Pb Bacillus megaterium, Pseudomonas
aeruginosa

Jha et al.
(2017)

Helianthus annuus Cr Pseudomonas sp. CPSB21 Gupta et al.
(2018)
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(Gilden et al. 2010). Every year around two million tonnes of pesticides are
consumed worldwide, of which 24% is consumed by the United States, 45% in
Europe, and the remaining 25% in the world (Abhilash and Singh 2009). Thus, three
quarters of the total pesticide used worldwide (USEPA 2009) are consumed by the
developed countries such as North America, Western Europe, and Japan (Yadav
et al. 2015). In India, the use of pesticides started from 1948 where dichloro diphenyl
trichloroethane (DDT) was used for the control of malaria and benzene hexachloride
(BHC) for locusts. Now, India accounts for 3% of the world consumption of
pesticide. After China, India is the second largest pesticide manufacturing country
in Asia. The most common pesticides used in India are organophosphates, organo-
chlorine, neonicotinoids, etc. The pesticides which are mostly used in India include
monocrotophos, endosulfan, phorate, chlorpyrifos, methyl parathion, quinalphos,
mancozeb, paraquat, butachlor, isoproturon, and phosphamidon (Bhushan et al.
2013). Ideally, according to definition a pesticide should be lethal only for targeted
pests, but unfortunately, it has become lethal for nontargeted species including
humans also. The persistent nature of pesticides is making the agriculture land
barren.

Phytoremediation is a cost-effective technology that removes organic and inor-
ganic contaminants used in polluted areas. But it is not an efficient technology
without the contribution of rhizobacteria. Plant microbial interaction is very useful
in remediation of contaminants. Romeh and Hendawi (2014) reported the degrada-
tion of organophosphorus insecticides, chlorpyrifos, chlorpyrifos-methyl,
cyanophos, and malathion degraded by some phosphate-solubilizing bacteria like
Azospirillum lipoferum and Paenibacillus polymyxa on mineral salt media as a
carbon and phosphorus source. Various pesticides like acibenzolar-S-methyl,
metribuzin, napropamide, propamocarb hydrochloride, and thiamethoxam have
been reported to be degraded by Bacillus subtilis GB03, Bacillus subtilis FZB24,
Bacillus amyloliquefaciens IN937a, and Bacillus pumilus SE34 in liquid culture and
soil microcosm (Myresiotis et al. 2012). Some examples of microbes involved in
rhizoremediation of pesticides are listed in Table 3.

The bacterial strain Achromobacter xylosoxidans JCp4 and Ochrobactrum
sp. FCp1 was found to increase crop productivity by degrading chlorpyrifos from
soil and promote the plant growth of Vigna unguiculata (Akbar and Sultan 2016).
Fulekar (2014) studied the effect of consortium Stenotrophomonas maltophiliaMHF
ENV20, Stenotrophomonas maltophilia MHF ENV22, and Sphingobacterium
thalpophilum MHF ENV23 on plant growth of Pennisetum pedicellatum and
Cenchrus setigerus. The consortium was found to degrade pesticides chlorpyrifos,
cypermethrin, and fenvalerate in soil. Jacobsen (1997) suggested that colonization of
the plant roots by the herbicide-degrading Burkholderia cepacia DBO1 (pRO101)
can protect the plant Hordeum vulgare by degradation of the herbicide
2,4-dichlorophenoxyacetic acid (2,4-D) in the rhizosphere soil. Abhilash et al.
(2011) reported that the integrated use of pesticide-tolerant plantWithania somnifera
and rhizospheric microbe Staphylococcus cohnii decreases the concentration of
lindane from soil and has practical application for in situ remediation of
contaminated soils.
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3.3 Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants
generated from both natural and anthropogenic processes and pose a serious concern
to the health of aquatic life and humans. They are released naturally in the environ-
ment due to incomplete combustion of organic material. Due their toxic, carcino-
genic, and mutagenic effects on human health, 16 PAHs have been identified as
priority pollutants by USEPA (United States Environmental Protection Agency) and
monitored regularly in industrial wastes (Bisht et al. 2015; Gupte et al. 2016). Out of
16, seven priority pollutants are considered as probable human carcinogens by
USEPA and IARC (International Agency for Research on Cancer) (Wang et al.
2018). There are various types of chemical methods used for removal of PAHs;
however as mentioned earlier, due to their various demerits, phytoremediation and
rhizoremediation are the most preferred method. Bisht et al. (2010, 2014) reported
the rhizoremediation of PAHs by rhizospheric and endophytic bacteria in Populus
sp. Some examples of microbes involved in PAH rhizoremediation are listed in
Table 4.

Golubev et al. (2009) reported that Sinorhizobium meliloti was quite effective in
degradation of PAHs besides its ability to produce surfactant and indole acetic acid
(IAA). Kukla et al. (2014) reported that Rhodococcus fascians strain (L11) was able
to degrade petroleum hydrocarbon and promoted the growth of ryegrass (Lolium
perenne L.). Khan et al. (2014) reported that inoculation of Pseudomonas putida PD
1 to willow plant and ryegrass protected the plant from toxic effect by degrading
phenanthrene and promoted plant growth. Burkholderia fungorum DBT1 along with
hybrid poplar plant was reported to degrade PAHs from contaminated soil by the
process of phytoextraction or rhizodegradation (Andreolli et al. 2013).

Table 3 Remediation of pesticides by rhizobacteria

Plant Pollutant Microbes References

Zinnia
angustifolia

Mefenoxam Pseudomonas fluorescens and
Chryseobacterium indologenes

Pai et al.
(2001)

Greengram (Vigna
radiata)

Fipronil and
pyriproxyfen

Pseudomonas aeruginosa PS1 Ahemad and
Khan (2011)

Withania
somnifera

Lindane Staphylococcus cohnii Abhilash et al.
(2011)

Grapevines (Vitis
vinifera)

Profenofos Bacillus subtilis Salunkhe et al.
(2013)

Cauliflower
(Brassica
oleracea)

Cypermethrin Serratia nematodiphila Tyagi and
Prashar (2015)

Maize (Zea mays) Thiamethoxam Bacillus subtilis GB03) and
B. subtilis FZB24

Myresiotis
et al. (2015)

Vigna unguiculata Chlorpyrifos Achromobacter xylosoxidans JCp4,
Ochrobactrum sp. FCp1

Akbar and
Sultan (2016)
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3.4 Factors Affecting Rhizoremediation

The physicochemical properties of soil play an important role in successful
rhizoremediation. The microbial activity as well as diffusion of the chemicals in
the soil is affected by moisture, redox conditions, temperature, pH, organic matter,
nutrients and nature, and amount of clay. The effect of soil moisture on microbial
mineralization of three aerobically degradable pesticides (benzolin-ethyl,
isoproturon, and glyphosate) was quantified by Schroll et al. (2006). They observed
a linear correlation ( p < 0.0001). The increasing soil moisture (within a soil water
potential range of �20 and � 0.015 MPa) was found to increase the mineralization
of pesticides.

3.4.1 Soil pH
pH of soil is an important factor that control the microbial growth and activity. Most
of the microbes have optimum pH at 6.5–7.5. At particular pH, microbes secrete
enzymes and organic acids that enhance the removal of pollutants. The catalytic
activity of enzymes is dependent upon pH. The degradation process takes more time
at acidic pH rather than alkaline and neutral pH. Singh et al. (2006) reported the
biodegradation of organophosphate pesticide was found to be slow at low pH soil as
compared to neutral and high pH soils.

3.4.2 Temperature
The removal and degradation rate of pollutants are affected by soil as the metabolic
activity of microbes depends on temperature. Bioavailability of pollutants is
increased with increasing temperature of soil. However the native microbes of low
temperature soil like Arctic and Antarctic soils will degrade pollutants at low
temperature. Rhodococcus isolated from an Antarctic soil was found to degrade
various alkanes at�2 �C, while its activity was inhibited at high temperature (Oberai
and Khanna 2018).

Table 4 Remediation of PAHs by rhizobacteria

Plant Pollutant Microbes References

Grasses
(Lolium
multiflorum)

Napthalene Pseudomonas putida PCL1444 Kuiper et al.
(2001)

Festuca
arundinacea

PAHs Pseudomonas fluorescens Ho et al.
(2007)

Zea mays Phenanthrene Pseudomonas putida MUB1 Chouychai
et al. (2009)

Populus
deltoides

Naphthalene
and anthracene

Kurthia sp. SBA4, Micrococcus varians
SBA8, Bacillus circulans SBA12

Bisht et al.
(2010)

Populus
deltoides

PAHs Bacillus sp. SBER3 Bisht et al.
(2014)

Oryza sativa Phenanthrene Phomopsis liquidambaris Fu et al.
(2020)
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3.4.3 Soil Organic Matter
The soil organic matter is a rich source of nutrients which enhance microbial growth
and thus affect the degradation of pollutants. The soil organic matters control the
adsorption and desorption process. Sewage sludge which is a source of organic
matter increases the biodegradation of isoproturon herbicide (Perrin-Ganier et al.
2001).

3.4.4 Plant Root Exudates
Rhizoremediation is mainly dependent on the quality of root exudates. The age of
plants and presence of pollutants affect the quality and nature of root exudates which
determine the microflora of the rhizosphere. It is a mixture of soluble organic
compounds including sugars, amino acids, organic acids, and enzymes that influence
the colonization of specific microbial community which promote the plant growth
and protect the plant from soil pollutants, and microbes use root exudates for their
growth and development.

3.4.5 Microbial Population
The composition of microbial community of rhizosphere can affect the rate and
efficiency of rhizoremediation. There are many microbes like Azotobacter, Bacillus
sp., Pseudomonas sp., etc. which are active colonizers of rhizosphere and have been
reported to be efficient degraders of pollutants.

3.4.6 Pollutants
The nature of pollutants in soil can affect the composition of microbial population.
The hydrophobic pollutants are degraded in aqueous medium such as the biodegra-
dation of phenanthrene (Bouchez et al. 1995). The type and concentration of
pollutants affect the process of rhizoremediation.

3.5 Methods to Improve Rhizoremediation

There are several limiting factors such as pH, temperature, organic matter, pollutant
type, soil properties, source of energy, and microbes which slow the process of
rhizoremediation. This process also depends on the capacity of plants to tolerate the
maximum limit of pollutants which can be accumulated in the plants without any
adverse effects to them. The efficiency of rhizoremediation can be enhanced by
several techniques.

3.5.1 Biostimulation
It is a remediation method that refers to the addition of rate-limiting nutrients such as
phosphorous, nitrogen, oxygen, carbon, and electron donors in the polluted soils to
stimulate existing bacteria for degradation of pollutants (Tribedi et al. 2018). The
activity of rhizobacteria is enhanced by the addition of fertilizers or minerals (N, P,
and K) and compost in soil as they improve the root exudates. Biosurfactants
improve the physicochemical property of soil and increase the bioavailability of
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pollutants in soil. The use of additive such as biochar, cattle manure, and fly ash
enhances the soil fertility. Biochar is known as a universal sorbent due to its strong
ability to bind pollutants and has long been used as a sorbent for both organic and
inorganic pollutants (Ahmad et al. 2014). Biochar increases soil fertility moisture
content and nutrient retention and remediate heavy metals from soil by surface
adsorption, precipitation, partitioning, and sequestration (Tang et al. 2013;
Saravanan et al. 2019). Recently, biochar has been implemented to enhance
phytoremediation efficiency by improving plant growth, water holding capacity,
and soil structure. Qin et al. (2013) observed the total petroleum hydrocarbon (TPH)
removal after applying biochar as a soil amendment.

3.5.2 Bioaugumentation
Bioaugumentation is the addition of bacterial culture to increase the rate of degrada-
tion of pollutants. The native microbes of contaminated sites are able to detoxify the
contaminants. The process of rhizoremediation is also enhanced by introducing
specific pollutant-degrading microbes or consortium in the soil by various methods
such as seed coating, root dipping, and soil drenching. The ability of microbe to
remove contaminants is limited because the catabolic pathway for some pollutants
like polychlorinated biphenyls (PCBs) has not evolved in microbes. To combat this
problem, genetically modified microbes are used to increase efficiency of
rhizoremediation by modification of a gene (Lorito et al. 1998). The genes of
siderophore receptor introduced into Pseudomonas sp. made it more useful in
rhizosphere region (Praveen et al. 2019). The selection of suitable plant-microbe
combination for efficient rhizoremediation is also quite important (Kuiper et al.
2004).

3.5.3 Transgenic Plants
For efficient rhizoremediation, transgenic plants are now used. Transgenic plants
have increased ability to uptake, transport, and degrade pollutants. The plant is
improved by either gene transfer or breeding. Janssen et al. (2015) have improved
Salix sp. (Willow tree) into S. viminalis and S. alba by metal extraction. Both species
have improved ability to accumulate Cd and Zn. Plants are genetically modified to
improve stabilization and accumulation of the pollutants. Doty et al. (2000) reported
enhanced degradation of the halogenated hydrocarbons by the introduction of
cytochrome P450 2E1 gene into plants.

3.5.4 Rhizoengineering
The use of transgenic plants increases the root exudates that improve the
rhizoremediation, but they are not effective for soil which is contaminated by
multiple contaminants. Wu et al. (2006) utilized the advantages of plant-microbe
symbiosis within the plant rhizosphere for effective cleanup technology. They
demonstrated the expression of a metal-binding peptide (EC20) in Pseudomonas
putida 06909 that not only improved cadmium binding but also decreased the
cellular toxicity of cadmium and also improved the plant growth. Thus
rhizoengineering becomes very important to reclaim the soil.
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3.5.5 Nanotechnology
Nanotechnology is characterized by the use of very small manufactured particles
(<100 nm) called as nanoparticles. The use of nanoparticles for the removal of
pollutants for environment cleanup is an emerging technique that has gained atten-
tion recently. Bacteria have the ability to mobilize and immobilize the metals, and
they can reduce the metals by precipitation. The removal of environmental pollutants
such as heavy metals, organic and inorganic, from polluted sites by using
nanoparticles/nanomaterial produced by plants, fungi, and bacteria is called
nanobioremediation which has been reported to enhance the efficiency of
phytoremediation or rhizoremediation (Yadav et al. 2017). Recently some studies
have reported the degradation of organic contaminants such as atrazine, molinate,
and chlorpyrifos by nanosized zerovalent ions (Zhang 2003; Ghormade et al. 2011).
Liu and Zhao (2007) used iron phosphate (vivianite) nanoparticles for in situ
immobilization of Pb+2 in soils and reported the reduction of bioavailability and
mobility of Pb+2 from soil effectively. Some organic pollutants like hydrocarbons
and organochlorines cannot be degraded by plant as well as microbes, but the
combined use of nanotechnology and biotechnology solved this problem (Yadav
et al. 2017).

4 Conclusions

The rhizoremediation is a cost-effective and eco-friendly approach that is the
emerging technique for remediation of pollutants. It is the mutual interaction of
microbes and plant roots that enhances the degradation of contaminants. The
versatility and adaptability of microbes to any challenges posed by the environment
make them perfect for remediation of environmental pollutants. In rhizoremediation
the degradation of pollutant is higher than that of phytoremediation in plant and
microbe alone. So rhizoremediation is the best research topic for understanding the
interaction of soil-root-microbe for bioremediation of pollutants. Plants and
microbes can be genetically modified for improvement of degradation ability.
Thus, rhizoremediation can be an environment-friendly cleaning technique.
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Biotreatment of High-Salinity Wastewater:
Current Methods and Future Directions

Yiyi Zhao, Xuming Zhuang, Shakeel Ahmad, Shihwu Sung,
and Shou-Qing Ni

Abstract

Saline wastewaters are usually generated by various industries, including the
chemical, pharmaceutical, agricultural, and aquacultural industries. The dis-
charge of untreated high-salinity wastewater may cause serious environmental
pollution and damage the aquatic, terrestrial, and wetland ecosystems. For many
countries, the treatment of saline wastewater has become an important task.
Generally, saline wastewaters are treated through physical and chemical methods.
However, these traditional techniques are associated with higher treatment costs
and the generation of byproducts. In contrast, biotreatment techniques are
environmentally friendly and inexpensive. This review highlights the sources
and environmental concerns of high-salinity wastewater and illustrates the latest
problems and solutions to the use of biological approaches for treating saline
wastewater. Although high salinity may inhibit the effectiveness of aerobic and
anaerobic biological wastewater treatment methods, such strategies as selecting
salt-adapted microorganisms capable of degrading pollutants with tolerance to
high salinity and optimizing operating conditions can be effective. This
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mini-review may serve as a reference for future efforts to treat high-salinity
wastewater.

Keywords

Biotechnology · High-salinity wastewater · Biological reactors · Halophilic
microorganisms

1 Introduction

Salinity is an important parameter for wastewater treatment (Kartal et al. 2006).
Wastewater is defined as “high-salinity” or brine when the inorganic salt contents
range from 1 to 3.5% w/w, and seawater usually contains 3.5% w/w sodium chloride
(Pernetti and Di Palma 2005). High-strength wastewater with variable salinity and
nutrient loads was produced in a number of industrial processes (Jesus et al. 2017),
such as aquaculture in coastal areas, the nuclear industry, agriculture and food-
processing, petroleum and natural gas extraction, and leather manufacturing
(Calheiros et al. 2012; Lutz et al. 2013; Jesus et al. 2014; Lee et al. 2016; Zhang
et al. 2019a).

There are some documented cases where biotechnology has been used success-
fully for treating saline wastewater from multiple sources. However, a comprehen-
sive assessment regarding the feasibility of using biotreatment for the treatment of
high-salinity wastewater is not available. Therefore, the review aimed to (1) outline
the major sources of high-salinity wastewaters and their environmental influences;
(2) summarize the traditional treatment technologies for high-salinity wastewater;
and (3) emphasize the functions and mechanisms of biotreatment technologies for
high-salinity wastewater.

2 Sources and Environmental Concerns of High-Salinity
Wastewater

The composition and concentration of saline wastewater depend on their sources
(Liang et al. 2017). There were three main sources of high-salinity wastewater:
wastewater discharged during direct seawater use, agricultural runoff from saline-
alkali lands, and industrial processes.

Due to the shortage of global freshwater resources, the direct use of seawater has
become a feasible solution (Voutchkov 2018). Some coastal cities, such as Hong
Kong and Qingdao, use seawater for fire control, road flushing, toilet flushing, and
other nondirected contacts with human beings, and it is considered an important
option to relieve the pressure on freshwater (Chen et al. 2012; Li et al. 2018a). High-
salinity wastewater discharged from the direct use of seawater drains into the sewer
affects the subsequent wastewater treatment process (Liu et al. 2016). In addition,
China is the world’s largest producer of aquaculture products, but the high level of

116 Y. Zhao et al.



mariculture is associated with many environmental issues (Xiang 2007). Inorganic
nitrogen, active phosphate phosphorus, organics, and salts are the main pollutants in
maricultural pollution areas (Liang et al. 2018). Seawater soda industries also
produce a large quantity of high-salinity wastewater. For example, high
concentrations of salts (NO3

�: 188 g/L; TDS:1.63 � 105 mg/L) in wastewater
from some soda ash factories were reported by Jadeja and Tewari (2007). Most
desalination plants use reverse osmosis (RO) to desalinate seawater and brackish
water; thus, these processes inevitably produce RO concentrate. The salinity of
concentrate from seawater RO (SWRO) desalination facilities was up to
6.5–8.5 � 103 mg/L (Missimer and Maliva 2018).

The accumulation of soluble salts in the soil has caused land degradation, water
quality deterioration, and serious problems related to agricultural development
(Cassel and Sharma 2018; Fang et al. 2005). More than 20% of agricultural land is
threatened by salinization globally (Raheja 1966). The salinized soils covered
approximately one-tenth of the Chinese total land area, accounting for 100 million
ha (Li 2010). However, the area of saline-alkali land is still expanding (Wei and
Zhang 2018): saline-alkali soil area increased from 401.48 � 103 ha in 1954 to
1097.45 � 103 ha in 2005 in the western Songnen Plain, China (Yang et al. 2010),
and continued desertification and salinization of the grasslands in the source regions
of the Yangtze and Yellow Rivers were observed from 1968 to 2008 (Na et al. 2013).
When the saline-alkali soil area was over-irrigated or rainfall occurred, it became a
source of saline wastewater (Liang et al. 2017). Approximately 1.3–2 � 108 m3

saline-alkali farmland drainage flows into the south of Chagan Lake from the
Qianguo irrigation area every year (Yang et al. 2015). Generally, the soluble salt
concentration is characterized by the conductivity (EC) value or by measuring the
total dissolved solids (TDS) (Liang et al. 2017). In the Aksu Oasis area of Northwest
China, the TDS in irrigation water increased from 1200 to 9.01 � 103 mg/L in
drainage (Hu et al. 2019). In the Arys Turkestan Canal zone (Southern Kazakhstan),
the TDS value of irrigated agricultural drainage exceeds 1200 mg/L, and Na+ and
HCO3

� are the main constituents of dissolving salts (Karimov et al. 2009). An
average TDS of 1191.33 mg/L was detected in drainage water of the Fayoum
watershed, Egypt (Abdel Wahed et al. 2015).

Such industries as printing, dyeing, refining, chemicals, mining, currieries,
pharmaceuticals, and nuclear energy may produce highly saline wastewater. The
wastewater from printing and dyeing practices had high pH, high turbidity, poor
biodegradability, complex composition, and high chrominance and contained inor-
ganic contaminants, such as chloride, heavy metals, sulfate, sulfide, and nitrogen
(Xu et al. 2018). Hossain et al. (2018) reported that the TDS values of the knit dyeing
and woven dyeing industries in Bangladesh were as high as 2000–3000 and
5000–6000 mg/L, respectively. In leather manufacturing, after tanning processes,
approximately 40% of the chromium amount remains in the solid and liquid wastes,
especially spent tanning solutions (Fabiani et al. 1996). In addition, saline wastewa-
ter is discharged during soaking, liming, deashing, pickling, chrome tanning, and
finishing operations (Xiao and Roberts 2010). The TDS concentration in tanneries
ranges from 65.4 to 1281.1 mg/L in Nigeria (Akan et al. 2007). In the
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Lokpaukwu-Ishiagu mining areas of southeastern Nigeria, it is conservatively
estimated that nearly 3.3 � 104 m3 of untreated drainage of abandoned mines,
including approximately 710,000 kg of dissolved solids and 586 kg of potentially
toxic metals, ran out to the Ivo River watershed each year (Ezekwe et al. 2013).
Pharmaceutical wastewater carries not only COD, ammonia, and suspended solids
but also organic and inorganic constituents (e.g., spent solvents, catalysts, and
reactants) (Fent et al. 2006; Lefebvre and Moletta 2006). For example, an average
TDS of 22,168 mg/L with Cl�, PO4

3�, Na+, and K+ as the major salts were reported
in pharmaceutical wastewater of a Singapore pharmaceutical factory (producing
penicillin family antibiotics) (Ng et al. 2014).

A large amount of high-salinity untreated wastewater that is discharged directly is
the source of high-strength wastewater, which causes great damage to the environ-
ment. High-salinity wastewater strongly reduces soil productivity, worsens the water
environment, hinders economic development, and threatens food production.

3 Treatment Technologies for High-Salinity Wastewater

The treatment methods and technologies of high-salinity wastewater are mainly
divided into physical, chemical, biological, ecological engineering, and a combina-
tion of these technologies. Some examples of these methods are listed in Table 1.
Physical and chemical technologies are widely used in high-salinity wastewater
treatment, primarily including evaporation, membrane techniques, such as RO and
nanofiltration (NF); ion exchange; advanced oxidation processes; and electrochemi-
cal techniques (Hou et al. 2019; Liang et al. 2017). However, physical and chemical
techniques are associated with some disadvantages, such as high operational costs
and difficulty in achieving the expected treatment results. Biological treatment
technologies have the advantages of low operational cost, obvious treatment effect,
and no secondary pollution. Researchers usually use molecular biology methods to
change the environment of bacteria and enhance their salt tolerance and halophilism
to improve high-salinity wastewater treatment.

4 Use of Biological Technologies for Treating High-Salinity
Wastewater

Biological technologies eliminate pollutants from wastewater through the reproduc-
tion and metabolism of microorganisms that are economical, highly effective, stable,
and environmentally friendly (Huang et al. 2019). Saline wastewater from industrial
and aquaculture activities is frequently contaminated with nutrients and organics;
thus, microorganisms are particularly important for the removal of COD and NH4

+-
N under high-salinity conditions (Liang et al. 2017). However, high salinity of
wastewater leads to osmotic pressure in microbial cells to exceed normal living
conditions, and a massive die-off can change the sludge microbial communities
(Pollice et al. 2010; Zhang et al. 2019b), which considerably reduces treatment
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efficiency (Ludzack and Noran 1965) and limits traditional biological treatment
technologies. Biological treatment technologies of high-salinity wastewater gener-
ally include aerobic sludge plants (such as the traditional aerobic activated sludge
process, aerobic granular sludge, the sequencing batch reaction (SBR) system,
biofilms, and biofilters), anaerobic sludge plants, and cultivation and domestication
of salt-tolerant and halophilic bacteria from saltwater lakes or oceans. Some
examples of these methods are listed in Table 2. These reports have shown the
potential use of biological technologies for saline wastewater treatment. For exam-
ple, Ramaswami et al. (2019) found that fixed-bed reactor (FBR) with plastic media
fed with NF permeate of landfill leachate yielded NH4

+-N removals >97%. Muñoz
Sierra et al. (2019) reported that anaerobic membrane bioreactors (AnMBR)
exhibited a phenol removal of 96% at 26 g Na+/L. In this mini-review, we reviewed
the use of biotechnology to treat high-salinity wastewater, as well as the function and
purification mechanisms of aerobic and anaerobic microorganisms under salt stress.

4.1 Aerobic Sludge Plants

The traditional activated sludge process has been used in wastewater biological
treatment for more than a century (Bengtsson et al. 2019). In the mid-1960s,
Ludzack and Noran (1965) studied the effect of salinity on an activated sludge
treatment system. These researchers found that sludge focusability and microbial
respiration decreased with increasing salinity and that the effluent became turbid.
Yucel Tokuz and Wesley Eckenfelder (1979) found little effect of salinity on the
activated sludge system when the inflow sodium chloride concentration was less
than 35 g/L. The properly domesticated microbes can adapt to high-salt conditions
(Hamoda and Al-Attar 1995). Aloui et al. (2009) described that under NaCl
concentrations up to 4% (w/v) and organic loading rates up to 855 mg COD/L/d,
the fish processing saline wastewater efficiently treated with acclimatizable activated
sludge. At 2.0 wt% salinity, the SBR system inoculated with activated sludge
achieved a 95% removal rate of COD, BOD, NH4

+-N, and TP with
Candidate_division_TM7 as the dominant bacterial genus (Zhao et al. 2016).
Some studies also reported the removal of heavy metals under high-salinity
conditions by the aerobic activated sludge process. Industrial saline wastewaters
contain heavy metals, such as tannery effluents (Zhuang et al. 2010). Zhang et al.
(2019b) studied the removal of selenite (Se4+) in artificial wastewater under high-
salinity conditions of 70 g/L by using activated sludge in aerobic SBRs. The reactor
removed soluble Se with relatively high efficiency in the beginning of the experi-
ment. However, the experiment failed because the activated sludge was not adapted
to high salinity, and the removal efficiency was recovered from the 20th batch.

Compared with the traditional activated sludge process, aerobic granular sludge
(AGS) is denser, more compact and spherical, thereby occupying a lower footprint
(Bengtsson et al. 2019; Beun et al. 1999). The effectiveness and stability of AGS in
treating salt-containing wastewater have been evaluated in some studies. Pronk et al.
(2014) evaluated the effect of stepwise increased salinity levels on nitrification,
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Table 2 Use of biological technologies for high-salinity wastewater treatment

Treatment
methods

Type of
wastewater

Operation
parameters

Removal
efficiency Comments References

SBR system Synthetic
wastewater

HRT: 14.9 h COD: 75%
TN, NH4

+-N:
98.5%

In the salt
concentration
range of 5 to
37.7 g/L, the
increase of
salinity did
not inhibit
ammonium
oxidation and
nitrite
denitrification

She et al.
(2016)

FBRs:
Plastic
carriers; clay
beads

Landfill
site
leachate

Upflow
velocities:
8 or 12 m/h

NH4
+-N:

97%; 70%
Increased in
chloride
content did
not have any
observable
detrimental
effects on the
performance
of the reactors

Ramaswami
et al. (2019)

AnMBRs Phenolic
wastewater

HRT: 7 days
SRT:
40 � 2 days

Phenol: 96%
(26 g Na+/L)

AnMBR
shows higher
stability than
UASB under
high-salinity
conditions

Muñoz
Sierra et al.
(2019)

Aerobic SBR Tanneries
effluents

HRT:
2.5–5 days

The best of
COD: 95%,
PO4

3�: 93%,
TKN: 96%,
SS: 92%

The
halophilic
bacteria
responsible
for nitrogen
removal were
most sensitive
to
modification
of HRT,
OLR, and
salinity

Lefebvre
et al. (2005)

Marine
purple
phototrophic
bacteria
cultivation

High-
salinity
domestic
wastewater

HRT:
22.4–25 h
SRT:
2.3–3.9 days

COD:
86 � 1.7%
TN:
62 � 2.0%
TP:
51 � 2.6%

The adapted
bacterial
community
was
halophilic,
with batch
tests having a
broad
optimum
between
20 and
70 mS/cm

Hulsen et al.
(2019)

(continued)
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denitrification, nitrous oxide emissions, phosphate, and chemical oxygen demand
(COD) removal from synthetic wastewater. Ammonia oxidation was not affected at
any salt concentration, but nitrite oxidation and phosphate removal were severely
inhibited at 20 g Cl�/L. Hou et al. (2019) followed the performance and microbial
characteristics of AGS under different salinities and alternating salinities. These
researchers found that alternating salinity not only increased the COD removal
efficiency but also generated a high concentration of granular biomass with good
settling ability.

The effectiveness of biofilms and biofilters to treat high-salt wastewater has been
discussed in several studies. Aslan and Simsek (2012) investigated the NO2-N/NOx-
N ratio and NH4

+-N removal efficiencies under various NaCl concentrations
(0–40 g/L) under constant environmental conditions in a submerged biofilter reactor.
These researchers found that the removal rate of NH4

+-N (from 92 to 95%) increased
with a small increase in salt concentration (1 g/L NaCl), and over this concentration,
each NaCl addition induced NH4

+
–N oxidation. Navada et al. (2019) found that the

ammonia oxidation capacity of moving bed biofilm reactors (MBBRs) was weakly
influenced by the salinity increase rate, and the microbial community composition
changed least for the largest salinity increment.

4.2 Anaerobic Sludge Plants

Anaerobic processes seem more attractive than aerobic processes because the pro-
cesses consume little energy without aeration and can generate new energy in the
form of methane or fuel alcohols (Xiao and Roberts 2010). Lefebvre et al. (2006)
used an upflow sludge blanket reactor (UASB) reactor to study the anaerobic
digestion of tannery soak liquor, and 78% COD removal efficiency was achieved
at a TDS concentration of 71 g/L. Chung et al. (2009) observed approximately 100%
removal efficiency of perchlorate and nitrate after 35 days of operation with
denitrifying upflow packed-bed bioreactor (10% w/v NaCl concentration). Carrera
et al. (2019) studied the development and stability of AGS in two SBR reactors
treating fish canning wastewater. Their results demonstrated that the presence of

Table 2 (continued)

Treatment
methods

Type of
wastewater

Operation
parameters

Removal
efficiency Comments References

Airlift SBR Synthetic
wastewater

OLR:
0.18–0.36 g/
(L/day)
HRT: 8 h
SRT:
20 days

COD:
90.9 � 0.8%
NH4

+-N:
72.6 � 4.0%

Halophile
sediment
granulation in
estuaries
resolved the
problem of
sludge loss in
high-salinity
environment

Huang et al.
(2019)
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anaerobic feeding/reaction phase increased the removal efficiency (80–90%) of
organics, which was higher than with complete aerobic phase (75–85%).

In 1995, anaerobic ammonia oxidation (anammox) was first discovered unex-
pectedly in a denitrification fluidized bed reactor (Mulder et al. 1995). Anammox
refers to the microbial anaerobic oxidation of ammonium by nitrite (NO2

�), which
forms N2; it is a chemoautotrophic process (Reitner and Thiel 2011; Strous et al.
1998). The anammox process has the potential to treat saline wastewater, as studies
have been conducted in the Black Sea, Golfo Dulce, and the tropical east Pacific,
which showed that anammox was the main pathway to remove active nitrogen from
the ocean (Dalsgaard et al. 2003; Kuypers et al. 2003; Lam et al. 2009). Numerous
studies have indicated that the processes related to anammox have been successfully
applied to treat saline wastewater. We summarized two strategies to treat saline
wastewater with high ammonia nitrogen through the anammox process: (1) acclima-
tion of freshwater-derived anammox bacteria (FAB) and (2) enrichment of marine
anammox bacteria (MAB) from salt lakes or marine sediments.

Acclimation of FAB to the saline environment is a practical strategy to treat saline
wastewater with high ammonia nitrogen (Li et al. 2018b). Jin et al. (2011)
demonstrated that the anammox upflow anaerobic sludge blanket (UASB) reactor
performed well under 30 g NaCl /L in the continuous flow. Gonzalez-Silva et al.
(2017) found that stepwise adaptation of FAB from 0 to 3 g NaCl/L took 153 days
while taking only 40 days from 3 to 30 g NaCl/L, and the dominant genera were
shifted from Candidatus Brocadia fulgida to Ca. Kuenenia stuttgartiensis observed
at 3 g NaCl/L. The nitritation-anammox process (SNAP) system was reported to be
able to treat saline (3%) ammonium rich (185 mg/L) wastewater after gradual
adaptation, and Kuenenia (anammox), Nitrosomonas (AOB), and Nitrosovibrio
(AOB) bacteria were salt-adaptable microbes (Ge et al. 2019).

Nakajima et al. (2008) first successfully established an enrichment culture of
MAB in a column-type reactor. Li et al. (2018c) reported that the nitrogen removal
performance of MAB in SBR was enhanced with Mn2+ and Ni2+ addition. Rios-Del
Toro et al. (2017) raised a novel upflow anaerobic sediment trapped (UAST) reactor
for enrichment of MAB and realized high nitrogen removal efficiencies (>95%).
The results obtained by these researchers indicated that Candidatus Kuenenia and
Candidatus Anammoximicrobium had great potential for removing NH4

+-N. These
studies suggest that MAB can be applied to the treatment and recovery of high-
salinity wastewater in the future.

4.3 Cultivation and Domestication of Salt-Tolerant
and Halophilic Bacteria

According to the microorganisms’ requirements for salt concentration classification,
true halophilic organisms must grow with salt concentrations >3 M NaCl, whereas
salt-tolerant organisms do not depend on salt for growth but can tolerate appreciable
salt concentrations (<1 M NaCl) (Kushner 1993; Mokashe et al. 2018).
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The physiological and biochemical mechanisms of salt-tolerant and halophilic
bacteria to salt stress are complex. We reviewed three aspects. (1) maintain the
balance of osmotic pressure. Extremely halophilic archaea and halophilic bacteria
accumulate compatible solutes (organic solutes: trehalose, alanine, proline, glycine
betaine), maintain high inorganic solute concentrations (K+, Mg2+), or elevate the
anionic phospholipid proportion of the cellular membrane to maintain the hydration
state of the cytoplasmic membrane (Mokashe et al. 2018; Mukhtar et al. 2019; Nath
2016). (2) Maintain protease activities by salinity. Most enzymes of halobacteria
have robust activity and stability under hypersaline conditions and lose activity at
salt concentrations lower than 2 M (Lanyi. 1974; Zhuang et al. 2010). (3) Produce
exopolysaccharides (EPS) appearing to prevent injury from free radicals. Boujida
et al. (2018) isolated ten halophilic strains from different hypersaline environments,
and all the halophilic bacteria EPS had high emulsifying and antioxidant activities.

The treatment of high-salinity wastewater in a biological reactor acclimates
common activated sludge by gradually increasing the salinity of wastewater,
which undoubtedly increases the treatment time and cost. Halophiles prefer salt
and thrive on saline or hypersaline environments. The cultivation and domestication
of salt-tolerant and halophilic bacteria growing in extreme high-salinity
environments (such as salt lakes, bay salt fields, saline-alkali soils, and pickled
food factories) used directly to treat high-salinity wastewater are currently the
research hotspot. The bacterial consortium was identified as Ochrobactrum sp.,
Enterobacter cloacae, and Stenotrophomonas maltophilia isolated from petroleum-
or coal-contaminated sites from the seaport of Chennai, India, and were reported to
have the ability to degrade PAHs present in crude oil-contaminated saline wastewa-
ter (Arulazhagan and Vasudevan 2009). Abou-Elela et al. (2010) isolated a salt-
tolerant microorganism (Staphylococcus xylosus) from a vegetable pickled plant
containing approximately 7.2% salts and used it as an inoculum for biodegradation.
These researchers found that when the NaCl concentration was higher than 2%, the
COD removal rate of S. xylosus alone was higher than that obtained using a
Staphylococcus-supplemented mixture of activated sludge and activated bacterial
culture alone. In addition, S. xylosus alone was applied to the case study of a
vegetable acid wastewater with 7.2% salinity, and the COD removal efficiency
was up to 88%. Wu et al. (2013) used halophilic microorganisms (Bacillus
sp. strain) in the aerobic process to treat pretreated wastewater in ethyl chloride
production with 4% NaCl and achieved 58.3% COD removal. Halophilic purple
phototrophic bacteria (PPB) isolated from Brisbane River sediments were reported
to be able to remove COD, nitrogen, and phosphorus from high-salinity domestic
wastewater (Hulsen et al. 2019). These observations indicate that biological treat-
ment techniques inoculated with specific halophilic microorganisms provide a
promising avenue for the treatment of saline wastewater.

In conclusion, biological technologies are resource-saving and environmentally
friendly and have been widely employed in different types of wastewater treatment.
Saline wastewaters from different sources usually contain complex pollutants, such
as NaCl, and high concentrations of various salts, organic compounds, heavy metals,
pesticides, antibiotics, and so on. These pollutants can cause land degradation, water
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quality deterioration, and serious problems related to agricultural development. The
current status and potential of biological treatment of high-salinity wastewaters were
reviewed in this paper. Although high-salinity inhibits the growth of microbes, prior
studies have shown that the acclimated microorganisms can gradually adapt to the
environment of high salinity and can be used to treat saline wastewater. However,
more studies are needed to investigate the different types of target contaminants and
the interactions between salt and specific contaminants in activated sludge. In
addition, it is suggested to carry out the purification culture and domestication of
salt-tolerant and halophilic bacteria under practical conditions in future research.
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Facing Lethal Impacts of Industrialization
via Green and Sustainable Microbial
Removal of Hazardous Pollutants
and Nanobioremediation

Basma A. Omran

Abstract

Industrialization exert a negative impact to the surrounding environment by
causing pollution to soil, air, and water supplies in addition to its hazardous effect
on human health because of the generated toxic by-products. Environment
became polluted with heavy metals, pathogenic microorganisms, toxic industrial
effluents, pharmaceutical compounds, and dyestuffs. Currently, several strategies
have been employed for the removal of these hazardous substances involving
physical and chemical technologies. Yet, these technologies have high operation
costs as well as high consumption of energy and chemicals. Hence, development
of green, low-cost, and sustainable treatment procedures is the need of the hour.
Employing biological entities such as fungal, bacterial, and algal isolates is an
interesting bioremediation approach which has proved its high efficacy. This
bio-process is affected by diverse biotic and abiotic parameters. This chapter
reviews the most prevailing treatment methodologies employed for removing
heavy metals and other contaminants such as physical, chemical, physiochemical,
and biological methodologies. It mainly focuses on bioremediation, its mecha-
nism, and the employment of nanotechnology in bioremediation as an emerging
strategy to reduce the hazardous effects of toxic pollutants.
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Abbreviations

4-AP 4-Aminophenol
4-NP 4-Nitrophenol
AFM Atomic force microscope
AgNPs Silver nanoparticles
AOP Advanced oxidation process
AuNPs Gold nanoparticles
AYR Alizarin Yellow R
BET Brunauer-Emmett-Teller
CLC Cnidium monnieri (L.) Cuss
CMC Carboxymethyl cellulose
CNTs Carbon nanotubes
CuNPs Copper nanoparticles
CuO NPs Copper oxide nanoparticles
DNA Deoxyribonucleic acid
DTPA Diethylenetriaminepentaacetic acid
EDTA Ethylenediaminetetraacetic acid
EDX Energy dispersive X-ray
Eh Redox potential
EPA Environmental protection agency
FESEM Field emission scanning electron microscopy
IONPs Iron oxide nanoparticles
MISFNPs Magnetic inverse spinel iron oxide nanoparticles
MNMs Magnetic nanomaterials
MNPs Magnetic nanoparticles
MWCNTs Multi-walled carbon nanotubes
NB Nile blue
NBR Nanobioremediation
nm Nanometer
NMs Nanomaterials
NPs Nanoparticles
PCBs Polyvinyl biphenyls
PRB Permeable reactive barriers
QDs Quantum dots
RhB Rhodamine B
RO Reverse osmosis
RY160 Reactive Yellow 160
SWCNTs Single-walled carbon nanotubes
TCE Tetrachloroethylene
TEM Transmission electron microscopy
UV/Vis Ultraviolet-visible
VSM Vibrating sample magnetometry
WHO World Health Organization
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XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
ZVI NPs Zerovalent iron nanoparticles

1 Introduction

Recently, the world is facing an unparalleled growth in population and an
accelerated jump in industrialization in order to cope with our daily life demands
(Kang and So 2016; Mary et al. 2018). However, with the high improvement in the
quality of human life over the past few years, it is essential not to ignore that such
industrial developments had a major influence over the quality of the surrounding
environment. The increase in human activities particularly in the recent years all over
the world has led to the elevation of environmental pollution levels via the discharge
of massive amounts of hazardous pollutants (Raghunandan et al. 2018). Industriali-
zation resulted in negative consequences which in turn affected human health by
causing severe health problems as well as to the environment, such as, limitation of
natural resources, increases in carbon emissions, and pollution (Ahuti 2015;
Mgbemene et al. 2016). Several inorganic and organic chemicals are dumped onto
earth’s surface, either through industrial processes or accidentally by spilling.
Among the serious threats that concern the whole world is water pollution. It takes
place due to plenty of reasons including the rapid increase in worldwide population,
developments of global industries, urbanization, etc. Different pollutants cause
contamination of water, for instance, presence of dyes, toxic heavy metals, and
organic and inorganic pollutants that represent a major threat to the surrounding
ecosystems (Gupta and Mishra 2011). During the last century, versatile industries
have witnessed major progress including mining, petroleum, gas electroplating,
smelting, fertilizer, pesticides, tanneries, paper, and electronic industries. These
industries resulted in the release and the discharge of large quantities of heavy metals
and petroleum hydrocarbons within the natural ecosystem (Arivalagan et al. 2014;
Taiwo et al. 2016). Other procedures which cause environmental contamination
involve leaching of heavy metals, metal corrosion, atmospheric deposition, sediment
resuspension to groundwater and soil, as well as metal evaporation from different
water resources (Weerasundara et al. 2017; Francová et al. 2017).

Among the hazardous contaminants, heavy metals such as arsenic (As), cadmium
(Cd), lead (Pb), copper (Cu), chromium (Cr), nickel (Ni), zinc (Zn), aluminum (Al),
and manganese (Mn) are responsible for major threats to the environment (Ullah
et al. 2015; Dhanarani et al. 2016; Karthik et al. 2017a). Additionally, they cause
sever health issues to humans (Zeraatkar et al. 2016; Chen et al. 2015; Ullah et al.
2015). Different industries have been reported to release heavy metals (e.g., Zn, Ni,
Cr, Cu, Mn, Pb, and Cd) including mining, textile, petrochemical, and
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pharmaceutical industries (Schaider et al. 2014). Fertilizers are sources for Cu, Co,
Fe, Mn, Ni, Zn, and Mo (Roberts 2014). Pesticides release heavy metals such as Hg,
Cu, Mn, Zn, and Pb (Tchounwou et al. 2012). Usually, heavy metals get into the
environment via either natural or anthropogenic routes and hence are deposited in
the air, soil, and water systems (Kuppusamy et al. 2017). Humus is the organic
material that exists in soil. It has a high affinity towards absorption of heavy metal
cations, and then they are taken up by extracting these metals from the water that
passes through the soil (Mary et al. 2018). Moreover, plant roots, shoots, and stems
pick up these elements along with water and diffuse into plants which in turn pass to
animals (Manafi et al. 2012). On the other hand, particles bearing heavy metals settle
down to the bottom sediments of water bodies and accumulate there (Kang and So
2016). When aquatic organisms consume these particles, heavy metals can easily
enter the food chain, and hence their adverse effect is magnified (Mary et al. 2018).
The entrance of the hazardous heavy metals into the food web leads to multiple
health effects such as damage to lungs, kidneys, liver, pancreatic and nervous
disorders (Arivalagan et al. 2014; Kumar et al. 2017). For instance, accumulation
of Cr (VI) and its reduced form Cr (III) in cells cause severe damage in DNA.
Therefore, the US Environmental Protection Agency (EPA) in addition to the World
Health Organization (WHO) set a particular limit for each heavy metal (Kumar et al.
2017). Usually, salts containing heavy metals are easily dissolved in wastewater and,
thus, cannot be easily purified by physical purification methodologies (Hussein et al.
2003). Contamination of soil with heavy metals results in persistent alterations in
microbial population (Xu et al. 2019). Heavy metals have been proved to be lethal at
low concentrations as they can harm living organisms via their accumulation.
Different techniques have been employed earlier for the removal of heavy metals
such as membrane filtration, ion exchange, adsorption, coagulation, electrochemical
treatment, reduction, oxidation, evaporation, and chemical precipitation
(Rajasulochana and Preethy 2016; Carolin et al. 2017). However, each process has
its own disadvantages. Hence, designing strategies to tackle this issue remains a
distressing problem. In order to create a pollution-free ecosystem, remediation of
water and soil is urgently required, and as more attention is directed towards the
development of green, environmentally benign and clean technologies, different
alternative technologies are being investigated. Remediation via green technologies
are categorized into two categories: firstly, treatment based upon using plants,
animals, and microorganisms which is referred to as “bioremediation” and, sec-
ondly, treatment with modified and unmodified natural products (Gupta and Mishra
2011). Bioremediation is one of the cleaning strategies which are employed to
protect human health as well as the environment (Raghunandan et al. 2018). This
chapter reviews the conventional treatment technologies, bioremediation, and the
intersection of nanotechnology with bioremediation as a new and innovative strategy
to get rid of the hazardous contaminants.
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2 Types of Treatment Technologies Employed for Removal
of Contaminants

Multiple conventional methodologies exist to overcome the lethal impacts of indus-
trialization. Listed below are the physical, chemical, and biological methods which
are applied to get rid of heavy metals and other contaminants/pollutants.

2.1 Physical Treatment Technologies

Physical methods involve precipitation, ion exchange, electrowinning,
electrocoagulation, cementation, membrane filtration, and electrodialysis. Precipita-
tion is the process which involves the addition of suitable anion in order to precipi-
tate the metal salt. Generally, some common chemicals are used in this technique, for
instance, manganese sulfate, copper sulfate, ammonium sulfate, ferric salts, etc. The
process efficacy is influenced by pH. The lower the pH, the higher the efficiency of
the process (Mondal et al. 2006). It is worth mentioning that using bisulfide or lime
in the precipitation process lacks the specificity, and as a result it becomes ineffective
in heavy metal removal even at low concentrations. Ion exchange is a treatment
technique which is usually used in industries to recover heavy metals from industrial
effluents. This process involves the presence of an ion-exchange material (solid
phase) which is capable of exchanging anions or cations. The synthetic ion-exchange
resin is the most commonly used ion-exchange matrix material. However, it is
somehow expensive, and it becomes ineffective when it is dealing with high metal
concentrations due to foul formation. Furthermore, it is non-selective and highly
sensitive to any variations in solution pH (Ahluwalia and Goyal 2007). Electrowin-
ning is a physical process which is mainly used in mining and metallurgical
industries as well as electronics, metal transformation, acid drainage, electrical
industries, and metal leaching (Ahluwalia and Goyal 2007). Electrocoagulation is
an electrochemical-based approach in which electric current is directed to remove
metals from the targeted solution. In this method, contaminants in wastewater are
retained in solution via the application of external voltage. Ions precipitate by the
neutralization of charged particles with the ions of opposite electrical charges under
the effect of the electrocoagulation system. Cementation is one type of the precipita-
tion methods, and it is an electrochemical approach. In this approach, metals with
higher oxidation capacity flow into the solution. For instance, copper (Cu), antimony
(Sb), gallium (Ga), lead (Pb), silver (Ag), gold (Au), cadmium (Cd), tin (Sn), and
arsenic (As) are usually separated and recovered by cementation. Adsorption is
another physical process in which the metal species become adsorbed through
physisorption and chemisorption processes. In this process, the efficiency of metal
ion removal is affected by different factors, such as surface area of the adsorbent, its
surface energy as well as pH. Generally, the most frequently used adsorbents are
activated carbon, activated alumina, potassium permanganate (KMnO4)-coated
glauconite, granular ferric hydroxide, sand coated with iron oxide and copper–zinc
granules, etc. Another important physical method is membrane filtration. In this
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method, metals are separated from water by passing through a semipermeable
membrane with the help of pressure gradient which plays a role as the driving
force. Fouling formation is the biggest drawback in this method. Fouling takes
place because of the coprecipitation of both Fe2+ and Mn2+ ions. In addition, it is
somehow expensive as it requires monitoring of pressure difference and water
pretreatment (Ahluwalia and Goyal 2007). Electrodialysis is much related to the
reverse osmosis (RO) process, though the driving force is the difference between
both methods. In electrodialysis, metal ions are separated from contaminated water
by the effect of an electric field which is applied across a semipermeable membrane.
This method has shown high efficacy in removing heavy metals from groundwater.
This method is mainly dependent upon porosity, pH, flow rate of groundwater,
texture, water content, and ionic conductivity.

2.2 Chemical Treatment Technologies

Some chemical treatment methods are applied in order to remove heavy metals and
other contaminants. These chemical methodologies involve reduction, chemical
washing, and chelate flushing. Reduction depends upon using reducing agents
such as gaseous H2S and dithionites. Both are deeply injected into the polluted
sites leading to degradation of these pollutants in the contaminated regions. How-
ever, the main drawback of this technique is the formation of toxic intermediates.
Chemical washing depends on using strong extractants such as acids for the removal
of contaminants. Unfortunately, this method affects the soil quality and conse-
quently becomes hazardous to the surrounding environment. Henceforth, ex-situ
treatment is risky, and it requires severe management procedures to overcome its
negative impacts. Chelate flushing is a method which has the ability to extract large
amounts of heavy metals. Yet, among the main drawbacks of this method is that
chelating agents are expensive and carcinogenic. Ethylenediaminetetraacetic acid
(EDTA) and diethylenetriaminepentaacetic acid (DTPA) are among the mostly used
chelating agents.

2.3 Biological Treatment Technologies

In this section, several biotechnology-based treatment methodologies are
overviewed and highlighted as the following. Biological treatment is mainly depen-
dent upon the use of biological entities in a process referred to as bioremediation.
Bioremediation is the process in which living systems such as bacteria, fungi, algae,
and some plants are utilized to degrade, detoxify, transform, immobilize, or stabilize
hazardous environmental pollutants to less toxic products. Bioremediation involves
different mechanisms such as bioaugmentation, in which indigenous
microorganisms are employed and stimulated by the addition of nutrients
(biostimulation). It also includes the use of genetically modified microorganisms,
phytoremediation via using particular plants, and biomineralization in which organic
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substances become biodegradable into inorganic constituents (Joutey et al. 2013).
Biofiltration depends on using a biofilter made up of a porous medium at which the
surface is covered with water and microorganisms. In this process, the contaminants
are adsorbed by means of the porous medium and are eventually biotransformed into
metabolic by-products, biomass, CO2, and water. Three main stages take place in
this process, and they are growth, degradation, and detachment of microorganisms
(Srivastava and Majumder 2008; Joutey et al. 2013). Another important biological
treatment technology is biosorption. In biosorption dead or living bacteria are used.
This technology is cost-effective but highly efficient in metal recovery (Hashim et al.
2011). Different biosorbents are used like bacteria, fungi, and algae. These
biosorbents are cost-effective, thus making this process more economical and
more competitive particularly in in-situ environmental applications. It has been
postulated that the immobilized biomass is more recommended for large-scale
applications than the native biomass (Wang and Chen 2009). Yet, investigations
regarding its efficacy, cost, and ease of application require much more research.
Biophysiochemical method is another biotechnological treatment methodology. It is
a biological process which is coupled with a coagulation or an adsorption technique.
It possesses several advantages over the other physiochemical remediation
techniques (Asia et al. 2012). In a study performed by Yan et al. (2010),
Acidithiobacillus ferrooxidans BY-3, a chemolithotrophic bacterium was isolated
from mines and was used as a natural biosorbent for the biological removal of toxic
organic and inorganic arsenic compounds in aqueous solutions. Srivastava et al.
(2011a) managed to isolate five different fungal strains and tested their potential for
the removal of toxic arsenic contaminants in polluted sites. Another relevant meth-
odology is the use of novel biosorbents. Novel biosorbents enhance the microbial
selectivity and accumulating characteristics of the used microorganisms in the
bioremediation process. It is mainly a genetic engineering-based biosorption process
which helps to increase the remediating activities of the used microorganisms.
Studies showed that genetically engineered microorganisms have high adsorption
capacity and specificity for the remediation of toxic metal ions. However, it is
somehow costly, and extensive research is required regarding pilot and full-scale
processes (Vijayaraghavan and Yun 2008). Bioaugmentation is an in situ bioreme-
diation technique in which genetic engineering has been used to increase the
metabolizing potential of microorganisms. Kostal et al. (2004) investigated the
genetic manipulation of E. coli strain and overexpressed ArsR genes which resulted
in the accumulation of As. It proved to be an effective method to increase the
accumulation and binding of arsenic in selective ligands for its removal. Chauhan
et al. (2009) developed a collection of metagenomes from the sludge of industrial
effluent treatment plants and discovered a new As (V) resistance gene (arsN) which
encodes a protein similar to acetyl transferase. The overexpression of this protein led
to high arsenic resistance in E. coli. Phytoremediation technology involves the use of
different plant species for soil remediation to aid in reducing the contaminants in
soil, surface water, groundwater, and sediments. Phyto-extraction is mainly depen-
dent on using plant roots for the uptake of contaminants. Phyto-degradation or
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phyto-transformation deals with the breakdown of contaminants via the plant meta-
bolic processes (Srivastava et al. 2011b; Ali et al. 2013).

3 Bioremediation

Microbes are prevalent in nature. They possess the capability to remediate heavy
metals in polluted sites via mineralization of organic pollutants into end products
such as CO2 and H2O or to intermediate metabolites that can be consumed as
primary substrates for microbial cell growth during the bioremediation process
(Verma and Kuila 2019). Bioremediation is a biological treatment process in
which biological entities and their enzymes are involved to convert lethal and
xenobiotic pollutants to less toxic forms (Silva et al. 2019). The process of bioreme-
diation is affected by environmental, physical, and chemical parameters such as
stereochemistry, toxicity, concentration of the pollutant, efficiency of the microbial
strain, and reaction parameters during degradation (e.g., temperature, pH, retention
time, presence of other toxic compounds, and their concentration (Misal et al.
2011)). Bioremediation has several advantages, as it is considered a safe process
which transforms contaminants to less toxic form and it is a cheap process when
compared with the other conventional methodologies (Silva et al. 2019). However,
bioremediation has shown some drawbacks, for instance, the incomplete transfor-
mation, limitation to biodegradable compounds, and the need to select different
microorganisms with specific features in order to exclude the use of genetically
modified microorganisms. Figure 1 represents the different mechanisms of bioreme-
diation process. Dixit et al. (2015) illustrated that microorganisms are extremely
helpful in dissolving metals and also in oxidation and reduction of transition metals.
Microbial cell membranes could be damaged by the contamination caused by some
organic solvents. However, the defense mechanisms are sometimes developed by the
cells via the formation of hydrophobic or solvent efflux pumps which play a role as
an outer cell-membrane-protective material (Dixit et al. 2015). In a study presented
by Ahemad (2014), authors found that systems like energy-dependent and plasmid-
encoded metal efflux systems such as chemiosmotic ion/proton pumps and ATPases
were resistible towards As, Cd, and Cr in many bacterial species.

3.1 Role of Microbes in Contaminant Removal

As mentioned earlier, bioremediation appears in different mechanisms involving
bioaccumulation, bioleaching, biosorption, biotransformation, and biomineraliza-
tion using microorganisms (Mary et al. 2018). Contrary, phytoremediation
techniques are dependent upon using plants and different plant parts for heavy
metal removal. Biosorption which is considered a very promising methodology as
it exerts a major role in removing heavy metals. Biosorption is an arising technology
which is mainly reversible and metabolism-independent, and it involves adsorption
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of contaminants on the cell surface of biological materials (Arivalagan et al. 2014).
Biosorption possesses several advantages such as low operational cost, simplicity,
high efficacy, as well as being an environment-friendly methodology (Karthik et al.
2017a). Nevertheless, when the concentration of these metals exceeds a certain level,
metals induce numerous biochemical, physiological, and genotoxic effects
(Emamverdian et al. 2015). Heavy metals highly influence the microbial
communities in two different ways: (1) inhibition of metabolic function and (2) mod-
ulation in genetic materials.

3.1.1 Bacterial Bioremediation
Microbial biomass serves as potential candidates for heavy metal uptake from
several polluted environments. Using microbial biomass in bioremediation can be
easily acquired as leftover products from fermentation industries (Dhanarani et al.
2016). Among these microorganisms, bacteria have particular and unique genetic
mechanisms which play an important role in mitigation of environmental pollution.
Pseudomonas sp. and Bacillus sp. are among the mostly employed bacterial strains
which are extensively used for bioremediation of heavy metals from soil and waste
water. This might be attributed to the high metal binding affinities (Bachate et al.
2013). Huang and Liu (2013) and Abdi and Kazemi (2015) attributed the presence of
functional groups in bacterial cell walls like hydroxyl, carboxyl, sulfonate, amide,
and phosphonate groups to be mainly responsible for the metal uptake from aqueous
solutions. Several studies highlighted that heavy metal bioremediation arises from
the self-defense mechanism of bacterial cells. Generally, metal ions bind to the
aforementioned reactive groups that exist on bacterial cell wall and then is followed
by internalization of metal ions into the bacterial cell (Abbas et al. 2014). Usually,
more heavy metals are uptaken by Gram-positive bacteria than Gram-negative
bacteria owing to the presence of glycoproteins. Contrary, metal uptake by Gram-
negative bacteria is less than Gram-positive species due to the presence of
phospholipids and lipopolysaccharides (LPS) (Das et al. 2008). Removal of arsenic
has been reported by different bacterial strains such as Kocuria sp. (Banerjee et al.
2011), Bacillus sp. (Majumder et al. 2013), and Bacillus sp. KM02 (Dey et al. 2016),
while cadmium was reported to be removed by Stenotrophomonas maltophilia
(Congeevaram et al. 2007), Pseudomonas putida mt2 (Shamim et al. 2014), and
Cupriavidus metallidurans CH34 (Shamim et al. 2014). Bacillus licheniformis
(Congeevaram et al. 2007), Staphylococcus saprophyticus (Jencarova and
Luptakova 2012), and Pseudomonas aeruginosa (Babák et al. 2013) were reported
to have the potential to remove chromium. Cobalt was reported to be removed by
Rhodopseudomonas palustris (Gao et al. 2017). Bacillus licheniformis (Samarth
et al. 2012), Geobacillus thermodenitrificans (Karakagh et al. 2012), Bacillus
cereus, and Pseudomonas aeruginosa (Babák et al. 2013) had the capability to
remove copper from contaminate sites.
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3.1.2 Fungal Bioremediation (Mycoremediation)
Fungi are referred to as “mikes” in Greek. They are eukaryotic microorganisms and
involve molds (fungi), yeasts, and mushrooms. Fungi are chemoheterotrophic
organisms, and they are either parasitic or saprophytic. Most fungi are multicellular
organisms, however; unicellular fungi are referred to as yeasts. The kingdom Fungi
comprises phyla Chytridiomycota (the chytrids), Zygomycota (the conjugated fungi),
Ascomycota (the sac fungi), Basidiomycota (the club fungi), Deuteromycota (the
imperfect fungi), and Glomeromycota. This classification is based upon their mode
of sexual reproduction and their molecular data (Silva et al. 2019). Fungi possess an
efficient capability to transform a broad range of hazardous compounds to less toxic
forms via non-specific intra- and extra-cellular oxidative enzymes (Morel et al. 2013;
Durairaj et al. 2015). Fungal mycelia help the fungal strains to withstand sudden
changes in pH humidity and play an important role in degrading complex organic
compounds (Anastasi et al. 2013). Filamentous fungi are prevalent microorganisms.
They can be observed in all types of ecological niches as they have the potential to
cope their metabolism with variable carbon and nitrogen sources (Saratale et al.
2007). It is well-known that fungi possess a high tolerance and ability to detoxify
heavy metal-contaminated effluents. Fungal cell wall is made up of chitin and other
polysaccharides as well as proteins, polyphosphates, lipids, and inorganic ions
which altogether cement the fungal cell wall. Because fungal biomass can be easily
cultured in large scales, they can serve as good sorption materials (Congeevaram
et al. 2007). Furthermore, fungal biomass is readily available and inexpensive.
Thatoi et al. (2014) illustrated different mechanisms which might be involved in
fungal detoxification of heavy metal-contaminated environments such as valence
transformation, intra- and extra-cellular precipitations in addition to active uptake.
Raja et al. (2015) referred that the high content of carboxyl groups in guluronic and
mannuronic acids of the cell wall polysaccharides boosts heavy metal biosorption.
Mamisahebei et al. (2007) showed that Penicillium chrysogenum was capable of
removing arsenic. Aspergillus niger, Aspergillus cristatus, and Hydrilla verticillata
were reported to have the potential to remove cadmium mercury, arsenic as shown
by Bunluesin et al. (2007), Martínez-Juárez et al. (2012), and Acosta Rodríguez et al.
(2013). Additionally, chromium was reported to be bioremediated by Trichoderma
viride (Javaid and Bajwa 2007) and Penicillium canescens (Sethi et al. 2010).
Furthermore, copper was demonstrated to be removed by Pleurotus ostreatus
(Shipra et al. 2012) and Aspergillus lentulus (Sutherland and Venkobachar 2010).

3.1.3 Algal Bioremediation
Algae are photosynthetic organisms which are capable of transforming sunlight into
biochemical energy (Mary et al. 2018). Algae are classified into micro- and macro-
algae on the basis of size. Microalgae are unicellular, microscopic photosynthetic
species, while macroalgae are multicellular organisms (Kathiraven et al. 2015).
Algae are capable of thriving in all types of aquatic habitats including fresh and
marine water and in moist soils. Algae have not been very well documented as
biosorbents like fungi and bacteria. Bioaccumulation by algae is supported by
various metabolic processes (Zeraatkar et al. 2016). Marine algae contain high
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quantities of biopolymers that have the potential to bind with heavy metals. Red and
brown algae are among the most promising seaweeds which can be employed for
biosorption (Flores-Chaparro et al. 2017). The high affinity of algal cell walls
towards metal ions occurs due to the presence of certain polysaccharides. Algal
cell wall is composed of different polysaccharides which possess functional groups
such as carboxyl and amino groups that could serve as a platform to coordinate
bonds along with metal ions. Proteins constitute approximately 10–70% and
37–50% in green and red algae, respectively (Mary et al. 2018). Kumar and
Oommen (2012) demonstrated the capability of Spirogyra hyaline to remove arse-
nic. Pithophora spp. had the potential to remove chromium as proved by Subhashini
et al. (2011). Subhashini et al. (2011) demonstrated the ability of Sargassum sp. to
remove copper.

3.2 Factors Affecting Process of Bioremediation

Bioremediation represents a complex biological process in which microbes are
capable of reducing heavy metals via the release of organic and inorganic acids
(e.g., sulfuric and citric acids) and production of complexing agents (e.g., cyanide)
(Gadd 2010). Several biotic and abiotic factors are involved in microbial bioremedi-
ation (Govarthanan et al. 2016). It is essential to determine and optimize such factors
in order to reach the best conditions to assure the best removal of contaminants
(Karthik et al. 2017b). Factors affecting the efficacy of microbial bioremediation are
categorized into two main groups including (i) biotic and (ii) abiotic factors (i.e.,
physicochemical and climatic conditions).

3.2.1 Biotic Factors
Biotic factors exert a major influence upon the efficacy of microbial bioremediation
via the changes in cell composition, size, and the production of extracellular
by-products. The biomass concentration is one of the important biological factors
for microbial bioremediation (Gokhale et al. 2008; Finocchio et al. 2010). According
to Park and Choi (2001), low biomass concentrations increased the efficacy of metal
removal. When the biomass concentration reaches the optimum level, heavy metals
become adsorbed to the biomass surface and diffuse into the intracellular matrix
through the concentration gradient of the metal (Mary et al. 2018). Contrary, high
concentration of microbial biomass restrains the interaction between the heavy
metals and the binding sites of microbial surfaces (Abbas et al. 2014). Another
important biotic factor is the electrostatic interaction between cells (Ballester et al.
2007).

3.2.2 Abiotic Factors
Same as the biotic factors, the abiotic factors also affect the efficiency of heavy metal
bioremediation efficiency by microorganisms. The various abiotic factors include
the physicochemical parameters (e.g., temperature, pH, metal ion concentration, O2,
redox potential (Eh), nutrient, and organic carbon) and climatic conditions.
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Bioremediation of heavy metals is highly influenced by the temperature of the
reaction medium via affecting the physicochemical state of the targeted pollutant
and through its effect on the metabolic activities of microorganisms. Thomson et al.
(2017) demonstrated that the increase in temperature increases the metabolic activity
of microorganisms till reaching the optimum temperature. However, further incre-
ment in temperature can lessen microbial metabolic activities via enzyme denatur-
ation which makes the microorganism less active or being dead eventually. In
addition, further increases in temperature may result in modifications in ribosomal
conformations, and thus, protein synthesis is reduced (Mary et al. 2018). Contrary,
when temperature is lower than that of the optimum standard one, fluidity of
membranes becomes highly affected, and consequently functions of the transport
systems become inhibited (Barria et al. 2013). Generally, the optimum temperature
for in situ bioremediation process is approximately between 20 and 40�C. Another
important factor which affects bioremediation is pH. It exerts a major influence upon
microbial growth, enzymatic activities, and chemistry of metal complexation in
addition to affecting the behavior of microbial cell surface functional groups
(Gupta and Rastogi 2008). Bioremediation mainly takes place enzymatically, i.e.,
the unfavorable pH will directly affect enzyme ionization, which in turn will affect
the efficiency of metal remediation.

3.3 Enzymes Involved in Microbial Bioremediation

The efficiency of biological entities to remediate heavy metals and other pollutants is
enormously dependent upon their enzymatic system. Enzymes help to neutralize
such contaminants to non-toxic counterparts (Karigar and Rao 2011). Table 1
reviews the major enzymes involved in the bioremediation process.

4 Nanobioremediation (NBR)

One of the interesting fields of science that have witnessed extensive research within
the past few years is the science of nanotechnology. Nanotechnology is the result of
the intersection of several science branches (Baker 2012). Nanotechnology is the
science which deals with the manipulation and engineering of functional materials at
different scales, i.e., atomic, molecular, and supramolecular scales, where significant
upgrade in their properties is evident when compared to their bulk counterparts. The
origin of nanotechnology was first postulated by the physicist Professor Richard
Feynman in 1959 (El-Gendy and Omran 2019) via his historic lecture at the
California Institute of Technology, titled with “there is a plenty of room at the
bottom.” In this lecture, he illustrated the capability of building up objects from
the bottom-up approach (Feynman 1960). Later on, the term nanotechnology was
firstly presented by the Japanese professor Norio Taniguchi in Tokyo Science
University (Taniguchi et al. 1974). However, this important suggestion has drawn
attention in the mid-1980s, when the American scientist Eric Drexler published a
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book, namely, “engines of creation” in 1986. In this book, he illustrated the
potentiality of nanotechnology. Nanomaterials possess a plenty of unique features
that are superior when compared with their bulk counterparts. These outstanding
characteristics are originated from their high surface area to volume ratio. Nanotech-
nology offers a number of potential environmental applications involving treatment,
remediation, sensing, detection, pollution reduction and prevention.

Products of nanotechnology are categorized into four generations as were
identified by the US National Nanotechnology (Rao et al. 2007). The first generation
arose since 2001, and this generation involved passive nanostructures like nanopar-
ticle dispersions and nanostructured coatings. During this period the main focus was
spotted upon the fabrication and control of processes dealing with the manufacturing
of nanoscale particles. Second generation took place in 2005 and involved the
development in active nanostructures and were successfully used in transistors,
amplifiers, and drugs. It also witnessed the manufacture of novel devices and
nanobiosensors. The third generation in 2010 included nanosystems with three
dimensions and involved major advances in the assembling techniques for the
fabrication of heterogeneous nanostructures as well as supramolecular engineering
systems. Lately, the fourth generation has arisen since 2015 which involved hetero-
geneous molecular nanosystems containing molecules with specific structure and
different roles to play.

Lately, human life has witnessed a major surge in nanotechnology and
nanobiotechnology disciplines. Nanomaterials have been employed in different
applications including water treatment, biosensing, catalysis, agriculture, and pollut-
ant degradation. These advancements encouraged scientists working on bioremedi-
ation to integrate nanotechnology with bioremediation to upgrade the efficiency of
bioremediation (Mukherjee et al. 2017). Hence, a new term arose due to the
combination of both nanotechnology and bioremediation and was referred to as
“nanobioremediation”. Nanobioremediation endorses the involvement of
nanoparticles for remediation of toxic pollutants. Generally, it has been found that
microbial bioremediation was not effective for high metal concentrations, as these
high concentrations were found to be lethal to the remediating organisms (Rizwan
et al. 2014). Nanobioremediation refers to the removal of environmental pollutants/
contaminants such as heavy metals and organic and inorganic compounds from
contaminated sites using nanomaterials. This discipline combines the basics of
bioremediation, nanotechnology and nanobiotechnology. Nanobiotechnology
represents the fusion point between the disciplines of biotechnology and nanotech-
nology (El-Gendy and Omran 2019). Nanoparticles (NPs) can be employed for the
remediation of water and soil polluted with heavy metals and organic and inorganic
contaminants (Yadav et al. 2017). Ghormade et al. (2011) reported that zerovalent
iron NPs had the potential to degrade organic contaminants such as atrazine,
molinate, and chlorpyrifos.
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4.1 Remediation of Contaminated Sites Using Nanomaterials

Nanomaterials (NMs) refer to materials that have a dimension of 100 nm or less
(Omran et al. 2018). A nanometer (nm) is a billion part of meter, i.e., 10�9 m.
Presence of a large proportion of atoms around the NPs surface helps in facilitating a
high number of adsorption reactions with the contaminants. This unique feature
candidates NPs as they are being more reactive than materials in the macro-scale
(El-Gendy and Omran 2019). NMs can be categorized into naturally occurring,
accidentally, or NMs manufactured in laboratories. Among the naturally occurring
NMs, clay, organic matter, and iron oxide and all of them are considered as parts of
the soil composition. The accidental NMs are those particles released/generated via
air emissions, wastes (e.g., solid or liquid wastes) produced from facilities
manufacturing nanoscale materials, weathering, fuel burning, and agricultural pro-
cesses (Thomé and Reddy 2015). The manufactured NMs are generally produced via
either a top to bottom (top-down) approach in which bulk materials are converted
into smaller particles. The other approach is the bottom to top (bottom-up), where
smaller building blocks like atoms and molecules fit together and become self-
assembled to produce NPs (El-Gendy and Omran 2019). NMs differ according to
the physicochemical composition, and they may be either organic or inorganic.
Organic NMs are made up of carbon atoms and exist in the form of ellipsoids,
spheres, or hollow tubes. Hollow spheres and ellipsoids are referred to as
“fullerenes,” while the hollow tubes are known as “nanotubes,” and they are either
single or multiple walls. On the other hand, inorganic NMs are classified into
quantum dots, metal, and metal oxide. Quantum dots (QDs) are composed of two
chemical elements with a size of 10 nm (e.g., CdS, CdSe, and CdTe). Metal oxides in
the nanoscale appear in the form of oxides of metals (zinc oxide, iron oxide, etc.).
Metal NPs include metals in pure form such as nanogold, nanosilver, and nanoiron
(O’Carroll et al. 2013).

Nanoscale zerovalent metals such as iron, palladium, and nickel have been
reported by several authors to have the ability to decontaminate sites from different
types of toxic pollutants, for instance, chromium and arsenic as well as
dehalogenation of persistent lethal organic compounds (Murugesan et al. 2011;
Tosco et al. 2014; Thomé and Reddy 2015). Thomé and Reddy (2015) assumed
that different features of NPs such as morphology, particle size distribution, specific
surface area, surface charge, and crystallographic characterization help to determine
the behavior of the used NPs (Fig. 2).

4.1.1 Zerovalent Iron Nanoparticles (ZVI NPs)
In the 1990s, water decontamination using nanomaterials started to begin and
continued to arise during the following years (Thomé and Reddy 2015). The
potential ouse of ZVI NPs in permeable reactive barriers (PRB) for water decontam-
ination was first introduced by Gillham and co-colleagues in 1994 (Gillham et al.
1994). ZVI NPs have been applied for the remediation of lethal organic pollutants
such as tetrachloroethylene (TCE) and polyvinyl biphenyls (PCBs). ZVI NPs have
been found to be a rapid and an efficient alternative to degrade these contaminants
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(Fernanda et al. 2017). Moreover, ZVI NPs are characterized by their safety as well
as low cost of production. Recently, the applications of ZVI NPs have been
increased remarkably, becoming one of the most used nanomaterials in-situ for the
remediation of contaminated regions with hazardous substances. The first trial for
using ZVI NPs was by using it as a filling material in permeable reactive barriers
(PRB) (Zanetti and Fiore 2005). Several reports showed the potential of ZVI NPs as
reducing agents to remediate sites contaminated with halogenated, polychlorinated
biphenyls, pesticides, herbicides, aromatic polycyclic hydrocarbons, and metals
(Ponder and Darab 2000; Waite 2004; Berge and Ramsburg 2010). ZVI NPs have
been proposed as one of the most commonly used nanomaterials in Europe and in the
United States for remediation of groundwater and soil and recently in waste water
remediation (Fu et al. 2014), in addition to enhancement of anaerobic digestion
processes (Carpenter et al. 2015).

Uranium (U) is one of the most common contaminants existing in soil and
groundwater. It is usually found in sites near uranium mining and processing,
nuclear power plants, weapon-related production and disposal, and agriculture
sites (Schnug and Lottermoser 2013; Sheng et al. 2014). Moreover, high
concentrations of uranium have been found in drinking water (i.e., wells) (Stoliker
et al. 2013). Release of uranium into the environment can enter into the food chain
and can be ingested by humans and, consequently, cause kidney or liver damage
(Ilaiyaraja et al. 2013). Uranium is usually found in two major states within the
natural environment: U (VI) (high chemical toxicity and mobility) and U(IV) (less
soluble form with low chemical toxicity) (Chen et al. 2017). Cantrell et al. (1995)
introduced a study which postulated that ZVI NPs were found to be very promising
nanomaterials to remediate sites polluted with U(VI) as being an inexpensive
remediating material (Liang et al. 2013). ZVI NPs reduce hexavalent Uranium U
(VI) through different mechanisms including reductive precipitation of U(IV) oxide
(UO2). As a consequence, electron transfer reactions between Fe (0)/Fe(II) and U
(VI) take place at the material’s surface (Huang et al. 2012).

However, some challenges face the employment of ZVI NPs in nanoremediation.
Among these problems are reactivity, mobility, and in situ transport processes
(Tosco et al. 2014). Fernanda et al. (2017) postulated that when NPs are applied in
situ, they tend to have a clustering affinity and, hence, become deposited in soil
particles, making it hard to diffuse through the soil pores towards the targeted
contaminated zones. Several studies suggested the use of inert organic polymers as
an effective methodology to create stabilized NPs such as sodium carboxymethyl
cellulose (CMC), guar gum, and lactate, among others (Wei et al. 2010;
Jiemvarangkul et al. 2011). These polymers cover the NPs, creating an electronically
negative film which enhances the aversion of particles with each other and with the
target soil particles, therefore decreasing the agglomeration process and hence
increasing the mobility of NPs in soil. Several reports and studies have been
introduced to illustrate the toxicity of ZVI NPs towards microorganisms (Diao and
Yao 2009; Kirschling et al. 2010; Ševců et al. 2017). These studies illustrated that
ZVI NPs exerted a high potential toxicity when used with no stabilizers. However,
the behavior of ZVI NPs is extremely preferred in remediation (Tosco et al. 2014). It
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was observed that using ZVI NPs with organic stabilizers aids in enhancing the
bioremediation process. The stabilizer acts as biostimulants.

4.1.2 Metal-Based Nano-adsorbents (Metal and Metal Oxide NPs)
and Photocatalytic NMs

Several metallic NPs such as mercury, copper, chromium, nickel, arsenic, cadmium,
lead, have been extensively investigated for their potential to remove heavy metals
(Khan et al. 2016b). Photocatalysis is considered a very promising oxidation process
which plays a major role in the deterioration of organic contaminants in an efficient
way. Photocatalysis is an innovative advanced oxidation process (AOP) that can be
employed to mitigate microbial pathogens as well (Kumar and Packirisamy 2016).
Yet, this process suffers from certain obstacles, among which, slow kinetic reactions
and the photocatalytic activity is diminished by time (Qu et al. 2013). Zinc oxide
(ZnO), titanium dioxide (TiO), tungsten oxide (WO3), and cadmium sulfide (CdS)
are among the most common photocatalytic NMs (Nakata and Fujishima 2012).
These photocatalytic NMs are cost-effective, readily available, and almost
non-toxic.

4.1.3 Nanobiomaterials for Remediation of Heavy Metals
and Other Contaminants

Mahmoud and co-authors performed a study in which heat-inactivated Aspergillus
ustus and silicon dioxide nanopowder combined together for the biosorption of Cd
(II) from aqueous solutions using batch equilibrium technique (Mahmoud et al.
2011). Scanning electron microscope (SEM) and Fourier-transform infrared spec-
troscopy (FTIR) were performed to examine immobilization of fungal cells on
silicon dioxide-nanopowder. Cadmium biosorption was affected by different
parameters including pH, reaction time, initial metal concentration, and sorbent
dosage. Silicon dioxide nanopowders combined with heat-inactivated Aspergillus
ustus exhibited a maximum sorption cadmium capacity. In as study performed by
Ahmed et al. (2014), gold nanoparticles (AuNPs) were biologically fabricated using
aqueous leaf extract of Salicornia brachiate. The biogenic AuNPs were evaluated
for their catalytic potential to reduce methylene blue and nitrophenol. Ultraviolet-
visible (UV/Vis) spectrophotometer was employed to track the bioreduction of
4-nitrophenol (4-NP) into 4-aminophenol (4-AP). Change in color took place from
yellowish green to colorless. Additionally, the green synthesized AuNPs had the
potential to reduce methylene blue into leucomethylene blue in presence of sodium
borohydride (NaBH4). The characteristic methylene blue color diminished. Water
extract of Dimocarpus longan was used for the biological fabrication of silver
nanoparticles (AgNPs) as reported by Khan et al. (2016a). The prepared AgNPs
were assessed for its photocatalytic degradation potential of methylene blue and
reduction of 4-nitrophenol (4-NP). Results showed that the prepared AgNPs
exhibited a strong chemo catalytic activity. Nasrollahzadeh et al. (2014) introduced
a study in which copper nanoparticles (CuNPs) were biologically fabricated via the
hot water leaf extract of Euphorbia esula. The synthesized CuNPs exerted a green
catalytic effect regarding the degradation of 4-NP. Lingamdinne and co-workers
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managed to synthesize magnetic inverse spinel iron oxide nanoparticles (MISFNPs)
through a biogenic route (Lingamdinne et al. 2017). The seed extract of Cnidium
monnieri (L.) Cuss (CLC) was investigated for the biosynthesis of MISFNPs. The
synthesized MISFNPs were characterized via PXRD, FTIR, SEM-EDX, SEM,
Brunauer-Emmett-Teller (BET), atomic force microscope (AFM), and X-ray photo-
electron spectroscopy (XPS). The biogenic MISFNPs exhibited the potential to
remove Pb (II) and Cr (III) from aqueous solutions. Batch adsorption experiments
showed that Pb (II) and Cr (III) followed pseudo second order type of kinetics during
adsorption onto the surface of MISFNPs. Further, authors suggested that adsorption
of both Pb (II) and Cr(III) on MISFNPs was an endothermic process. Additionally,
MISFNPs did not lose its stability during removal of the tested heavy metals.

Psidium guajava leaf extract was used to biologically synthesize copper oxide
nanoparticles (CuO NPs) as a simple, eco-friendly, and low-cost synthesis procedure
(Singh et al. 2019). The leaf extract acted as a reducing and a capping agent for
synthesizing CuO NPs. The resultant data showed that the biologically fabricated
CuO NPs exhibited an excellent degradation efficiency towards two commonly used
industrial dyes, e.g., Nile blue (NB) (93% removal within 120 min) and Reactive
Yellow 160 (RY160) (81% removal within 120 min). Interestingly, authors assumed
that Psidium guajava-derived CuO NPs were reusable for the photocatalytic dye
degradation after five successive cycles. Usman et al. (2019) demonstrated the
biological fabrication of CuNPs using the extract of Ficus carica. The prepared
CuNPs were used in treating water polluted with lethal organic dye, e.g., Alizarin
Yellow R (AYR). The size of the prepared CuNPs was approximately 61 nm.
Degradation of AYR dye reached a high rate of 89.71% within 36 h. Authors studied
the different parameters that would affect the degradation process including pH,
catalyst concentration, reaction time, and temperature. It was observed that solution
pH greatly affected the degradation efficiency. The more acidic, the better the
degradation kinetics. Additionally, increase in temperature accelerated the reaction
rate because of the endothermic nature of the degradation reaction. The degradation
rate was also influenced by the concentration of the tested CuNPs. A high rate of
degradation was attained by increasing the concentration of CuNPs. Rafique et al.
(2020) demonstrated an environmentally friendly and a green route for the synthesis
of CuO NPs using the leaf extract of Citrofortunella microcarpa. UV/Vis spectros-
copy, XRD, SEM, and FTIR were employed to study the optical, structural, and
morphological features of the prepared CuO NPs. EDX and SEM affirmed the high
purity of the spherical shaped CuO-NPs with a size of 54–68 nm. UV/Vis spectros-
copy revealed the characteristic surface plasmon resonance (SPR) peak at
270–300 nm. The prepared CuO NPs displayed a high potential to degrade rhoda-
mine B (RhB) dye in polluted water.

Chatterjee et al. (2020) conducted a study in which superparamagnetic 20–40 nm
sized iron oxide nanoparticles (IONPs) (Fe3O4) of 20–40 were successfully prepared
using Aspergillus niger BSC-1. The biogenic IONPs were investigated for their
potential to remove hexavalent chromium from aqueous solution. The
mycosynthesized IONPs were characterized via UV/Vis spectroscopy, attenuated
total reflectance (ATR-FTIR) spectroscopy, Raman spectroscopy, XRD,
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transmission electron microscopy (TEM) and field emission scanning electron
microscopy (FESEM), Zetasizer, and vibrating sample magnetometry (VSM).
Results revealed that removal of Cr (VI) was attained at 40�C, pH 3 and by using
2.5 g/L of IONPs. Leaf extract of Prosopis juliflora was used for the green synthesis
of AgNPs as reported by Malini et al. (2020). The biologically fabricated AgNPs
were successfully encapsulated with chitosan nanocapsules. The resultant
encapsulated product possessed antibacterial, photocatalytic, and adsorption
activities. The produced biosorbent (green synthesized AgNPs encapsulated in
chitosan nanocapsules) had a photocatalytic degradation efficiency of approximately
83% against rose Bengal dye. In addition, the prepared biosorbent managed to
absorb 81% of heavy metals (e.g., copper) from a contaminated solution.

4.1.4 Carbon-Based Nanoparticles
Carbon-based NMs include fullerenes, graphenes, and carbon nanotubes (CNTs).
There are two main types of CNTs, single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTs). Interestingly, SWCNTs possess a high
antimicrobial potential, while MWCNTs have both strong antimicrobial properties
and high adsorption potential for the removal of heavy metals (Kumar and
Packirisamy 2016). CNTs are extensively used in wastewater treatment for heavy
metal removal.

4.1.5 Magnetic Nanomaterials (MNMs)
Recently magnetic nanomaterials (MNMs) have attracted major attention because of
their distinctive features which make them applicable in different disciplines. MNMs
can be manipulated under the effect of an external magnetic field (Gómez-Pastora
et al. 2014). Water contaminated with organic and inorganic pollutants, heavy
metals, and dyes has become a severe problem due to their tremendously hazardous
impacts on humans and the surrounding ecological systems. Magnetic NPs (MNPs)
act as adsorbent materials which have been extensively employed in solving envi-
ronmental problems because of their distinctive physicochemical properties, which
make them preferable when compared with conventional adsorbents (Reddy et al.
2012). However, in order to guarantee the successful implementation of MNPs
during adsorption of contaminants, optimization of the MNPs during the recovery
stages and regeneration stages is required. Several synthetic methods have been
employed for the fabrication of superparamagnetic NPs over the past few decades
(Xu and Sun 2013). Generally, MNPs are made up of magnetic elements, like cobalt,
nickel, iron, and their oxides such as magnetite (Fe3O4), maghemite (γ-Fe2O3),
nickel ferrite (NiFe2O4), cobalt ferrite (CoFe2O4), etc. (Behrens and Appel 2016).
Commonly, MNPs are coated with organic layers such as surfactants and polymers
(e.g., dextran and polyethylene glycol) or inorganic components like metallic
elements (e.g., gold, silver or platinum), metal oxides (zinc oxide, cobalt oxide,
etc.), activated carbon, silica, etc. (Karimi et al. 2013; Xu and Sun 2013).
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5 Conclusion

Enormous amounts of hazardous pollutants/contaminants are increasing day by day
because of the increase in human activities and needs and as a consequence of
industrialization. Henceforth, the surrounding environment suffers from severe
pollution problem which in turn affects human health. These hazardous
contaminants include heavy metals, inorganic and organic contaminants, dyes, etc.
As a result, several research studies postulated different treatment technologies that
can be employed in order to get rid of these contaminants. Physical, chemical, and
biological methodologies are among the employed treatment technologies. Biore-
mediation has emerged as a relatively economical process, which proved its effi-
ciency as an effective tool to counter the side effects of pollutant spreading and to
render the release of toxic contaminants. Microorganisms like bacteria, yeast, fungi,
and algae are powerful candidates to remove toxic contaminants. Different
parameters affect the bioremediation process including biotic and abiotic factors
Bioremediation can be applied either in-situ (on-site contamination) or ex-situ in
which contamination is transferred away from its original site. Nanotechnology
plays a major role in developing new products which can substitute available
products, resulting in improved performance, prospective environmental protection,
and cost savings. Nanobioremediation arose as a potential remediation technology in
which nanomaterials have been used to remediate the effect of toxic contaminants.
Nanobioremediation provides an eco-friendly alternative for the conventional envi-
ronmental management technologies. Zerovalent iron nanoparticles, metal and metal
oxide nanoparticles, magnetic nanomaterials, nanobiomaterials, and carbon-based
nanomaterials have been used in remediation of heavy metals and other
contaminants.
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Wastewater Treatment Techniques: An
Introduction

Mukesh Meena, Priyankaraj Sonigra, Garima Yadav,
and Tansukh Barupal

Abstract

Currently, the world is facing water quality crisis resulting from land use changes,
industrialization, agricultural practices, sewerage, and poor wastewater manage-
ment practices. Wastewater comprises a combination of one or more of domestic
effluent, industrial effluent, agricultural runoff, and water from commercial
establishment and institution including hospitals. Untreated wastewater released
into the environment can cause health and environmental problem and can have
an economic impact. Wastewater treatment process is used worldwide for
removal of existing contamination before reuse or disposal into the environment.
In this article, various wastewater treatment techniques, basic fundamentals, and
their consequent pollutants removal are discussed briefly.

Keywords
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1 Introduction

Only 3% of the total water on earth is clean water, of which only 1% is accessible.
The major portion of the clean water present in the form of glaciers and snow;
therefore, there is always a higher demand for fresh and clean water (Gonçalves et al.
2017). Availability of water resources is becoming more and more scarce all around
the world because of the imbalance between freshwater availability and its consump-
tion; thus nowadays one of the major challenge for modern society is how to access
freshwater (Aslan and Kapdan 2006). Demand for the fresh waters keeps increasing
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day by day, and there are several reasons behind this. The major reasons are climatic
changes, industrial development, increasing water use per capita, and increased
migrating population to drought regions. On the other hand, the water quality is
also very important to us which is also threatened due to the release of wastewaters in
water bodies in large amount without going through any treatment processes which
are mainly produced by industrialization, agricultural and domestic practices, and
urbanization (Rawat et al. 2011; Gonçalves et al. 2017). Different industrial
activities such as mining, textile, oil industries, oil refining, storage, transportation
and different chemicals are used for the pesticides, fertilizers, and other products
manufacturing also produced unwanted by-products (waste material) (Yu et al.
2017; Crini and Lichtfouse 2019). Due to these types of wastewater discharge
activities, a large number of anthropogenic chemicals (Schwarzenbach et al.
2006), and pathogens entered into the urban and rural water bodies (Rizz et al.
2013). These reasons have been recognized as one of the major causes of water
pollution all around the world (Reemtsma et al. 2006; Seow et al. 2016).

The continuous disposal of wastewaters in water courses without proper treat-
ment can cause serious pollution problems and diseases. Eutrophication is a delete-
rious problem that comes from the disposal of untreated wastewater containing a
higher amount of organic matters, specially a higher amount of nitrogen (N) and
phosphorus (P) in water bodies. The organic matters lead to the overgrowth of
the aquatic plants (algal bloom), which cause increased biological oxygen
demand (BOD), low oxygen availability and result in loss of keystone species and
complete degradation of aquatic ecosystems. Wastewater also contains a large
number of xenobiotic compounds, toxic metals, and disease-causing pathogenic
microorganisms which can affect human health (Renuka et al. 2013; Ruiz et al.
2013). Another one is the textile industry wastewater which contains highly colored
synthetic dyes, which severely affects the aquatic plants. Dark-colored dye has an
impact on aquatic life such that low light penetration into the water, decreases
photosynthesis rate and decreases oxygen consumption which results in the death
of aquatic animals. It may also be toxic to certain types of aquatic life due to the
presence of metals and chlorine. So, this textile wastewater must be treated before its
discharge (Holkar et al. 2016). Furthermore, a large number of harmful gases are also
produced during the decomposition of the organic matters present in wastewater
(Topare et al. 2011; Seow et al. 2016); thus these problems clearly show the need of
an effective method for wastewater treatment before it enters into the water
resources, to save water quality, aquatic ecosystems and human health from harmful
effects.

During the past decades, different types of physical, chemical and biological
treatment methods have been reported for the wastewater treatment. Some com-
monly used methods are as follows: coagulation, flotation, flocculation, chemical
precipitation, ion exchange, oxidation, absorption, adsorption, reverse osmosis,
screening, membrane filtration, sedimentation, ultra-filtration, electrolysis,
phytoremediation, aerobic and anaerobic biological degradation, etc. All the
methods have its own performance characteristics and impacts on the environment
(Berefield et al. 1982; Liu and Liptak 2000; Harvey et al. 2002; Chen 2004; Forgacs
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et al. 2004; Crini and Badot 2007; Cox et al. 2007; Hai et al. 2007; Bhattacharjee
et al. 2007; El-Ashtoukhy et al. 2009; Kishimoto et al. 2010; Barakat 2011; Rathoure
and Dhatwalia 2016; Morin-Crini and Crini 2017; Seow et al. 2016; Crini and
Lichtfouse 2019).

The treatment methods which are used for wastewater treatment depend upon the
final use of the water such as drinking, recreation, irrigation, etc. Each technology is
different from the other not only in terms of cost but also in terms of efficiency,
feasibility, reliability, practicability, impact on the environment, sludge production,
requirements of pretreatment, formation of harmful by-products, and operation
difficulty. Normally, elimination of pollutants is processed by biological, chemical,
and physical means because not even a single method is able of appropriate
wastewater treatment; the only reason behind this is the complex nature of industrial
waste material. Table 1 shows different wastewater treatment techniques. These are
basically in three types: physical waste treatment, chemical waste treatment, and
biological waste treatment.

The legislation has become more aware in context to liquid industrial effluent,
especially in the developed countries (Crini and Lichtfouse 2019). Among all the
methods, biological wastewater treatment methods rely on the use of
microorganisms. Due to its unique abilities to degrade organic matters, in a simple
form, they remove nutrients (N, P) and neutralize or transform toxic compounds into
harmless products (Barupal et al. 2019). These qualities make them the essential
players in wastewater treatment. Biological methods can be further classified into
two methods on the basis of oxygen presence and absence. One is the aerobic
method; this method uses microbes for the treatment of the wastewater in the
presence of oxygen, while an anaerobic method uses microbes in the absence of
oxygen for treatment. Generally, the combination of aerobic and anaerobic treatment
is used in real practices, in which anaerobic process is used to treat wastewater of
chemical oxygen demand (COD), followed by the aerobic treatment to treat the
resulting wastewater of low COD (Wang et al. 2011; Holkar et al. 2016).

In the beginning, the main requirement was the only removal of organic matters
and suspended soils from the wastewater, but in present days there are additional

Table 1 Wastewater treatment techniques

Physical water treatment Chemical water treatment Biological water treatment

Screening pH regulation Aerobic treatment

Gravity separation Precipitation Anaerobic treatment

Dissolved air flotation Oxidation

Filtration Reduction

Adsorption Resin-based process

Desorption Disinfection

Membrane-based processes

Coagulation and flocculation

De-emulsification

Sterilization
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objectives as follows: removal of toxic metals, odors, nutrients (N, P), and pathogens
(Bitton 2005; Ferrera and Sanchez 2016). The biological methods have many
benefits such as eco-friendly, cost-effective, giving non-hazardous compound, less
sludge production, and low consumption of water (Holkar et al. 2016).

This article includes some important biological wastewater treatment techniques
and some chemical and physical techniques also. Table 2 showed different treatment
techniques, their basic purposes, and consequent pollutant(s) removal.

2 Chemical Methods

2.1 Chemical Oxidation

This is one of the newer treatment technology in which an oxidizing agent is
introduced in wastewater during treatment and electrons move from the electron
donor (oxidant) to an electron acceptor (pollutants). The most commonly used
chemical oxidants are O3, H2O2, ClO2, K2MnO4, K2FeO4, and so on. This leads to
the structural modification in pollutants and transforms them into the less harmful or
less toxic components (Zheng et al. 2013).

2.2 Chemical Precipitation

Chemical precipitation method is most commonly used for removal of toxic metals
that dissolved in wastewater. In this method, a precipitation reagent is mixed with
wastewater solution to convert the dissolved toxic metals into solid particles. A
chemical reaction initiated by the precipitation reagent causes the dissolved metals to
form solid particles. To remove the particles from the mixture, a filtration step can be
included. The efficiency of the process is depend upon the type of metal and
concentration present in wastewater, and also the type of precipitation reagent is
used for treatment. The most commonly used reagent for this treatment is calcium or
sodium hydroxide, to create solid metal hydroxides (Wang et al. 2005).

2.3 Ion Exchange

An ion exchange process is used to soften the hard water. When water is too hard, it
often leaves gray spots or residue. This process is similar to the reverse osmosis. The
most common ions which are responsible for water hardness are calcium and
magnesium (Clifford 1991). This treatment introduces dissolve sodium chloride
salts which give rise to positively charged sodium ions. Hard water ions such as
calcium and magnesium exchanged by sodium ions, and free sodium ions are simply
released in the water (Samer 2015).
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Table 2 Treatment techniques, basic purpose, and consequent pollutant(s) removal

Technique Basic purpose Pollutant(s) removed

1. Chemical techniques

pH regulation Neutralization, pH adjustment Adjustment of H+/OH�

concentration, precipitation of
heavy metal ions

Precipitation Dissolved inorganic substance removal Some inorganic cations and anions

Oxidation
and reduction

Specific dissolved substances removal Specific toxic substances and some
recalcitrant organic compounds

Resin-based
processes

Removal of some dissolved inorganic
and organic substances

Dissolved ionized substances and
non-biodegradable organic
substances

Disinfection Destruction of microorganisms Destruction of pathogenic
microorganisms

2. Physical techniques

Screening Large particulate removal Light and heavy particles of
inorganic and organic substances

Gravity
separation

Heavy particles, free oil, and grease
removal

Finer suspended particles, oil,
grease, and biological oxygen
demand (BOD)

Dissolved air
flotation

Both heavy and light particles, free oil,
and grease removal

Finer suspended particles, free oil,
grease, and BOD

Filtration Both heavy and light particles Suspended solid particles (organic
as well as inorganic) and BOD

Adsorption Volatile organic compounds (VOCs)
dissolved/suspended (non-particulate)
non-biodegradable organic substances,
color, and odor removal

Recalcitrant organic substances,
recoverable organic compounds,
color, and odor

Desorption Removal of ammonia, VOCs Free ammonia, VOCs

Membrane-
based
processes

Dissolved inorganic and organic
substances removal

Dissolved inorganic and organic
substances and BOD

Coagulation
and
flocculation

Colloidal particles removal Turbidity (due to suspended fine
solid particles) and BOD

De-
emulsification

Dispersed phase separation Turbidity (due to suspended fine
liquid droplets) and BOD

Sterilization Complete destruction of microorganisms Microorganisms

3. Biological techniques

Aerobic
treatment

Biodegradable dissolved and suspended
organic substances

Biodegradable organic, BOD,
some nitrogenous, and
phosphorous compounds

Anaerobic
treatment

Biodegradable dissolved and suspended
organic substances

Biodegradable organic, BOD,
some nitrogenous and
phosphorous compounds
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3 Physical Methods

3.1 Adsorption

Adsorption is a physical method where adsorbate that should be soluble particles of
wastewater is separated by attachment of the adsorbate to the surface of an adsorbent
(solid substrate with extremely high surface area). Examples of adsorbents involve
clay colloids, activated alumina, hydroxides, resins, and activated carbon. The
adsorbent should be activated before use. A broad range of organic materials can
be removed by adsorption, including detergents and toxic compounds (Samer 2015).
One of the most important characteristics of an adsorbent is the adsorption capacity
that can be calculated as follows:

Adsorption Capacity ¼ Adsorbate=Adsorbent

3.2 Emulsification (ELM)

Emulsion liquid membrane techniques have been getting acceptance over conven-
tional separation methods (Saki and Uzal 2018), since their invention by Li (1968),
who used this method for hydrometallurgical recovery of heavy metals. Emulsion
liquid membrane process is a straight way to remove chemical contaminants from
wastewater. Unlike, permeable and semi-permeable conventional membranes such
as reverse osmosis, ultrafiltration, and microfiltration methods, emulsion liquid
membrane techniques do not have constrains such as low efficiency, high operating
and maintenance costs related to large sludge quantities, sensitive and difficult
operating conditions, and elevated power consumption. Emulsion liquid membrane
technique has huge advantages, comprising high removal and recovery efficiency,
low operating and capital costs, less power consumption, a simple operating process,
concentration factors, simultaneous extraction and re-extraction (stripping), and high
fluxes. Apart from these advantages, ELM has higher extraction efficacy in the
removal and recovery of heavy metal ion from wastewater over conventional
methods (Goyal et al. 2011). Due to coalescence or swelling during the extraction
process, emulsion liquid membrane techniques also have limitations, such as emul-
sion stability and breakage/leakage of the membrane phase, and these can decrease
overall ELM efficiency.

3.3 De-emulsification

Although, the emulsion liquid membrane techniques have a number of advantages
over other physicochemical wastewater treatment methods. There are some issues
that need to be solved so that this technique would be applied in a practical way. The
most serious problem related to emulsion liquid membrane technique is the stability

166 M. Meena et al.



of the emulsion and partition of the two immiscible liquids (Alsabagh et al. 2016). A
membrane rupture can lead to a continuous loss in the internal phase due to the
breakdown of the emulsion (Djenouhat et al. 2008; Hussein et al. 2019).

3.4 Dissolved Air Flotation

Flotation is the result of pouring of fine bubbles into the water. These tiny air bubbles
became suspended in the water with the adhesion of oil particles. A scum layer is
made during flotation which became separated from the water because the floating
density of oil is less than that of water (Moosai and Dawe 2003). Recently, the most
frequently used flotation methods are dissolved air flotation and jet impeller flotation
(Yu et al. 2017).

3.5 Membrane-Based Processes

Forward osmosis (FO) is proving to be more advantageous over traditional mem-
brane techniques such as nanofiltration, reverse osmosis, and ultrafiltration. Forward
osmosis is another emerging technology for both wastewater treatment and desali-
nation. An FO process involves the movement of molecules of water from a
low-concentration solution (feed) to a high-concentration solution (draw) through
a semi-permeable membrane under an osmotic pressure gradient. Application of FO
technique is greatly reduces wastewater’s volume because of the relatively low
osmotic pressure difference results in extraction of clean water by osmotic pressure
(Yuan et al. 2015).

3.6 Coagulation and Flocculation

The coagulation-flocculation method is one of the frequently used methods for
the treatment of urban and industrial wastewater. Nowadays, the
coagulation�flocculation of water is carried out to reduce turbidity, natural organic
matter, as well as other soluble inorganic and organic pollutants in the wastewater
where this technique involves agglomeration of fine particles and colloids into larger
particles. This process contains two distinct phases. In the first phase, dispersed
coagulant is rapidly mixed into water/wastewater to be treated via violent agitation.
Later in the second phase of flocculation, small particles are agglomerated into well-
defined flocs via gentle agitation. Finally, the flocs are left to settle down and then
removed in the form of sludge, whereas the treated water/wastewater (supernatant) is
transported into subsequent treatment process or for release into a watercourse (Teh
et al. 2016).
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3.7 Aerobic Treatment

The biological removal of organic matters from settled wastewater is conducted by
microorganisms, mainly heterotrophic bacteria but also occasionally fungi. The
microorganisms are able to decompose the organic matters through two different
biological processes: biological oxidation and biosynthesis (Rudakova and Sakaeva
2019). The biological oxidation forms some end products, such as minerals, that
remain in the solution and are discharged with the effluent. The biosynthesis
transforms the colloidal and dissolved organic matter into new cells that form in
turn the dense biomass that can be then removed by sedimentation (Samer 2015).

Under the aerobic or anaerobic conditions, microorganisms such as bacteria
(aerobically or anaerobically), algae, and fungi (aerobically) utilize the organic
matters and reproduce energy for themselves. Fundamentally, the wastewater is
purifying by the bioconversion of dissolved organic matters into thick bacterial
biomass. Eventually, it becomes crucial to the removal of microbial biomass from
the treated wastewater through secondary sedimentation. This secondary sedimenta-
tion is generally similar to primary sedimentation except that the sludge contains
bacterial cells rather than fecal solids (Samer 2015). An aerobic treatment technique
is about 100 years old. It is a commonly used technique for the treatment of sewage
wastewater spread on land. The treatment technologies were evolved from trickling
filter treatment to “activated sludge” as the volume of sewage wastewater increased
(Derco and Vrana 2018). Currently, the use of particular microbiological consortium
in aerobic wastewater treatment has been increased as the technologies evolved to
decompose the waste of discrete characteristic to obtain desired results. Aerobic
treatment can be not only termed as economical in design but also having end
product substantial which is able to manage all kinds of wastewater with variable
composition and toxic pulses.

3.8 Activated Sludge Method

Traditional activated sludge process is widely adopted for treating low strength
wastewater like municipal wastewater, etc. In the activated sludge process, a thick
mixture of the bacterial population is suspended in the wastewater under aerobic
conditions. The bacterial population shows high growth rate and respiration activity
upon consumption of unlimited nutrients and oxygen-rich available organic matters
that results in the production of oxidized end products (e.g., CO2, NO

3�, SO4
2�, and

PO4
3�) and the biosynthesis of new microorganisms too. The activated sludge

method is based on five interdependent components; those are aeration, bioreactor,
mixing system, sedimentation tank, activated sludge, and returned sludge. The
biological process employing activated sludge is a frequently used method for
wastewater treatment, where the running costs are inexpensive (Samer 2015). This
process comprises autotrophic bacteria, heterotrophic bacteria, protozoa, and fungi
too. Apart from cultural techniques, molecular biological techniques such as
PCR-DGGE, FISH also assists in understanding microbial consortia in wastewater
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treatment systems (Liu et al. 2007). Approximately 20% of aerobic treatment
systems do not meet the desired discharge standards aerobic treatment can be
improved by using more diverse microbial communities (immobilized or free float-
ing organisms) with an increased in metabolic activity. Due to the poor settling
process, aerobic wastewater treatment produces relatively low density of sludge in
the reactor, which can be boosted by enabling the biomass to adhere to the carrier
like sand particles and operate in upflow fluidized bed. The excess amount of sludge
consists of a lot of moisture, and it’s also become tough to treat polluted water. Then
by-products of wastewater treatment are dewatered, dried, and finally burnt into
ashes that can be used in farm lands as compost fertilizer (Dhoble and Ahmed 2018).

4 Biological Techniques

4.1 Biological Filters

There are various types of biological filters, one of them is submerged aerated filters
that are commonly known as biological aerated filters (BAFs), and these are the
commonly executed design and the trickling filter. The BAFs execute either the
sunken granular media with upward or download flows or floating granular media
with upward flow. This is the most common design of biological aerated filters. The
prime systems of operation of biological filters are (a) single filtration and
(b) recirculation (Samer 2015).

4.2 Aerobic Granular Sludge Technology

Aerobic granular sludge (AGS) technique was employed primarily for anaerobic
systems during the 1980s. Aerobic granular sludge can be defined as a type of self-
immobilized microbial communities, comprising mainly of aerobic and facultative
bacteria. Aerobic granules have been cultured mostly in sequenced batch reactors
known as granulated sequenced batch reactor under hydraulic selection pressure.
Granulated sequenced batch reactor gives stability in the process, removal of toxins
and better quality effluents, and treatment of large organic loads than traditional
methods (Adav et al. 2008). Granulation is also greatly influenced by volume
exchange ratio and settling time (Dhoble and Ahmed 2018).

Aerobic granulation technology is a relatively new technique for the treatment of
wastewater that possesses a number of promising features. Aerobic granules are type
of microbial self-immobilization. However, AGS technology makes the use of
smaller reactors, but it has a high concentration of microorganisms and good settling
capability of granules in their structure. Granule development is considered as the
backbone of the technology, but it is the least explicated aspect. Currently, a four-
step granulation process has been put forwarded. It includes (1) initial cell to cell
attachment to initiate the process, (2) formation of micro aggregates by these self-
attached cells, (3) a large amount of extra-cellular polymeric substance (EPS)
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biosynthesized by the aggregated microorganisms, and (4) granule maturation in
response to the external hydrodynamic parameters applied by the reactor configura-
tion and operating situations (Jackson et al. 2001). The presence of slow-growing
bacteria and denitrification process by microbes promotes the aggregation and
formation of granules in the biomass (Caluwé et al. 2017). In the case of
biogranulation of fungi and filamentous bacteria, they can easily form mycelial
pellets. Those mycelial pellets can be retained in the reactor and also settle very
well. The pellets undergo a lysis process due to the oxygen starvation in the inner
part of the pellet after that they grow out to a diameter of 5 � 6 mm. Eventually, the
bacteria can grow out to colonies on these mycelial pellets since these pellets serve as
an immobilization matrix. Subsequently, the bacterial colonies growing on mycelial
pellets became capable to maintain themselves because now they were large enough
to settle, since the mycelial pellets fall apart due the process of tylosis which takes
place in the inner part of the pellets. These micro colonies further grow out to
become denser granular sludge, leading eventually to a bacterial dominated popula-
tion in the reactor as the granulation proceeds (Beun et al. 2002; Seow et al. 2016).

Energy-rich substrates such as glucose or fructose trigger the growth of filaments
which results in the formation of loosely structured granules. The size of granule is
correlated with organic load and too high load induces the disintegration of granules.
Aerobic microorganisms is inhabited at the outer layer of granule while facultative
and obligatory anaerobes develop in deeper layers of granules (Deliyanni et al.
2017). The interchanges between quorum sensing and quorum quenching surely
have a greater role in the process of granulation, because the cell surface of
microorganism has a negative charge. Thus, repulsions among similar charges
avert the cells from attaching to each other without the support of another mecha-
nism such as neutralization of the microbial cell surface charges by using divalent
cations like Ca2+, etc. It could be considered as a possible mechanism to enable
initial cell–cell attachment (Henze and Comeau 2008). The van der Waals force may
also help in this cell–cell attachment. Aeration is requisite for the development of
aerobic granules, but it decreases the phosphorus and nitrogen removal potential of
the technology. The elimination of emerging contaminants is one of the domains
where this technology might be predominant to the traditional activated-sludge
methods (Sarma et al. 2017).

Biogranulation can generate two types of granular sludge that is aerobic granular
sludge and anaerobic granular sludge. Both of them are developed in a precise
sequencing cycle of feeding, reacting, settling, and decanting under a single
sequencing batch reactor structure (Ibrahim et al. 2010). The granular sludge pro-
duced via biogranulation processes has an elevated level of biomass retention and
renewable and higher density of microorganisms with millions of bacteria cells per
gram of biomass (Liu et al. 2015). The aerobic granules manifest characteristics of
regular, nearly round in shape, compact, smooth, capability to cope with high
organic loading rate or shock loadings, tolerance to toxicity and simultaneous
COD, excellent settle capability, dense microbial structure, etc. (Seow et al. 2016).
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4.3 Aerobic Systems Using High Rate Bioreactors

The perfect combination of the treatment process is the key to the successful
management of municipal and industrial wastewater. The fusion of different aerobic
and anaerobic bioreactors has been employed to treat a wide range of industrial
wastewater containing pulp and paper industry wastewater, textile industry waste-
water, mixture of olive oil mill wastewater, food solid waste, pharmaceutical indus-
try wastewater, and primary municipal wastewater, starch industry wastewater, and
slaughter house wastewater (Ashrafi et al. 2015). The anaerobic–aerobic treatment is
an effective process to treat municipal and industrial wastewater.

4.4 Aerobic Fluidized Bed (AFB)

The particles are enveloped with biofilm fluidized by the recirculation of liquid.
Fluidized bed reactors are packed with mobile supports. Substrate diffusion
limitations are eliminated by them. It also eliminates nitrogen and organic carbon
from municipal wastewater. AFB is fabricated with a cylindrical fluidized bed with
four cylindrical fine bubble membrane diffusers that provide aeration. A pulverized
pumice-stone is also present as support material for microbes to attach. In spite of
variations in organic load transfers and short start-up time for the operation. AFB
provides good stability, although, AFB reactor manifests various advantages like
high organic loading rates (OLR), no bed clogging, excessive biomass concentra-
tion, large surface area for mass transfer, short hydraulic retention time (HRT), and
small external mass deliver resistance (Seow et al. 2016).

But on the other hand, there are some limitations like high-energy expenditure
due to the high liquid recirculation ratio, thickness of the biofilm, control of the bed
expansion, and oxygen distribution system which constrain their applicability on a
huge industrial scale (Rezaei et al. 2009).

4.5 Sequencing Batch Reactor (SBR)

The aerobic sequencing batch reactor (SBR) is an advanced version of the fill and
draw activated sludge system. It consists of one or more tanks; each of the tanks is
capable of solid separation and waste stabilization (Hasan et al. 2016). The SBR
process provides flexibility in the treatment of variable flows, good removal effi-
ciency, good oxygen availability to microorganisms and substrate, small floor space,
minimum operator interaction, and the option for aerobic or anaerobic conditions in
the same tank (Kim et al. 2008). These advantages make it an adequate process for
industrial, and municipal, wastewater treatment (Yu and Chao 2008).
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4.6 Anaerobic–Aerobic Fixed Film Bioreactor (FFB)

Anaerobic–aerobic fixed film bioreactor system immobilized cells on the surface
(fixed-film) of the media. Use of media to immobilization of cell provides various
advantages over culture suspension like less sensitivity to environmental variations
(pH, temperature, and toxic substances); greater changes in population; higher
growth rate; and faster consumption of the substrate in relation to free biomass.
This is assigned to the fixed cells that undergo physiological modification due to
either the increase in the concentration of nutrients and enzymes or the collective
effect of the extracellular polymeric matrix related to toxic substances; two fixed-
film bioreactors were integrated with both anaerobic and aerobic media, those
connected in series with the recirculation system. It gives some advantages such as
to treat wastewater that have high content of oil and grease (Del Pozo and Diez
2003), less sensitivity to environmental changes, and higher growth rate due to the
used of immobilized cells on the surface of the media (Czarnitzki et al. 2015).

4.7 Aerobic Membrane Bioreactors (MBR)

Aerobic membrane bioreactors are functions as a dual mechanism in which mem-
brane filtration occurs along with biodegradation processes. When water and small
solution molecules are allowed to pass through the membrane at the same time,
biomass, solid materials, pathogenic bacteria, and even macromolecules are retained
in the water so that a very high value effluent is obtained (Dhaouadi and Marrot
2008; Ueda and Horan 2000). Aqueous and particulate-based enzymes were retained
by the membrane in MBR which are otherwise lost at the sedimentation–clarification
step of the conventional methods. These enzymes are also able to enhance the
metabolic rate in the MBR which makes it an adequate choice to treat high-strength
synthetic wastewater. Aerobic membrane bioreactor provides various advantages
comprising the reduced sludge production, the high quality of the effluent, and the
separation of solid retention time (SRT) from HRT. While there are various
advantages, one of the major constraints in the application of aerobic membrane
bioreactor is the fouling of the membrane. Cross-flow filtration through the mem-
brane is being the most frequently used method to alleviate this problem (Chan et al.
2009).

4.8 Oxidation Ponds

Oxidation ponds are aerobic systems where the oxygen is provided by not only the
photosynthetic activity of algae but also transferred from the atmosphere by the
heterotrophic bacteria. The dark green ponds are building up to a depth of between
1.2 and 1.8 m to make sure of maximum penetration of sunlight. This dark green
color is due to dense algal development in the euphotic zone, which is often only a
few centimeters deep. In oxidation ponds, the bloom of algal biomass depends upon
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the sunlight for energy and the inorganic compounds (N, P, CO2) released by aerobic
bacteria. Further, this symbiotic cycle is completed by the consumption of oxygen by
bacteria that is produced by algal biomass. There are two well-defined zones that are
present in facultative ponds: upper and lower zones. Where bacterial (facultative)
activity and anaerobically degradation of sludge produced from the settle out of
suspension take place in the upper aerobic zone and the lower anaerobic zone,
respectively (Zheng et al. 2013; Samer 2015).

4.9 Aeration Lagoons

Aeration lagoons are deeper than oxidation ponds. Aeration in the aeration lagoons
is provided by aerators. Where the suspended biomass of microbial community is
retained by the aerators that also provide sufficient dissolved oxygen that enables
maximal aerobic activity. On the other hand, bubble aeration is commonly used to
provide aeration in aeration lagoons. A plastic tubing present at the base of the
lagoon pumped compressed air which results in the generation of bubbles to provide
aeration. A bacterial biomass blooms in large amount without causing sedimentation
and sludge return also. That is why this method is considered as suitable mixed
liquor formed in the lagoon. Hence, the aeration lagoons are counted more adequate
for degradable wastewater like wastewaters of food industries. Natural treatment
systems such as facultative ponds, lagoons and constructed wetland, and wastewater
stabilization ponds have long retention time and a low socioeconomic condition that
is why these methods are adapted by developing countries for treating municipal and
industrial wastewater (Samer 2015).

4.10 Anaerobic Wastewater Treatment

There is a different traditional treatment such as conventional aerobic activated
sludge which generates large residual by-products and also required high amounts
of energy. Currently, anaerobic technology is widely accepted as a wastewater
treatment strategy because it saves energy sources and also helps in the generation
of methanogenic biogas by effectively converting organic chemicals into methane
(CH4) gas. Therefore, wastewater is now recommended as a vital resource for energy
(Visvanathan and Abeynayaka 2012; Gude 2016). Wastewater treatment by anaero-
bic degradation follows a process, in which microbes break down biodegradable
waste material in the absence of oxygen. After degradation soluble organic
pollutants are used by microorganism, acidogenic bacteria play a role and convert
sugar and amino acids into carbon dioxide gas, ammonia, hydrogen, and organic
acid. In the next step, organic acid is converted into acetic acid. At the end,
methanogenic bacteria convert acetic acid into methane, carbon dioxide, and hydro-
gen (Alvarez and Illman 2005). This energy-rich methane or biogas can be used
further for boiler feed or combined heat and for the production of green electricity
and heat. Anaerobic treatment processes have been considered to be time-consuming
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and inefficient, as compared to aerobic degradation. However, it not only decreases
the COD and BOD in the wastewater but also produces renewable energy. More-
over, it includes some anaerobic bacteria which could break down some persistent
organic material present in wastewater, such as lignin and some other high molecular
weight compound which is not possible in the case of aerobic degradation. Gener-
ally, anaerobic treatment reactors are of two types. One is anaerobic-activated sludge
process which includes a conventional stirred anaerobic reactor, upflow anaerobic
sludge blanket reactor. The second one is anaerobic contact tank which includes
fluidized bed reactor, anaerobic rotating biological contactor, and anaerobic filter
reactor (Zheng et al. 2013).

4.11 Microbial Fuel Cells (MFCs)

Microbial fuel cells are devices in which bacterial cells worked as catalysts to
oxidize organic and inorganic matter and produce electricity. It consists of two
chambers: one is anodic and the other is cathodic chamber divided by a proton
exchange membrane (PEM). In this process, microbes and substrates are added to
the anodic chamber. Bacterial cells oxidized the substrate and produced electron and
protons. CO2 is produced as an oxidation product. MFCs oxidize added substrates
and generate electrons and protons in the process. Carbon dioxide is produced as an
oxidation product. This carbon dioxide is used in photosynthesis therefore here no
net carbon dioxide emission. The bacteria decompose organic matter on the anode
and produced free H+ ions and electrons. Electrons generated in this process are
transferred to the anode (�) and flow to the cathode (+). Both terminals are linked by
a resistor containing a conductive material. This flow of electron generates electricity
in the device (Hernández-Flores et al. 2015; Ramadan and Purwono 2017). The H+

ions flow to the cathode through the semi-permeable membrane. Near the anode a
high concentration of H+ ions is presently known as electrochemical gradient which
plays an important role in this process. These H+ ions and dissolved oxygen combine
with electrons that move from the cathode, to form pure water (Brown 2012).

Electrode reactions are shown below.

Anodic reaction:

CH3COO
� þ 2H2O ! CO2 þ 7Hþ þ 8e�

Cathodic reaction:

O2 þ 4e�þ4Hþ ! 2H2O

The energy or electricity is a by-product of this overall reaction (Rahimnejad et al.
2015). Single compartment, continuous flow, and membrane-less MFCs are pre-
ferred in wastewater treatment (He et al. 2005; Moon et al. 2005; Do et al. 2018).
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4.12 Rotating Biological Contactors

The rotating biological contactor (RBC) system can be used as equipment or tool to
modify and improve the available treatment method used for the secondary or
tertiary treatment processes. The RBC is successfully used for biological treatment
in three steps such as reduction of biological oxygen, nitrification, and denitrifica-
tion. It contains a fixed-biofilm of anaerobic microbes which help to remove
carbonaceous and nitrogenous compounds from wastewater. It was designed to
remove ammonia nitrogen (NH3-N) and BOD or both, from wastewater
(Patwardhan 2003). The RBC consists of a cover, bearings, drive, shaft, and
media. Its hardware consists of a closely spaced circular plastic media which is
present on a horizontal shaft and supported by bearings, and for its slow rotation,
an electric motor is attached. The media are made up of corrugated polyethylene or
polystyrene material with different densities, dimensions, and designs. The designs
of the model are based on increasing surface area and stability, allowing a windy
wastewater flow path and inducing air turbulence (Samer 2015).

4.13 Anaerobic Contact Process Reactor

Anaerobic contact process reactor can also be considered as an anaerobic activated
sludge because the sludge is recycled from a separator to the reactor. In this process,
waste material contains a mixture of gas, liquid, solid. The presence of gas may
cause floating sludge in the clarifier or separator, therefore, this system required a
vacuum degasifier to separate the gas and avoid floating sludge production. A set of
reactors are created in series with recycling. The recycled material is poured into the
bottom of the first reactor, an upflow reactor. It is a large reactor which facilitates the
material to flow up from the bottom and separates the materials into three zones. The
first zone is covered by the biogas. The lower zone occupied by bacterial digested
matter and the mid-zone is a clarifier zone and helps to exports the stabilized waste
(Nähle 1991).

4.14 Anaerobic Biofilter

Anaerobic biofilter is also called anaerobic fixed film reactors. It is a type of highly
efficient anaerobic treatment equipment which is developed in the 1960s. In these
reactors, anaerobic bacteria are provided by support materials to give the surface for
their growth and to reduce turbulence to retain unattached populations in the system.
These bacteria degrade organic matter present in wastewater and generate methane
gas; it will be released from the top of the pool (Kassab et al. 2010). Microorganisms
grow on the filler and reduce the speed of run of the degraders. These features could
increase the efficiency of the treatment and the water quality. The drawback of
this system could be blocked when it deal with higher concentration organic
containing wastewater, particularly in the water inlet parts (Zheng et al. 2013).
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4.15 Upflow Anaerobic Sludge Blanket Reactor (UASB)

The system was developed in the 1970s. In this system no carrier is present, and
wastewater moves upward through a blanket of anaerobic granular sludge suspended
in the UASB. Mixing of wastewater and sludge is achieved by the production of
methane gas within the blanket and by hydraulic flow too (Bal and Dhagat 2001),
and the three phase separators such as gas, liquid, and sludge biomass could inhibit
the biomass loss of the sludge by the water discharge and gas emission. There are
many advantages provided by this system, such as high concentration of naturally
immobilized bacteria with excellent capacity to remove the organic pollutants from
wastewater, high concentrations of biomass availability without support materials,
and reduced cost of construction (Samer 2015).

4.16 Fluidized Bed Reactor (FBR)

This reactor contains a sand bed on which the complete biomass is grown. Because
the sand particles are small in size, therefore, a large biomass can be developed in a
reactor with small volume. For the growth of healthy biomass sand bed must be wet
(Seow et al. 2016). A fluid may be gas or liquid form is passed through the spherical
shaped beds solid material with high velocities. After this process, the solid material
becomes wet and looks like fluid. Thus process is known as fluidization which gives
many important advantages to the FBR (Samer 2015).

4.17 Anaerobic Lagoons

Anaerobic lagoons are often used to treat animal wastes and industrial wastes. In this
method, anaerobic condition is created in the deep lagoon by restricting oxygen. This
process occurs in the deep ground ponds, and such basins are applied for anaerobic
pretreatment (Pal 2017). These lagoons are not aerated, heated, or mixed. The depth
of a typical lagoon should be deeper than 2.5 m, because extra deeper lagoons are
more efficient in wastewater treatment. Such depths do not allow the oxygen
diffused from the environment into the lagoon, creating the anaerobic conditions
(Samer 2015).

4.18 Combination of the Aerobic and Anaerobic Biodegradation

As compared to the single anaerobic and aerobic reactors, the combination of the
both reactor is more efficient in organic pollutant degradation and waste treatment.
The combined systems have many advantages as follows: the organic matters and
suspended solid could get rid of the wastewater with the anaerobic process and
reduce the aerobic sludge and organic load and reduce the volume of the reactors;
pretreatment of wastewater by anaerobic could lower the load of fluctuation of the
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wastewater, thus decreasing the oxygen requirement in the aerobic degradation; the
anaerobic process could make the aerobic process more efficient by modifying the
biochemical property of the waste. Investigation on a combination of the aerobic and
anaerobic biodegradation showed that it is more stable and has a huge potential for
treatment. The classical combined reactors include oxidation ditch, constructed
wetland, and anaerobic–anoxic–aerobic (A (1)-A (2)-O) and an anoxic–aerobic
(A/O) reactor (Li et al. 2003; Zheng et al. 2013).

4.19 Oxidation Ditch

The oxidation ditch is a modified activated sludge technique that is equipped with
a circular basin which provides aeration and circulation of the wastewater. The
wastewater moves through the ditch at 1 to 2 ft./s speed. This process uses the
long solids times (SRTs) to remove organics (Shammas and Wang 2009). In oxida-
tion ditch activated sludge is added so that the microbes will digest the organic
pollutants present in the water. This mixture of raw waste and returned sludge is
known as mixed liquor. The oxygen could add into the flowing mixed liquor by the
rotating biological contractor and could also increase surface area and generate
waves within the ditches. After the organic pollutant has been removed from the
wastewater, the oxidation ditch flows out of the mixed liquor. Sludge is moved in the
secondary settling tank, and part of the sludge is pumped into a sludge pumping
room where it is thickened via the help of aerator pumps (Yongzhen et al. 2008).
A small portion of the sludge is returned to the reactor, while the remaining sludge is
sent to waste. The important characteristics of oxidation ditch are simple process,
steady operation, low maintenance consumption, and high shock resistance. There
are some problems associated with this technique such as rising sludge, foam
production and higher expansion, therefore, it required some improvement (Zheng
et al. 2013).

4.20 Constructed Wetland

A constructed wetland is a technique in which an artificial wetland is created. This
wetland could act as a biofilter to remove sediments and pollutants such as organic
pollutants and heavy metals from the water. Constructed wetland is a combination of
plants, microorganisms, media, water, and other animals. This technique has two
basic types: one is surface flow wetlands and another one is subsurface-flow
wetlands (Mook et al. 2008). In this method, physical, chemical, and biological
methods are combined to remove pollutants from wastewater. Besides, absorbing
organic pollutants and heavy metals on the constructed wetland filler, plants can
supply the required nutrient for the growth and reproduction of microorganism such
as carbon, nitrogen, etc. by their roots. Plants not only remediate pollutants directly
into their cells or tissues but also act as catalysts in the purification reactions and
promote various chemical and biochemical reactions to participate in purification
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reactions (Maine et al. 2005). Plants could also help to create aerobic and anaerobic
condition by pumping oxygen in the deep level of constructed wetland to facilitate
the breaking down of organic materials. Here, approximately 90% of pollutant are
removed by microorganisms and natural chemical processes, while about 7–10% of
pollutants are removed by the plants. In addition to organic pollutants, the nitrogen
and phosphorous could also be removed from the wastewater (Maine et al. 2006) and
prevent eutrophication problem. Constructed wetland is economical easy to man-
agement and ecofriendly; therefore, developing countries use this as a promising
technique for the wastewater treatment (Zheng et al. 2013).

5 Conclusion

Recently, evolution of novel, effective, and cheaper methods for purification of
wastewater became a vital field of research, as shown by the various publications
appearing each year. However, at present the numerous treatment methods currently
have been cited for wastewater treatment, but only few of them are generally utilized
by the industrial sector for technological and economic reasons. Commonly, the
removal of pollutants from wastewater is performed either by physicochemical or by
biological means or combined with both. The recent developments interpreted the
use of the physical treatment methods as the primary treatment followed by the
biological treatment methods as secondary treatment which can be further preceded
to the chemical treatment methods. However, sometimes it is also hard to define a
universal method that could be used for the removal of all contaminants from
wastewaters.
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Abstract

Heavy metal contaminations produced by industrial activities are one of the major
important issues which are faced by many countries, typically developing
economies. Heavy metals in wastewater are of particular major concern in recent
times due to their persistence and recalcitrance in the aquatic environment. As a
result of various consequences, wastewater treatment has reached a certain level
which is becoming unmanageable nowadays. Previous studies have provided
many innovative processes for the treatment of industrial wastewater containing
heavy toxic metals, often involving toxicity reduction techniques to meet
technology-based treatment standards. This chapter reviews the ability of various
technologies to remove heavy metals from industrial wastewater. Ample natural
materials such as agricultural waste, industrial by-products and microbial biomass
have been suggested as a potential bio-absorbent for the removal of heavy metals
due to the presence of functional metal-binding groups. Especially focus is given
to innovative physicochemical elimination processes like adsorption in new
adsorbents, membrane filtration, photocatalysis and electrodialysis. The investi-
gation shows that new adsorbents and membrane filtration are the most frequently
studied and widely applied techniques for the treatment of wastewater
contaminated with toxic heavy metals. In general, the applicability, wastewater
characteristics, profitability and simplicity of the plant are the major factors in
choosing the appropriate method for contaminated wastewater treatment.

The original version of this chapter was revised. A correction to this chapter can be found at
https://doi.org/10.1007/978-981-15-5901-3_26

M. Haris · A. Shakeel · T. Hussain (*) · G. Ahmad · M. S. Ansari · A. A. Khan
Department of Botany, Aligarh Muslim University, Aligarh, Uttar Pradesh, India

# Springer Nature Singapore Pte Ltd. 2021, corrected publication 2021
M. P. Shah (ed.), Removal of Emerging Contaminants Through Microbial Processes,
https://doi.org/10.1007/978-981-15-5901-3_9

183

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5901-3_9&domain=pdf
https://doi.org/10.1007/978-981-15-5901-3_26#DOI
https://doi.org/10.1007/978-981-15-5901-3_9#DOI


Keywords

Environment · Heavy metals · Microbes · Wastewater · Pollution

1 Introduction

Technological advancement and industrialization have put an increasing load on the
environment through releasing large quantities of wastewater which contain hazard-
ous substances including heavy metals (chromium, cadmium and lead), organic
contaminants and metalloids (elements have intermediate characters between metal
and non-metal, like antimony and arsenic) which cause serious injury to the envi-
ronment. Similarly, many industries such as textile, chemical, food and metallurgy
release high quantities of waste with toxic substances. Currently, industrialization is
increasingly developing worldwide, which may affect water quality, food, animal
feed and climatic conditions (Owolabi and Hekeu 2014). Most heavy metals are
toxic at low concentrations and can enter the food chain, where they accumulate and
cause damage to living organisms. All metal has the capacity to cause injuries at
higher concentrations, and the harmful effects of each metal depend on its amount,
duration of exposure, the route and the absorbed dose (Mani and Kumar 2014).

The treatment of wastewater effluents including heavy metal ions is difficult
because it depends largely on environmental, technical, economic and social
considerations. This complexity prevents the development of unique technologies
capable of treating a large number of wastewater effluents, so several technologies
must be implemented for the reduction of pollution from the water and remedy
inherited sites in addition to their neighbouring aquatic ecosystems (Akcil et al.
2015; Oyewo et al. 2018). Examples of heavy metal elimination technologies
currently use such as membrane filtration, chemical precipitation, coagulants/
flocculants, ion exchange, photocatalysis and adsorption on inorganic materials.
Among all the technologies, the utilization of living organisms for the absorption
of pollutants and separate heavy metals from the environment is really interesting.
Microorganisms can be used directly which have specific characteristics of catabolic
potential, and/or their products like biosurfactants and enzymes are a new approach
to improve and increase their remediation efficiency (Le et al. 2017; Schenk et al.
2012). The main advantage of using microorganisms to eliminate toxic elements is
their safety in human aspects. Among these microorganisms, one of the most
effective is yeast (Saccharomyces cerevisiae) which is highly used in bakeries and
food industry (Wang and Chen 2006; Soares and Soares 2012). This chapter will
provide an overview of the use of microbial bioabsorbents in the removal of heavy
metals from industrial wastes and contaminated environments, as well as the sources
and toxicity of these metals in humans.

184 M. Haris et al.



2 Importance of Water in Life

The sustainability of water resources is a critical issue in the context of the growing
demand for industrial, domestic and agricultural uses since the world needs around
60% more food (FAO 2013) to feed 9.5 billion peoples in 2050 (United Nations
2012). Quality of water plays a central role in the protection of habitat, industry,
public health and agriculture (Akasaka et al. 2010; Lu et al. 2015). The activity that
consumes the most water is irrigation for agriculture, which represents 70% of total
water withdrawals and more than 90% of water consumption (Bates et al. 2008).
Freshwater is also needed to sustain the landscaping and gardens of hotels for
attractions and materializes in the development of tourism infrastructure, food and
fuel production (Chapagain and Hoekstra 2008; Gossling 2001; Hoekstra and Hung
2002; Pigram 1995; Worldwatch Institute 2004). The FAO distinguishes the con-
sumption of industrial, domestic and agricultural freshwater.

On a global an average, around 70% of the water is utilized in the agriculture sector,
20% for industrial sector and 10% for domestic purpose including homes,
municipalities, public services, commercial establishments and also for the consump-
tion of safe drinking water for future ahead (Bates et al. 2008; UNESCO 2009). The
use of thermoelectric energy has a serious impact on resources of water, and the energy
sector depends heavily on such water resources. Nationally, the United States Geolog-
ical Survey (USGS) observed that 41% of the whole freshwater was used in the USA in
2005 primarily for cooling purpose in thermoelectric power plant (Kenny et al. 2009).

3 The Need for Treatments of Wastewater

Nowadays, a large scale of heavy metal wastewater has been discharged into the
environment (O’Connell et al. 2008). Heavy metal is applied to a group of elements
which have an atomic weight between 63.5 and 200.6 (O’Connell et al. 2008;
Srivastava and Majumder 2008). Nickel (Ni), lead (Pb), chromium (Cr), cadmium
(Cd), copper (Cu), etc. are the most hazardous pollutants of the freshwater reservoir.
Moreover, heavy metals are teratogenic and carcinogenic and pose severe health
problems that may be accumulated in the human bodies with the channel of the food
chain (Lee et al. 2012). So, it is necessary to remediate contaminated sewage with
heavy metals.

The rapidly increasing industrialization and urbanization are releasing large
quantities of wastewater that is increasingly used as a precious resource for irrigation
in agricultural areas. It stimulates valuable economic activity, particularly for poor
farmers, supports countless livelihoods and significantly changes water quality in
natural bodies of water (Marshall et al. 2007). Due to the rapid industrialization and
urbanization water is becoming highly polluted day by day and the risk of the con-
sumption of contaminated water and its sanitation problems increases day by day in
most of the developing and undeveloped countries (Table 2). This growing water
scarcity problem has a significant negative effect on economic development, quality
of the environment and human livelihoods worldwide. Consequently, it has become
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an essential need for the current environment to protect water from contamination or
develop a cost-effective repair method for its protection.

Therefore, strong growth in water requirement can be expected, but available
water resources will decrease in many regions due to depletion of non-renewable
fossil water resources (groundwater and glacial ice), pollution of water bodies,
decrease in groundwater sources and climate change that lead to a reduction in
precipitation and a greater frequency of droughts, greater evaporation and modifica-
tion of runoff patterns (IPCC 2007; Parry et al. 2009a, b). The problem has become
more difficult given the decrease in water resources (Singh and Panda 2012) due to
urbanization, pollution and the impacts of climate change.

4 Sources of Industrial Wastewater

Wastewater is released in the environment by many industrial sources. It contains
several harmful pollutants, including metals. The main sources of antimony are
released in the environment from many industries such as lead storage batteries,
welding equipment, lamination and power transmission, sheets and pipes of metals,
ammunition, flame retardants, ceramics, foundry, tin, enamels and paintings (Iqbal
et al. 2013) (Table 1), and the deadly disease caused by them is displayed in Fig. 1.
The metals released from the wastewater of various industries are as follows:

• Wastewaters such as those generated during dye and pigment production, film
and photography, galvanometry, metal cleaning, leather and mining, plating and
electroplating may have an undesirable quantity of chromium(VI) anions
(Vinodhini et al. 2010).

Table 1 Sources of various industrial toxic wastes

Hazardous waste component Source

Heavy metals

Arsenic Mining, non-anthropogenic geochemical formation

Cadmium Mining, fertilizer industry, battery waste

Chromium Mining areas, tanneries

Lead Lead-acid battery smelters

Manganese Mining areas

Mercury Chlor-alkali industries, healthcare institutes

Nickel Mining, metal refining

Hydrocarbons

Benzene Petrochemical industries, solvents

Vinyl chloride Plastics

Pesticides Insecticides

Organic chemicals

Dioxins Waste incineration, herbicides

PCBs Fluorescent lights, e-waste, hydraulic fluid
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• Cobalt (Co) is generally found in polluted water because it is highly used in the
electronics, porcelain, radioisotope therapy and alloys (especially stainless steels
and magnetic steels) (Guo et al. 2013).

• Manganese (Mn) is released in the environment from the industries that involved
in the manufacturing of fertilizer, electroplating, petrochemicals, metal
processing, tanneries and mining (Abu Hasan et al. 2012).

• Mercury (Hg) can be present in wastewater which is discharged from paper and
pulp, chlor-alkali, paint, oil refinery, fossil fuel burning, pharmaceutical, metal-
lurgical processes and battery manufacturing (El-Shafey 2010).

• Effluent from the production of gasoline additives, batteries, pigments, sheets,
alloys, etc. They have a high concentration of lead (Pb) ions (Tunali Akar et al.
2012).

• The metallurgy and extraction of nickel, aeronautics, stainless steel, nickel
plating, manufacturing of batteries and pigment and ceramic industries release
wastewater that contains large quantity of nickel (Ni) ions (Aloma et al. 2012).

• Zinc (Zn) is generally found in wastewater; it is released during the metallurgical
processes and also from the galvanizing plants, stabilizers, pigment formation,
thermoplastics, battery manufacturing and alloys as well as emissions during the
municipal wastewater treatment (El-Shafey 2010).

• Arsenic (As) is introduced into water by anthropogenic and natural sources: release
from the mineral, probably due to the long-term changes in geochemical and
various industrial effluents such as ceramic industries, metallurgical industries,
wood preservatives, pesticides and dye manufacturing industries (Sarý et al. 2011).

Cape Town is in the unenviable situation of being the first major city in the modern
era to face the threat of running out of drinking water. However, the plight of the
drought-hit South African city is just one extreme example of a problem that experts
have long been warning about—water scarcity. Wordwide, majorities of the cities
still facing water crises as well as going to face this serious issue in the near future,
and this has been mentioned in Table 2.

5 Bioremediation of Heavy Metals by Microorganisms

Microbiology is an area of increasing interest for both environmental
microbiologists and the general public. Nowadays, more and more people demon-
strate that the magnitude of the problem of pollution in our soil and water requires
immediate action. Among the achievement of toxins, hazardous levels are heavy
metals. The threat of heavy metals is strongly intensified in the environment due to
their absolute nature. To overcome the toxic effects of metals, microbes have
progressed in various approaches and metalloids, using accumulation and resistance
or, more interestingly, reducing their bioavailability or toxicity through
biomethylation and transformation (Ojuederie and Babalola 2017; Ahamd et al.
2019). Bioremediation means that there are limitations, such as the conversion of
toxic heavy metals into less toxic forms by microbes or their enzymes or, in other
words, the production of toxic metabolites by microbes in bioremediation through
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the cleaning of contaminated environments. Bioremediation through microorganism
includes many ways like biosorption, bio-mineralization, biotransformation, absorp-
tion or active bioaccumulation (Ahamd et al. 2019). Bioremediation is gradually
being accepted as standard practice for the restoration of contaminated soil with
heavy metals, as it is more ecological and cost-effective than traditional chemical
and physical methods that are often very expensive at times of metal concentrations
and are disabled. In addition they also produces significant amounts of toxicity

Table 2 Major cities worldwide that are going to face drinking water problem

S. No. Cities Reason

1 Bengaluru,
India

Water pollution is a major problem being faced. Almost 85% of the
lakes in Bengaluru had water that could neither be used for
agriculture nor industrial use, the struggle of providing its inhabitants
with freshwater

2 Sao Paulo,
Brazil

Safe drinking water shortage problem back in 2015

3 Beijing, China One of the major problems being faced is pollution. Studies showed
that almost 40% of the surface water in Beijing was so polluted that it
could not be used for agriculture or industrial use

4 Jakarta,
Indonesia

The illegal system is draining the underground water reservoirs,
leading the city to face a most probable water shortage trouble.
Because of concrete and asphalt, the open cannot absorb the
rainwater which in turn does not lead to replenishment of
groundwater

5 Cairo, Egypt Egypt is 97% dependent on river Nile as a source of drinking water.
Due to urbanization and industrial development, river waters are
getting contaminated with residential waste
By 2025, the UN claims that there would a shortage of drinking water
in Cairo

6 Istanbul,
Turkey

Home to a pretty high population, the city is facing a shortage of
water since 2016 when the supply of water lowered to almost
1700 m3

7 Moscow,
Russia

Russia has almost 1/4 of the world’s freshwater reserves but is facing
water crisis due to the industrial waste causing water pollution
Since Moscow is 70% dependent on surface water, this is causing
major problems in the city

8 Tokyo, Japan Almost 70% of Tokyo depends on surface water. Both private and
public have a proper water collection and utilization system in almost
750 buildings

9 Mexico City,
Mexico

About 40% of the water is imported into the city from other sources
(water losses occur due to a problem in the pipeline network). No
proper system to recycle wastewater

10 Miami, USA Water from the Atlantic Ocean polluted the Biscayne aquifer which
was the city’s main freshwater source due to a project conducted in
the early twentieth century

11 London,
Britain

London has an average rainfall of about 600 mm, which means that
the city received almost 80% of its water supply from rivers
Reports from the Greater London Authority show that the city would
face supply problems by 2025 and would face severe water crisis by
2040
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sludges (Ekperusi and Aigbodion 2015; Ayangbenro and Babalola 2017). The
meaning of heavy metals concentrations varied over the years. However, it is
collectively applied for metallic elements with a density above 4–5 g/cm3 (Jennings
1993; Nies 1999) and those elements having atomic weight usually greater than
50 (Kennish 1992). These heavy metals are naturally occurs in environment and also
contributed by many other sources like volcanoes, waste material of animals and
plants, sewage, smoke of forest fire, acid rain (Kennish 1992; Johnson et al. 2019). In
present world, rapid industrialization and municipal waste enriching the concentra-
tion and toxicity of hazardous heavy metals in environment (Girma 2015) cause
heavy metal pollution. There is an increasing level of concentration of heavy metals
in water bodies and crop lands, steadily entering into food chain.

For biological functions of plants and animals, heavy metals are necessary, but at
high levels, they interfere with metabolic reactions in organism systems. Poisonous
heavy metals such as lead (Pb), cadmium (Cd), mercury (Hg), chromium (Cr), zinc
(Zn), uranium (Ur), selenium (Se), silver (Ag), gold (Au), nickel (Ni) and arsenic
(S) which are not useful to plants are capable of reducing plant growth due to
photosynthetic activities, mineral nutrition of plants and plant activity (Nematian
and Kazemeini 2013; Kabata-Pendias 2010). These heavy metals are cytotoxic at
low concentrations and can cause cancer in humans that can accumulate in the body
when consumed in contaminated food through the food chain and become a health
hazard to living organisms. It causes oxidative stress, an asymmetry that involves the
ability of cells to produce free radicals and destroy them or repair damage (Chibuike
and Obiora 2014; Dixit et al. 2015; Tak et al. 2013; Chandra et al. 2015; Mani 2015).
Microorganisms through their natural inherently biological mechanisms allow them
to survive under heavy metal stress and eliminate metals in the environment.
Microorganisms, plants and fungi are of great importance in bioremediation as
they work many tasks like improving soil quality, plant growth and detoxification.
The ability of microorganisms to reduce pollution depends on the suitability of
environmental conditions for their growth and metabolism, including adequate
temperature, pH and humidity (Verma and Jaiswal 2016). It was reported that the
biosorption capacity in the removal of pentachlorophenol (PCP) from aqueous
solutions of Aspergillus niger (Mathialagan and Viraraghavan 2009) and Mycobac-
terium chlorophenolicum (Brandt et al. 1997; Bosso et al. 2015) depends on
pH. Brandt et al. (1997) also assessed the effect of pH on the adsorption and
de-adsorption behaviour of PCP by M. chlorophenolicum and reported that the pH
value was an essential parameter affecting PCR adsorption, with the decrease being
an increase in adsorption capacity. At pH 5.4, adsorption by bacteria was completely
irreversible, while at pH 7.0 complete desorption was achieved. At pH 6–8, Jianlong
et al. (2000) obtained better results on the adsorption behaviour of PCP by microbial
biomass in aqueous solution. In alleviation of environments contaminated with
heavy metals, microorganisms are necessary because they have different ways of
coping with the toxicity of metals. The exploitation of microorganisms to sequence,
form or alter the oxidation state of many heavy metals has been extensively studied
(Gupta et al. 2016; Kang et al. 2016). Heavy metal bioremediation will be successful
if an association of bacterial strains is used instead of using a single-strain culture. In
the study by Wang and Chen (2009), synergistic effects of bacterial mixtures on
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bioremediation of a mixture of Pb, Cd and Cu from contaminated soil using four
strains, Viridibacillus arenosi B-21, Sporosarcina soli B-22, Enterobacter cloacae
KJ-46 and E. cloacae KJ-47, were investigated. They observed that the bacterial
mixture had greater resistance and efficiency to heavy metal elimination, compared
to the use of single-strain culture after 48 h, with a therapeutic efficiency of 98.3%
for Pb, 85.4% for Cd and 5.6% for Cu recorded. Penicillium (a type of filamentous
fungi) can remove a variety of heavy metal ions from aqueous solutions, such as Cu,
Au, Zn, Cd, Mn, U and Th (Jianlong and Chen 2009). The fungi (ligninolytic)
Phanerochaete chrysosporium have been reported as a best biodegradable agent and
degrade a wide and diverse range of toxic pollutants (Novotny et al. 1999; Girma
2015). A number of microbes have been reported that are used for bioremediation.
Some active members of aerobic and anaerobic group of bacterial species are
Pseudomonas, Sphingomonas, Rhodococcus, Bacillus, etc. (Lata et al. 2019) that
are highly useful in bioremediation. Powerful metal biosorbents in the bacteria class
comprise the genus Bacillus (Hamer 1986; Hameed 2006), Pseudomonas (Huckle
et al. 1993; Huston et al. 2002) and Streptomyces (Infante et al. 2014; Jain et al.
2012). Genetic engineering has improved the use and disposal of unwanted hazard-
ous wastes under laboratory conditions by creating genetically modified organisms
(Jain et al. 2011). Recombinant living organisms can be obtained by recombinant
DNA techniques or by exchanging natural genetic material between organisms.
They are currently able to insert genes suitable for the production of a particular
enzyme that can degrade many contaminants (Jain et al. 2010). By developing an
understanding of microbe’s communities, their response to the natural environment
and knowledge of the genetic sequences the expanding microbes can be utilized for
their ability to reduce germs contaminations. There are field trials of new bioreme-
diation techniques which are profitable and dedicated sites that are established apart
from long-term research objectives; these opportunities provide the potential for
significant progress.

6 Types of Heavy Metal Removal Methods

A huge amount and large volumes of effluent polluted with the ions of heavy metals
and other organic compounds are produced by many anthropogenic sources like
agricultural activities, industrial processes, traffic sources and living activities of
human beings (Dinesh et al. 2014; Genç-Fuhrman et al. 2016). The pollution caused
by contaminated effluents has become a great concern and receive increasing
attention worldwide. The heavy metal pollution in wastewater could not be degraded
by many degrading microorganisms and ultimately goes in water, soil, air and most
importantly drinking water as well as the food chain. The exposure of heavy metals
can be injurious because of it having mutagenic and carcinogenic nature. Many more
studies and methods have been developed to remove the toxicity level of ions of
heavy metals (Chang et al. 2018; Garrido-Baserba et al. 2018; Liu and Zhang 2018;
Son et al. 2018; Thompson et al. 2016). The complexing agents like detergents,
plastic wastages, pharmaceuticals wastages, oils, pesticides, fertilizers, etc. are
making the constituents of heavy metals in wastewater and making it more
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complicated. The appearing substances like antibiotics, cyanide, humic acid, citrate,
ethylenediaminetetraacetic acid (EDTA) and nitrilotriacetic acid (NTA) make the
heavy metal ions to complex, increase stability with structures and toxicity levels
(Wang et al. 2018; Wu et al. 2017; Xu et al. 2017). Moreover, a complex is defined
as “a species formed by the consortium of two or more simpler species and each has
a potential of independent existence” (Rossotti and Rossotti 1961). For example, the
wastewater treated with EDTA and NTA, simple chemical neutralization and pre-
cipitation methods does not generally meet emission standards. Clearly, the treat-
ment of heavy metal ion complex has become a condemnatory problem in the
environmental protection act.

There are many methods of decontamination of heavy metals like adsorption,
membrane filtration, electrolysis and photocatalysis (Gyliene et al. 2004; Ye et al.
2017; Zamariotto et al. 2010; Liu et al. 2016; Xu et al. 2015; Zhou et al. 2017) that
are discussed in this part of chapter. The following are methods for the removal of
heavy metals in wastewater.

6.1 Adsorption Methods

In recent decades, the removal of toxic heavy metal ions from wastewater by
adsorption method has been applied effectively (Tong et al. 2011; Wang et al.
2014). There are two ways of adsorption method of heavy metal removal, that is,
physisorption and chemisorptions. The physisorption method depends on the
materials which have a suitable porous structure and are helpful in the removal of
heavy metal ions. However, the physisorption method for the removal of heavy
metals is not enough to receive the maximum removal, and therefore, the chemi-
sorption method has received higher attention for wastewater treatment. The
complexes of heavy metal can adsorb on the surface functional adsorbents by
attracting electro-states and/or forcing chemical bonding to achieve the successful
separation. For the moment the ion exchange and the sphere (inner/outer) are
frequently involved in chemical adsorption of heavy metal ions (Jachuła et al.
2011; Zhou et al. 2019). Many methods of characterizations like density functional
theory (DFT), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS) and X-ray absorption fine structure (EXAFS) calculations may
help in the analysis of adsorption processes and mechanisms (Li et al. 2019; Luo
et al. 2015).

Many mathematical representations have been used to explain the procedure of
adsorption including the equations of kinetics like Elovich model, Ritchie second-
order model, pseudo-first-order, pseudo-second-order and isothermal representation
like Dubinin-Radushkevich, Freundlich and Langmuir. According to Gyliene et al.
(2004), the Ni citrate complexes are removed from the solution of electroless nickel
plating by adsorbing the NH2 and OH groups onto chitosan. By using the equilib-
rium model, the adsorption of Cu-citrate complexes onto chitosan which makes it
possible to understand the process of the mechanism of Cu adsorption at a varying
ratio of Cu-citrate and pH conditions of solutions (Lu et al. 2017).
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6.1.1 Types of Adsorbents
A wide range of adsorbents have been studied that have multiple characteristics
features like proper pore and structure, surface area, easy to make and regenerate and
better mechanical properties. The most commonly used adsorbents include
biomaterials, carbon materials, the gel of silica, molecular sieves and naturally
occurring clay (Abdolali et al. 2016; Cai et al. 2017; Habiba et al. 2017; Liu et al.
2014). Around 58% of adsorbents studies have reported the most common biological
adsorbents that are applied for the removal of heavy metals which are presented in
Table 3. Recently, many of the scientists use the biological product which has less
toxicity, has chemical stability and is biodegradable like wastages of agriculture,
waste crop materials, etc. These materials are used as absorbents to remove heavy
metals from wastewater (Li et al. 2016; Tang et al. 2017).

6.2 Membrane Separation Method

It is one of the best methods and has an excellent capacity to remove heavy metal
ions from contaminated water. The ultrafiltration membranes have many large pores
with high permeability and do not trap the ions of heavy metal because of its small
size. So, with the combination of water-soluble macromolecular polymers or other
metal complexes, the ions of metals can be trapped easily. The association of

Table 3 Different types of adsorbent methods

S. No. Adsorbents
Complexes
of metal pH

Isothermal
models

Capacity of
adsorption References

1 Natural
biofilms

Cd-EDTA 6 – – Hu et al.
(2013)

2 MMIC-Fe
(III)

Cd-
tetracycline

8 Langmuir 194.3–516.3 mg/
g

Chen et al.
(2017)

3 Biochar Cu-HA/FA 5–7 Freundlich 29.9/15.5 mg/g He et al.
(2017)

4 Sawdust
biochar

Cu(II)/
tetracycline

6 Langmuir – Zhou et al.
(2017)

5 Chitosan Cu-citrate 4–5 – 3–3.3 mmol/g Guzman
et al.
(2003)

6 Chitosan Cu-EDTA 3–5 – – Gylienė
et al.
(2006)

7 Chitosan Cu-tartrate,
Cu-glycine

>6 Freundlich,
Langmuir

1.99/1.8/
0.42 mmol/g

Gylienė
et al.
(2009)

8 Chitosan Cd-
tetracycline

3.5–6 Langmuir 1486.20 mmol/
kg

Kang et al.
(2010)

9 Bifunctional
adsorbent

Cu-
tetracycline

3–6 Langmuir – Ma et al.
(2014)
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polymer ultrafiltration processes have been widely used to treat the contaminated
water with ions of metal, with citric acid chelation, and make a ternary
polyethyleneimine (PEI)-Cu-citrate complex at the 5.5 pH which is allowing water
purification and metal recovery because PEI as an N-rich artificial polymer have an
ability to bind the ions of metal with a strong chelating effect (Molinari et al. 2006,
2007). Similarly, many other findings reported that metal removal rates of above
98% using PEI in the pH range of 4–9, from Cu(II) or Ni(II)-nitrilotriacetic acid and
ethylenediaminetetraacetic acid complexes (Zamariotto et al. 2010). In the natural
aquatic environment and contaminated water, the organic matter is more and com-
bined with heavy metals that are increasing the much more serious problems to the
environment. Moreover, very successful separation of heavy metals from wastewater
using membrane ultrafiltration techniques has been studied (Munari and Schäfer
2010).

Recently, Gao et al. (2018) studied that use of membrane complexion ultrafiltra-
tion method for the recovery of Ni from metal-contaminated water, and for this
study they used sodium polyacrylate as a complexation agent. It is very low cost and
an appropriate way for the metal recovery that is also a highly ecologically standard
method. The advantages of membrane ultrafiltration method are high efficiency and
selectivity. However, various limitations have restricted its broad application such as
high membrane preparation costs, ease of membrane blocking, inability to stretch
membranes and the high requirement for additional complex agents.

6.3 Electrolysis Methods

Electrolysis is one of the earliest applied water treatment technologies and is widely
used for the basic removal of heavy metals from industrial wastewater, due to its
simple treatment principles, easy operation and ability to withstand the impact of
large water volumes and high concentration wastewater.

Previous studies have comprehensively assessed the removal of heavy metals by
electrolysis (Colantonio and Kim 2016; Tran et al. 2017). The basic mechanism of
electrolysis in industrial wastewater utilizes the electrochemical properties of the
contaminant metal. When exposed to an external direct current, heavy metal ions are
separated from the high concentration solution and deposited on the cathode,
resulting in the removal of harmful heavy metals from wastewater. Simultaneously,
the reductive strong ions or anode material is discharged at the anode. Gyliené et al.
(2004) reported a method using EDTA-metal (Ni(II), Zn(II), Co(II), Cd(II), Ca(II),
Mg(II)) treatment, where metal ions in EDTA complexes are replaced by Cu(II),
forming an insoluble Cu2EDTA�4H2O compound capable of being removed by
electrolysis. Eivazihollagh et al. (2019) studied the simultaneous electrochemical
recovery of copper, chelating agents (i.e. NTA, EDTA and DTPA) and a surface-
active derivative of DTPA from alkaline solutions in an electrolysis membrane cell.
The recovery mechanism was described with electrodeposition of metal ions occur-
ring in the membrane electrolysis cell. Furthermore, the anode and cathode chambers
were separated with a cation exchange membrane to prevent anodic oxidation
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(destruction) of chelating ligands during treatment, allowing recovery of chelating
ligands for further reuse and simultaneous collection of metals by electrodeposition.
However, to date, simplistic electrolysis methods have not been widely applied to
the treatment of complex heavy metals.

The use of electrolysis methods for the removal of heavy metal complexes has the
advantages of being convenient, easy to operate, effective with high concentration
wastewater and having a large processing capacity. Nonetheless, the use of electrol-
ysis to remove complex metal pollution remains an expensive approach because of
the electrical energy required and the consumption of soluble anode materials.
Furthermore, the electrodes are easily passivated, as this method is not suitable for
the treatment of low-concentration complex heavy metal wastewater and the pro-
duction of residual organic ligands leads to secondary pollution. Therefore, it is more
feasible for use as a primary treatment. Based on the findings of recent studies, it
appears that many combination methods using electrolysis and other means exhibit
superior effects in the electrolytic removal of heavy metals. These combined
methods include Fe-C micro-electrolysis, microbial electrolysis cells,
electrocoagulation, bioelectrochemical systems and electrolysis as a clean technol-
ogy option (Chen et al. 2012; Luo et al. 2014; Tao et al. 2014).

Alternatively, the removal of EDTA-chelated copper by interior micro-
electrolysis has also been studied, which differs from electrolysis as it does not
require an external power supply and exhibits excellent properties for the
pretreatment of EDTA-chelated metals, due to its high efficiency and short reaction
times (Gyliene et al. 2004). The combination of electrolysis with other methods will
overcome some methodological shortcomings and further optimize removal effi-
ciency. However, the high level of consumption of electrical energy and electrode
materials, as well as the incomplete removal of organic matter in complex systems,
may continue to limit the wider application of electrolysis.

6.4 Photocatalysis Methods

With the increasing attention on new energy sources, the use of renewable energy
sources, such as solar energy, has become a key research focus. Photocatalytic
oxidation has become a main research direction in recent years, in the remediation
of heavy metal complexes from wastewater. Photocatalysis has the advantage of
strong oxidation capability, allowing the destruction of heavy metal complexes and
liberation of heavy metal ions, while organic complexes can be oxidized and
degraded. Common photocatalysts include TiO2, zinc oxide (ZnO) and tin
(IV) oxide (SnO2) (Anju et al. 2012; Marinho et al. 2017). TiO2 photocatalysis has
been extended over the last 10 years for the removal of organic pollutants and
complex metals (Lin et al. 2016). Photocatalytic degradation techniques using
TiO2 are generally used for the treatment of wastewater containing heavy metal
complexes, due to its ability to achieve complete mineralization of organic ligands
under mild conditions (such as room temperature and atmospheric pressure). TiO2

nanotubes have been developed for use as photoanodes to degrade Cu-cyanide and
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Cu-EDTA complexes, at various [EDTA]:[CN-] ratios. The amount of Cu deposited
onto the anode decreases in accordance with an increase in Cu deposition onto the
cathode. Salama and Berk (2005) reported the use of a well-mixed reactor for the
efficient degradation of Ni-EDTA by photocatalytic oxidation, which has significant
potential for large-scale industrial application. With ongoing development, the focus
of research has increasingly become the improvement of practical application
prospects and reduction of operational costs. Therefore, Cho et al. (2007) studied
the removal of the Cu(II)-EDTA complex using a combined TiO2/solar light system,
as well as investigating the effect of varying operational parameters and the feasibil-
ity of a solar light application. In the presence of H2O2 as an oxidant and OH source,
this combined method was effective at increasing the rates of Cu(II)-EDTA removal.
The results suggested that the TiO2/solar system could be effectively applied in the
treatment of metal-ligand contaminated wastewater in the natural environment.

Yang and Davis (2001) proposed the mechanism of photocatalytic oxidation of
Cu(II)-EDTA with illuminated TiO2 and then later compared the competitive
photocatalytic oxidation of Cu(II)-EDTA and Cd(II)-EDTA with illuminated TiO2.
In these studies, it was demonstrated that TiO2 can destroy the structure of metal
complexes and further degrade EDTA, removing copper ions. The principle of TiO2

photocatalysis is the use of a semiconductor to stimulate the generation of hydroxyl
radicals (•OH) from photogenerated holes (h+), to achieve oxidative degradation of
heavy metal complexes. The mechanism is based on the example of Cu(II) organic
matter (Saratale Rijuta et al. 2014; Xu et al. 2014), where photoexcitation generates
electrons (e�) and holes reacting with adsorbed electron acceptors and donors,
respectively. The positive holes produced can then react with surface-bound
hydroxyl groups, generating •OH radicals that are involved in the oxidation of
EDTA. Released metal ions can then be reduced by free electrons, which precipitate
at the anode and can be recovered finally.

Currently, photocatalysis is an increasingly applied environmentally friendly
technique that is highly suitable for the treatment of chelated heavy metal-containing
wastewater. The popularity of this technique is due to its ability to achieve complete
mineralization of organic ligands under ambient temperature and atmospheric pres-
sure conditions while generating low-toxicity by-products (Chowdhury et al. 2018).
Photocatalysis can degrade intricate organic complexes to nontoxic CO2/NH3 or
other low molecular weight organic acids while assisting the decomplexation of
metal ions and subsequent removal of free metal ions via adsorption or precipitation
onto TiO2. This highly efficient and rapid treatment method is both economical and
has no secondary pollution implications. However, electrons and holes can recom-
bine easily, limiting the practical use of TiO2. The use of modified TiO2 or other
additional methods can significantly enhance the effectiveness and potential
applications of photocatalytic systems. Therefore, wastewater treatment using
TiO2 photocatalytic reactor systems has been widely applied due to its simplicity
and high efficiency degradation capability. Although current research into this
method is still in the laboratory stage, practical and industrial applications are likely
in the future with further method optimization.
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7 New Emerging Technology in Wastewater Treatment

7.1 Biotechnological Improvements

Treatment of industrial wastewater uses processes similar to those described above.
Therefore, any biotechnological improvements to these processes are likely to have
immediate industrial application.

Biotechnological improvements may include the following
1. An increase in the capacity of treatment plants
2. Increased recovery of useful by-products
3. Replacement of synthetic chemical additives that are currently used
4. Removal of metals, recalcitrant compounds and odour

7.2 Advantages and Limitations in the Application of These
Techniques

Physicochemical treatments generally offer different advantages, including fast
phase, simple operation and control and adjustable temperature change. In physico-
chemical treatment, unlike in the biological system, the variable input and flow
charges can be managed, for example, seasonal flows and complex discharge.
Whenever it is required, chemical plants can be modified. In addition, the treatment
system requires a lower space and installation cost. Their benefits, however, are
outweighed by a number of drawbacks such as their high operational costs due to the
chemicals used, high energy consumption and handling costs for sludge disposal.
However, with reduced chemical costs (such as utilizing of low-cost adsorbents) and
feasible sludge disposal, physicochemical treatments have been found as one of the
most suitable treatments for inorganic effluent (Kurniawan et al. 2006).

In wastewater systems containing heavy metals with other organic pollutants, the
presence of one species usually impedes the removal of the other. For instance,
hydrometallurgy, a classical process to recover metals, is inhibited by the presence of
organic compounds, and a pretreatment step, to remove or destroy organics, is
generally required, pyrometallurgy which is able to decontaminate systems from
lack of controllability, demanding extremely high temperatures. The most promising
methods to treat such complex systems are the photocatalytic ones which consume
cheap photons from the UV-near visible region. These photocatalysts serve as
electron relays, from the organic substrates to metal ions. Thus, they induce both
degradation of organic pollutants and recovery of metals in one-pot systems, opera-
ble at traces of the target compounds (less than ppm). Table 4 summarizes the main
advantages and limitations of the various physicochemical treatments presented in
this study.
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8 Conclusion and Future Prospects

Although many techniques can be used to treat sewage loaded with heavy toxic
metals, it is important to note that the selection of the most appropriate treatment
methods for sewage contaminated with metals depends on some basic parameters
such as pH, the initial concentration of the metal general performance treatment
compared to economic parameters such as other technology, environmental impact
as well as capital investment and operating costs. The selection and implementation
of biosorbents for industrial waste management and soil remediation require much
effort, as most of the reported adsorption studies have been limited to laboratory
investigations in a batch system. It is necessary to develop a sustainable approach to
select the most suitable biosorbent, operating conditions and efficient heavy metal
removal systems in industrial flows, adequately addressing the main challenges
involved. Furthermore, to develop a reliable biosorption process, more research is
needed on the characterization of biosorbents in terms of surface and area morphol-
ogy, zeta potential, functional groups and particle size, as these are important in
bio-surgeon experiments, influenced by the hypocrisy of biosorbents. Similarly,
further research is needed to develop microbial biomass with metal absorption
capacity to explore the metabolic potential of this growing biomass and its applica-
tion in the management of industrial wastewater. Biofilm mediation techniques,
microbial gene transfer and microbial fuel cell-based techniques have emerged as
strong contenders in recent years. The peptidoglycan and polysaccharide component

Table 4 The key advantages and disadvantages of the different physicochemical approaches of
wastewater treatment of heavy metal

S. No.
Treatment
techniques Advantages Limitations References

1. Adsorption Low cost, ease of
use, large pH range
and high metal
connectivity
capacity

Low selectivity,
waste product
generation

Babel and
Kurniawan (2003),
Aklil et al. (2004)

2. Membrane
filtration

Low pressure, high
separation
selectivity, small
space requirement

High operating costs
due to fouling of the
membrane

Kurniawan et al.
(2006)

3. Electrodialysis Selectivity for high
separation

High operating costs
due to fouling of
membranes and
consumption of
energy

Mohammadi et al.
(2005)

4. Photocatalysis Simultaneous, less
harmful, removal of
metals and organic
pollutants

Long-term, minimal
implementations

Kajitvichyanukula
et al. (2005),
Barakat
et al. (2004).
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of the biosorbent cell wall is an active binding site for greater metal absorption. In
conclusion, technical applicability, plant simplicity and profitability and green
technology are the major factors that play an important role in the selection of the
most suitable treatment system for inorganic waste. All of the above factors should
be taken into consideration when choosing the most effective and economical
treatment to protect the environment. Treatment of heavy metals requires expanding
the field of research on gene transfer approaches within biofuels. This will facilitate
the development of improved techniques for bioremediation of heavy metals in the
ecosystem and environmental research.
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Abstract

Rapid population growth, industrialization and long-term droughts result in the
occurrence of a wide range of contaminant in the surface and groundwater. These
contaminants, when released in the environment cause problems to human beings
and the environment. Therefore, there is immense need to remove these
contaminants form wastewater. In this context, biological wastewater treatment
system serves as a good option to combat the problem of water pollution.
Biological wastewater treatment system is a cost-effective and environmental-
friendly technology for the treatment of wastewater. Advances in technology
have led to the evolution of several techniques for the removal of contaminant
from wastewater. In this chapter, we discussed about the advancement and
limitations of biological wastewater technology.
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1 Introduction

Rapid population growth, industrialization and long-term droughts result in the
occurrence of a wide range of contaminants in the surface as well as in groundwater
(Cundy et al. 2008; Chong et al. 2010; Zeng et al. 2011). There are various
contaminants persisting in wastewater such as heavy metals and many other organic
as well as inorganic complex compounds (O’Connor 1996; Fatta et al. 2011; Li et al.
2011a, b). These contaminants when released in the environment cause problem to
human beings as well the ecological environment. Therefore, there is a need to
remove these contaminants forms wastewater (Jiang et al. 2006; Pang et al. 2001). In
this context, there are various methods for the removal of contaminant including
bioremediation, biodegradation, photocatalytic oxidation, use of iron oxide
nanomaterials, and adsorption/separation processing (Huang et al. 2006; Ahmed
et al. 2017; Long et al. 2011; Pang et al. 2001; Xu et al. 2012; Garcia-Rodríguez et al.
2014). Among them, biological wastewater treatment system serves as a good option
to combat the problem of water pollution. Biological wastewater treatment system is
a cost-effective and environmental-friendly technology for the treatment of waste-
water. Biological treatment is an integral part of any wastewater treatment system
and is usually suggested for treating wastewater as they have economic advantages
over chemical treatment technologies (Dogruel et al. 2006). Biological wastewater
treatment technologies have been widely used for the removal of contaminants
principally by biodegradation mechanisms. High-molecular-weight compounds are
broken down by microorganisms (bacteria, algal, and fungi) into simple molecules,
and the process is called as biodegradation (Garcia-Rodríguez et al. 2014). There
have been an increasing number of studies on advanced biological treatment system
of wastewater. This chapter presents the wastewater treatment technologies and
drawback of biological wastewater treatment technologies.

2 Biological Wastewater Treatment

Biological treatment is an integral part of any wastewater treatment plant and is
usually suggested for treating wastewater as they have economic advantages over
chemical treatment technologies (Dogruel et al. 2006). Biological wastewater treat-
ment technologies have been widely used for the removal of contaminants princi-
pally by biodegradation mechanisms. High-molecular-weight compounds are
broken down by microorganisms (bacteria, algal, and fungi) into simple molecules,
and the process is called as biodegradation (Garcia-Rodríguez et al. 2014).
Microorganisms utilize large organic compounds as substrates for the
their growth and metabolism (Tran et al. 2013). It has been reported that there are
some contaminants which are toxic in nature (poorly biodegradable compounds as
well as heavy metals), inhibiting the growth of the microorganisms, thereby
inhibiting the process of biodegradation (Tran et al. 2013). Stasinakis et al. (2002)
reported a substantial inhibition in the growth of heterotrophic microorganism in the
presence of chromium (10 mg L�1). It has also been reported that the chromium
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concentration had more impact on nitrification bacteria than on denitrification
bacteria (Farabegoli et al. 2004). Biodegradation is basically divided into two
processes: (1) aerobic and (2) anaerobic process. Furthermore, it has also been
reported that the characteristics of wastewater play an important role in the selection
of biological treatments (Raj and Anjaneyulu 2005; Deegan et al. 2011).

2.1 Aerobic Processes

Before we go in to the details of aerobic treatment technology, it is important to
understand the term aerobic; as the word itself suggests, it means in the presence of
air (oxygen). Thus, aerobic treatment processes utilize those microorganisms which
grow in the presence of oxygen. Aerobic-activated sludge treatment has been widely
used worldwide treatment technology (Gujer et al. 1995; Jeon et al. 2003; Chen and
Gu 2005; Lopez et al. 2006; Polesel et al. 2016). Song et al. (2005) isolated two
bacterial strains (Arthrobacter sp. 2AC and Comamonas sp. 4BC) from tannery-
activated sludge and reported that these bacterial strains were capable to degrade
naphthalene-2-sulfonic acid which is a main component of the naphthalene sulfo-
nate. Similarly, Song and Burns (2005) reported the degradation of 2-
naphthalenesulfonic acid and formaldehyde by Cunninghamella polymorpha (fun-
gus). Senthilkumar et al. (2008) isolated four halotolerant bacteria, viz., Pseudomo-
nas aeruginosa, Bacillus flexus, Exiguobacterium homiense and Staphylococcus
aureus from different saline habitat and used these salt-tolerant bacteria in consortia
for the biodegradation of tannery soak liquor. They reported that 80% COD removal
efficiency was observed at 8% (w/v) salinity for halotolerant bacteria in consortia,
but 10% (w/v) salinity reduced the COD removal. It has been reported that the
temperature also plays a role in the removal of contaminants from the wastewater at
large scale (Görgün et al. 2007). Insel et al. (2009) studied the functioning of
intermittent aeration type of operation at 21 and 35 �C temperature in fluctuation
and reported that the process of nitrification was improved by increasing the
intensity of aeration that improves the efficiency total nitrogen removal.

2.2 Anaerobic Processes

The term anaerobic simply means in the absence of air (oxygen). The anaerobic
treatment processes take place in the absence of oxygen by those microorganisms
that do not require oxygen.

Anaerobic process has been attracting much attention in the scientific world due
to its application in the treatment of wastewater with medium to high organic
impurities (COD > 1000 ppm). Mannucci et al. (2010) in their article reported
63 applications of anaerobic processes in tannery wastewater treatment. Lefebvre
et al. (2006) and El-Sheikh Mahmoud et al. (2011) reported anaerobic treatment
process mainly performed by using anaerobic filters composed of upflow anaerobic
filters, downflow anaerobic filters as well as upflow anaerobic sludge blanket
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reactors. However, Zupančič and Jemec (2010) also reported expanded granular
sludge bed and anaerobic baffled reactor. The filling materials used in the anaerobic
filter were polyurethane foam cubes and polypropylene rasching rings (Daryapurkar
et al. 2001).

3 Advancement in the Treatment Technologies

3.1 Microalgae-Based Treatment

Algae-based wastewater treatment can simulate the capacity of natural ecosystems as
it remove the contaminant from the water in an eco-friendly way. Algae-based
treatment systems have been proved to be effective to remove the contaminant
from the water due to the use of fertilizer and resource recovery of algal biomass
in algal ponds (Ahmed et al. 2017). It has also been reported that in algal pond, algae
and bacteria also grow in symbiotic association (Ahmed et al. 2017). In a symbiotic
association, bacteria uses oxygen which is produced during photosynthesis of algae
and bacteria degrade the contaminants (Passos et al. 2014; Matamoros et al. 2015).
Contaminants such as pharmaceutical compounds, anti-inflammatory drugs, and
antibiotics can be removed by algal reactors (Ahmed et al. 2017). Algae-based
treatment system can eliminate several types of contaminants such as endocrine-
disrupting compounds and pharmaceuticals. However, it has also been reported that
algal-based treatment system has lesser affinity toward pesticides removal (Ahmed
et al. 2017).

3.2 Membrane Bioreactors

In recent years the use of membrane technologies has been focused on, particularly
membrane bioreactors as it allow the operation at higher concentrations of biomass
and sludge retention time. The application possibilities of membrane bioreactors are
ever extending as the use of membrane bioreactor represents an economic advan-
tage. Membranes used in this bioreactors can be categorized according to their
hydrophilic (having a tendency to mix with or dissolve in water) or hydrophobic
(tending to repel or fail to mix with water) nature depending on the properties of the
construction material (Jermann et al. 2009; Alvarino et al. 2018).

3.3 Sequencing Batch Reactor

Sequencing batch reactor has been reported to remove the nutrients biologically.
Kuba et al. (1993) reported the biological removal of phosphorus from wastewater
by anaerobic-anoxic sequencing batch reactor. Similarly, Manning and Irvine (1985)
reported the biological removal of phosphorus in a sequencing batch reactor. Lee
et al. (2001) reported the biological nitrogen removal with enhanced phosphate
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uptake in a sequencing batch reactor using single-sludge system. It has also been
reported that the biological phosphorus removal was enhanced due to the use of
anaerobic-aerobic sequencing batch reactor system (Danesh and Oleszkiewicz
1997). Sequencing batch reactor has the ability to carry out nitrification and denitri-
fication in the existence of inhibiting substances (Farabegoli et al. 2004; Ganesh
et al. 2006). The nitrification and denitrification processes occur due to the selection
and enrichment of particular microbial species (Lofrano et al. 2013). It has also been
reported that the sequencing batch reactor treatment technology is also used for
tannery wastewater because of the flexibility in its operation. Murat et al. (2006)
studied the effect of a wide range of temperature (7–30 �C) on nitrogen removal from
tannery wastewater and reported that the nitrification and denitrification was
maintained by the adjustment of the sludge age for each temperature range.

3.4 Constructed Wetland

Constructed wetland is biological based treatment system that is designed to filter
and remove contaminants by the use of natural methods including plants, soils and
their associated microbes. According to Töre et al. (2012), constructed wetland
treatment is an integrated combination of biological, physical and chemical pro-
cesses. A number of studies have been undertaken for selecting the species of plant
(Calheiros et al. 2007, 2008, 2012), selecting substrate (Calheiros et al. 2008) and for
microbial dynamics (Calheiros et al. 2009a, b). Mant et al. (2004) reported the
phytoremediation of chromium by interaction of Pennisetum purpureum, Brachiaria
decumbens and Phragmites australis in constructed wetland. Similarly, Calheiros
et al. (2008) studied the effect of tannery effluent on Canna indica, Typha latifolia,
P. australis, Stenotaphrum secundatum and Iris pseudacorus in constructed wet-
land. They further reported that only two plants (P. australis and T. latifolia) were
able to grow successfully. Moreover, Töre et al. (2012) reported the removal of
steroid, estrogens, bisphenol and phthalates in constructed wetland.

3.5 Moving Bed Biofilm Reactor

Moving bed biofilm reactor developed in Norway in the late 1980s and early 1990s
and has been used worldwide for the treatment of wastewater (Rusten et al. 2006). In
moving bed biofilm reactor, the carrier elements are used which are attached to the
biomass that moves freely along with the water in the reactor (Ødegaard et al. 1994).
This technology was used by several researchers for the removal of unwanted
materials from the wastewater (Pastorelli et al. 1997; Winkler et al. 2012; Barwal
and Chaudhary 2014; Dvořák et al. 2014). This reactor was studied for the removal
of nitrogen through simultaneous nitrification and denitrification processes (Wang
et al. 2006). Li et al. (2011a, b) reported the removal of thiocyanate and ammonium
from wastewater of coal gasification in moving bed biofilm reactor. Chen et al.
(2008) reported the simultaneous exclusion of COD and ammonium from landfill
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leachate in moving bed biofilm reactor system. Additionally, this technology
was also used for the treatment of pesticide and phenolic from the wastewater
(Borghei and Hosseini 2004; Chen et al. 2007).

4 Drawback of Biological Wastewater Treatment

Biological wastewater treatment system displays a number of limitations over
physical and chemical wastewater treatment systems. Ochoa-Herrera et al. (2009)
reported the toxicity of fluoride to microbes in biological wastewater treatment
systems. Similarly, copper(II) ions are reported to have toxic effect on
microorganisms in biological wastewater treatment (Ochoa-Herrera et al. 2011). It
has also been reported that algal-based treatment system has lesser affinity toward
pesticide removal (Ahmed et al. 2017). Moreover, in membrane-based bioreactor,
membrane fouling is the most serious issue (Meng et al. 2009; Lin et al. 2013) that
diminished the hydraulic performance which limits the extensive use of membrane
technology (Judd 2010; Yu et al. 2013). Various factors such as functioning
conditions, characteristics of wastewater, membrane, biomass properties and their
interactions are responsible for membrane fouling (Meng et al. 2007). As reported by
Ahmed et al. (2017), there are still some unresolved problems in the removal of
emerging contaminants from wastewater in moving bed bioreactor technology.

5 Conclusions

There are various contaminants persisting in wastewater such as heavy metals and
many other organic and inorganic complex compounds (O’Connor 1996; Fatta et al.
2011; Li et al. 2011a, b). These contaminants when released in the environment
cause problems to human beings as well ecological environments. Therefore, there is
a need to remove these contaminants form wastewater (Jiang et al. 2006; Huang et al.
2006; Pang et al. 2001). In this context, biological wastewater treatment system
serves as a good option to combat the problem of water pollution. Biological
wastewater treatment system is a cost-effective and environmental-friendly technol-
ogy for the treatment of wastewater. However, there are still some limitations in
biological wastewater treatment system due to the variable efficiencies of different
treatment systems.
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Role of Extremophiles and Extremophilic
Proteins in Industrial Waste Treatment

Sharmistha Tapadar, Deeksha Tripathi, Saurabh Pandey,
Khyati Goswami, Arunima Bhattacharjee, Kunwali Das,
Espita Palwan, Mamta Rani, and Ashutosh Kumar

Abstract

Majority of the industrial products are made in variety of extreme environments.
These industrial processes generate by-products that are difficult to degrade,
harmful for environment, and toxic to animals and humans. These industrial
by-products are present in extreme conditions such as high salt and high or low
temperature. It is an unfavorable condition for most of the waste-degrading
enzymes as they work at ambient condition. The harmful industrial
by-products, therefore, needed to shift at ambient condition for their degradation.
Extremophiles grow at extreme conditions, and so their enzymes too work
optimally under these extreme conditions. Extremophiles have enormous poten-
tial in biotechnological industry and waste remediation/management. Some halo-
philic microorganisms have great efficiency to remove petroleum, heavy metals,
and dyes from the water polluted by industries. The chapter details the protein
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adaptations in different extremophiles for their survival and uses of different
extremophilic organisms/proteins in bioremediation.

Keywords

Extremophiles · Protein adaptations · Extremophilic proteins · Industrial waste
treatment

1 Extremophiles

Extremophiles thrive in intolerably hostile or even lethal environments. These
extreme conditions are extreme hot niches, arctic frost, and salty lakes. Some
extremophiles can grow in presence of toxic waste and organic and heavy metal
contaminants that are lethal to other organisms. Extremophiles are found in hydro-
thermal vents, in deep sea, as well as in the volcano. They are the Earth’s most
prolific group of organisms yet less studied. Extremophiles have members of all the
three domains of life, bacteria, eukarya, and archaea. However, the members of the
group archaea are least versatile; archaea are the major group that can survive in
extreme environmental conditions. Among the bacteria, cyanobacteria are best
adapted in extreme environments. Fungi are the most versatile among the
eukaryotes. Example of most impressive eukaryotic polyextremophiles is the Tardi-
grade, a microscopic invertebrate. Tardigrades can survive in temperature of about
�272 �C to 151 �C, pressure of about 6000 atmospheric pressure, extreme dehydra-
tion, and in the exposure to X-rays and gamma rays (Rampelotto 2013).

Extremophiles can be grouped based on different extreme growth conditions.
Thermophiles can grow between 55 and 80 �C or higher temperature, whereas
psychrophiles are between �20 and 10 �C. Halophiles are salinity tolerant and can
grow at extremely high salt concentration, approximately 0.6 M to >5 M NaCl.
Acidophiles and alkaliphiles are pH-tolerant microorganisms. Acidophiles have
optimal growth at pH 3 or below 3, whereas alkaliphiles have optimal growth up
to pH 10. Piezophiles are organisms that survive at high pressure (Dworkin et al.
2006). Radiation-resistant or radio-resistant extremophiles grow under extreme
radiation such as gamma rays (GR), X-rays, UV radiation (UVR), and radio waves.

Recently, multicellular eukaryotic salmon parasite Henneguya salminicola is
characterized with ability to grow in hypoxic environment. Evolution at hypoxic
environment makes them lose the total of aerobic pathway. They have unusual
characteristics of lacking mitochondrial genome, thus devoid of aerobic respiration.
This makes them unique; otherwise, aerobic respiration is ubiquitous among
eukaryotes (Yahalomi et al. 2020).
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2 Industrial Waste and Bioremediation

Manufacturing, mining, and other industries emit/discharge unwanted industrial
wastes. Due to complex nature, industrial waste management is more problematic
and less predictable than management of municipal solid waste (MSW), particularly
as industrial waste often contains hazardous pollutants. Aquatic organisms are
continuously exposed to different industrial waste in contaminated water bodies.
Industrial and household wastewater contains chemicals such as carbaryl, chlorpyri-
fos, diethyl phthalate, p-nonylphenol, tri(2-chloroethyl)phosphate, naphthalene,
anthracene, 1,2,3-tricholoropropane, phenol, 1,4-dichlorobenzene, acetophenone,
etc. (Petrie et al. 2015). Some chemicals, which have anthropogenic origin, such
as dichlorodiphenyltrichloroethane (DDT), trichloroethylene, 1,2,3-
trichloropropane, etc., are resistant to natural biodegradation (Janssen et al. 2005).
1,2,3-trichloropropane (TCP) is an industrial by-product of anthropogenic origin,
which is a major groundwater contaminant (Samin and Janssen 2012). Chemicals in
industrial waste have diverse physicochemical properties and occupy heterogeneous
physical niches in the environment (Meckenstock et al. 2015).

Unregulated anthropogenic activities result in metal pollution. Bioremediation
strategies have been implemented in many contaminated areas, using bacterial
bioremediation approach. Some examples are as follows. In Chromobacterium
violaceum, various genes and proteins are associated with the metabolism of metals,
such as arsenic, iron, zinc, etc. (Alencar et al. 2016). Pseudomonas aeruginosa is
mostly used for soluble cadmium removal (Sinha and Mukherjee 2009). Pseudomo-
nas putida uses bioaccumulation and biosorptive mechanism for removal of metals
such as cobalt, nickel, manganese, vanadium, lead, titanium, and copper (Kamika
and Momba 2013). Acinetobacter guillouiae also uses the mechanism of biosorption
for the removal of copper (Majumder et al. 2015).Geobacter metallireducens is used
in the removal vanadium, in which the V(V) ions are precipitated after reduced to V
(IV) ions (Ortiz-Bernad et al. 2004). Paenibacillus polymyxa is used for the removal
of cadmium, copper, and zinc, by biosorption, adsorption, and bioaccumulation in
the polymeric matrix or biomass (Martins et al. 2008). Intracellular accumulation
and extracellular adsorption are used by the bacterium Bacillus cereus, for bioreme-
diation of cadmium (Huang et al. 2014). Also, chromium ions are removed by
biosorption of ions by immobilized Bacillus cereus (Maiti et al. 2009). Rhodococcus
erythropolis is used for the removal of copper, cadmium, and lead, due to its
capability to synthesize microbial surfactant (Pirog et al. 2013). Bacillus
licheniformis uses bioaccumulation and biosorptive mechanism for the removal of
zinc, copper, nickel, manganese, vanadium, lead, titanium, and copper (Kamika and
Momba 2013). Bacillus barbaricus uses the mechanism of biosorption with bacterial
consortium action, for the removal of cadmium and lead (Sen et al. 2014).
Chlamydomonas spp., Oscillatoria spp., and Chlorella vulgaris are suggested to
bioaccumulate heavy metals inside their tissues in higher concentration. Aspergillus
niger, Bacillus spp., Pseudomonas aeruginosa, Citrobacter spp., Chlorella vulgaris,
Rhizopus arrhizus, Zooglea spp., and Volvariella volvacea are some examples of
microbes that utilize heavy metals (Mishra 2017).

Role of Extremophiles and Extremophilic Proteins in Industrial Waste Treatment 219



Radionuclides are the radioactive wastes that are life-threatening upon exposure.
Nuclear power plants contribute to about 95% of the total radioactive wastes
generated (Ahier and Tracy 1995; Tamponnet and Declerck 2008). Bioremediation
is the ecologically beneficial way by which radioactive wastes can be removed from
the environment. Microorganism-mediated bioremediation can affect the solubility,
bioavailability, and mobility of radionuclides (Prakash et al. 2013).

Bacteria such as Shewanella putrefaciens and Geobacter sulfurreducens are
capable of U(VI) reduction (Wildung et al. 2000; Lloyd et al. 2003). 99Tc, a
radionuclide found in nuclear wastes, can be reduced by direct metabolic reduction
by the bacteria Shewanella putrefaciens and Geobacter metallireducens (Lloyd and
Macaskie 1996). Some biofilm-producing microorganisms serve as a platform for
the precipitation of insoluble minerals (Prakash et al. 2013). Citrobacter
sp. produces deposits of metal phosphate enzymatically (Prakash et al. 2013).
Genetically modified Pseudomonas aeruginosa is be able to precipitate a complex
containing phosphorus and uranium on their cell surface (Keasling et al. 2000).
Several proteins of microorganisms such as Deinococcus radiodurans,
Sphingomonas sp. BSAR-1, Salmonella enterica serovar Typhi, and Desulfovibrio
vulgaris are utilized in the bioremediation of uranium (Appukuttan et al. 2006;
Nilgiriwala et al. 2008; Misra et al. 2012). In the bioremediation of cobalt, genes
and proteins of Rhodopseudomonas palustris and Novosphingobium
aromaticivorans can be utilized (Raghu et al. 2008). Thus, huge progress had been
made in the field of radionuclide bioremediation using microorganisms in recent
years. However, many challenges still lie ahead in remediation of radioactive wastes.

3 Contaminants in Wastewater

3.1 Microbial Components

Wastewater contains numerous pathogenic as well as non-pathogenic bacteria,
helminths, protozoa, and viruses. Enterococcus faecalis, Escherichia coli, Staphylo-
coccus aureus, Streptococcus pneumoniae, Vibrio cholerae, Bacillus anthracis, Clos-
tridium botulinum, Clostridium perfringens, Pseudomonas aeruginosa, Clostridium
difficile, Corynebacterium diphtheria, Mycobacterium tuberculosis, Streptococcus
agalactiae, Yersinia pestis, Bacillus anthracis, and Salmonella enterica are bacterial
pathogens present in wastewater (Kumaraswamy et al. 2014). There is presence of
different viruses such as noroviruses (Pouillot et al. 2015), rotaviruses (Baggi et al.
2001), adenoviruses (Osuolale and Okoh 2015), rhinoviruses, enteroviruses (Baggi
et al. 2001), and herpes simplex viruses (Bibby and Peccia 2013).

3.2 Non-microbial Components

Nitrogen is abundantly found in wastewater. Both nitrogen and phosphorus are
found in waste of agricultural industries. This increase of inorganic nitrogen
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enhances eutrophication of water bodies. Similarly, phosphorous-containing sludge
from industries also causes eutrophication (Camargo and Alonso 2006).

Industrial wastewater is often heterogeneous mixture of aromatic amines, nitro-
containing compounds, polynuclear aromatic hydrocarbons (PAHs), chlorinated
organics, solvents, and heavy metals. Chemical industries are the largest producer
of hazardous materials, such as hydrocarbons and coal tars (Houk 1992). Their
wastes may contain carcinogens like acetonitrile and acetamide (Houk 1992).
Extracts of wastewater also contain nitrobenzoic acids, nitrotoluenes, benzoic
acids, and cresols (Sundvall et al. 1984). Organic chemical manufacturers release
some of the most genotoxic discharges (McGeorge et al. 1985). Also plastics, resins,
and rubber industries produce black tar, containing high levels (550 mg/g) of aniline,
which is a mutagen in some organisms (DeMarini et al. 1987; DeMarini and Houk
1988). Textile industries produce carcinogens, such as benzidine and
beta-naphthylamine. They also release heavy metals, especially chromium, copper,
and zinc, and hazardous chemical intermediates, such as aromatic amines as waste
(Houk 1992). In addition, these industries discharge several mutagens and
carcinogens such as benzo-pyrene, fluoranthene, and phenanthrene/anthracene
(Houk 1992). However, some chlorinated compounds or solvents, including
dichlorobenzenes, carbon tetrachloride, and trichloroethylene, are identified in the
wastes (DeMarini and Houk 1988). Also, pesticide manufacturers generate high
alkylamines containing waste (DeMarini et al. 1989). Wood-preserving wastes
contain phenols, cresols, carcinogenic PAHs (such as fluoranthene, pyrene), penta-
chlorophenol, and other chlorinated hydrocarbons (Donnelly et al. 1983, 1987a, b).
Latex paint waste contains high levels of ethylbenzene, zinc, copper, and mercury
and smaller amounts of some carcinogenic or mutagenic metals such as arsenic and
selenium (Houk 1992). Polynuclear aromatic and aliphatic hydrocarbons and their
derivatives were found to be the primary components of petrochemical wastes
(Somani et al. 1980).

A mutagen, neoabietic acid, is also found in some effluents from pulp and paper
mills (Houk 1992). The discharges from defense and munitions plants are trinitro-
toluene (TNT), which is nonpolar, and the major organic component is
dinitrotoluene (DNT) sulfonic acids (Houk 1992). TNT and DNT are mutagenic
(Spanggord et al. 1982). Discharge from munition plants also contains small
amounts of genotoxic compounds, such as 2,4,5-trinitrotoluene, 3,5-dinitroaniline,
and 1,3,5-trinitrobenzene (Spanggord et al. 1982). Food processing industries pro-
duce large amounts of organic wastewater, containing carbon, ammonium, sodium
hydroxide, etc. (Frenkel et al. 2017). Pharmaceutical industry contributes a lot of
chemical waste to the water bodies.

Industrial wastewaters contain toxic heavy metals such as Zn, Cu, Cr, Ni, Cd, and
Hg and may cause clinical manifestations (Zawierucha et al. 2016). Thus, all these
wastes must be treated before discharging into water bodies (Frenkel et al. 2017).
Radioactive contaminants can also be seen in wastewater from different industries
that work with radioactive metals, mining industry, nuclear power station, and
biomedical engineering.
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4 Protein Adaptation of Extremophiles

Extremophiles can thrive in extreme environments that are intolerably hostile or
even lethal for other life forms. Extremophiles have various adaptations that keep
their cellular proteins stable and active which enables them to cope up with such
harsh conditions. One such adaption is their enzymes known as “extremozymes”
which perform the same enzymatic functions as their non-extreme counterparts.
Extremozymes are capable to catalyze chemic activity inside the cell under harsh
conditions (Fig. 1).

4.1 Protein Adaptation in Thermophiles

Though thermophiles can grow at very high temperature because of their thermosta-
ble enzymes and adaptation of the membrane, there is also high energy demand.
Protons and sodium ions are used during energy transduction in bacteria; by

Fig. 1 Extremophilic adaptations for the survival in different stresses such as pH stress, tempera-
ture, high salt, and radiation. (Figure adapted, with permission, from Kumar et al. 2018 # 2018
Elsevier Ltd.)
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increasing the rate of proton pumping, they sustain the proton’s electrochemical
gradient to increase permeability at high temperature; consequently, they use an
increased fraction of metabolic energy for maintenance.

The proteins of thermophilic bacteria have different amino acid content than that
of ordinary protein. Thermophile proteins undergo various modifications for adap-
tion. The most common are increase in the number of large hydrophobic residues,
larger hydrophobic core, more number of disulfide bonds, and increased ionic
interactions (Reed et al. 2013). Also, increased disulfide bridges lead to enhanced
stability of the thermophilic proteins (Boutz et al. 2007; Cacciapuoti et al. 2012).
Thermophilic proteins also have increased electrostatic interactions by replacement
of uncharged residues with charged ones, increasing stability (Haney et al. 1999).
Further, thermal stability also increases by subunit-subunit and subunit-cofactor
interactions (Reed et al. 2013). Thermostable proteins have high amount of arginine
and result in elevated incidence of salt bridge formation and ion pairing to stabilize
thermophilic proteins. Lastly, extremophilic proteins have biotechnological
applications. It can be used in many industries to reduce pollution by industrial
waste treatment.

4.2 Protein Adaptation in Psychrophiles

Psychrophiles inhabit frozen lakes, polar regions, deep sea, arctic glaciers, and high
altitudes. Since low temperature hampers bacterial cellular activity, they have
adapted to low temperatures. Severe physicochemical constraints like increased
water viscosity, decreased molecular diffusion rates, reduced biochemical reaction
rates, increased solubility of gases, increased osmotic stress, desiccation, and ice
formation are faced constantly by psychrophiles (D’Amico et al. 2006; Gerday and
Glansdorff 2007). To overcome all these conditions, psychrophiles modify the fatty
acid composition by increasing the content of unsaturated fatty acids of the lipid
bilayer in the cell membrane (Chintalapati et al. 2004; Russell 2008). Psychrophile
contains enzymes which have a high specific activity in the cold. In psychrophile
proteome, there is an increased occurrence of glycine and decreased occurrence of
proline. Glycine provides greater conformational mobility, whereas proline residues
ensure conformational rigidity (Feller 2010). Psychrophilic proteins have less cyste-
ine residues which correspond to decrease in the number of disulfide bridges (Parrilli
et al. 2019). Psychrophilic enzymes have larger cavities that help to retain hydro-
philic groups which in turn increases enzyme flexibility by enhancing the internal
solvation (Paredes et al. 2011). Also, anti-freeze or ice-binding proteins (IBPs)
inhibit the formation of ice crystals inside the cell (Bar Dolev et al. 2016).

4.3 Protein Adaptation in Halophiles

Halophiles thrive in salty oceans, sea, lakes, and coastal areas. Halophiles adapt
themselves to prevent losing water or can shrink and ultimately die. Low
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hydrophobicity is considered as one of the protein adaptive mechanisms in
halophiles. Lower water availability is responsible for dehydration of a protein as
a result hydrophobic interactions strengthen. Also, halophilic proteins bind salt and
water in solvent conditions like their environment. This binding ability is dependent
on the acidic amino acid residues in the protein surface (Mevarech et al. 2000;
Bergqvist et al. 2003; Tadeo et al. 2009). Halophilic proteins also have a high excess
of negatively charged amino acids such as aspartate and glutamate over amino acids
with a positive charge such as lysine and arginine (Gunde-Cimerman et al. 2018).
Increased negative surface charge on the proteins makes them more soluble and
provides them flexibility at high salt concentrations, whereas their non-halophilic
counter-proteins tend to form a cluster making them non-flexible (Gunde-Cimerman
et al. 2018).

4.4 Protein Adaptation in Acidophiles

Acidophiles maintain the cytoplasmic pH close to neutrality to protect their acid-
labile cellular protein and other constituents, which needs a large pH gradient across
cell membrane. Also, DNA becomes unstable in highly acidic condition.
Acidophiles have special mechanisms to pump acid out of the cell cytoplasm to
maintain neutral to weak acid conditions (Matin 1999). Three main mechanisms are
involved in the adaptation of acidophiles: use of a reversed membrane potential,
building an impermeable cell membrane, and cytoplasmic buffering (Baker-Austin
and Dopson 2007). They have decreased permeability for the entry of protons into
the cytoplasm. The inside positive membrane potential restricts the influx of protons
by the formation of K+ ions (Buetti-Dinh et al. 2016; Christel et al. 2018). Cytoplas-
mic buffering helps in maintaining intracellular pH because the cell cytoplasm
possesses basic amino acids such as lysine, histidine, and arginine which are capable
of sequestering protons (Baker-Austin and Dopson 2007).

4.5 Protein Adaptation in Alkaliphiles

Alkaliphiles are usually found in acidic environment of soda deserts and soda pans.
Maintaining cell integrity and function of intracellular organelles is difficult but
critical for survival. pH homeostasis in cells is achieved by lowering of cytoplasmic
pH by proton uptake, reducing proton leakage, also production of organic acid, and
inhibiting the entry of hydroxyl ions (Mamo 2019). Alkaliphilic Bacillus species
uses the H+ ions and also employs sodium ion solute uptake taken from extracellular
environment for solute transport systems. The bacterial Na+/H+ antiporters help in
uptake of cytoplasmic H+. Alkaliphiles have more sodium proton antiporters,
sodium-dependent flagellum rotor proteins, and F1F0-ATPase pump (Wernick
et al. 2013).
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5 Role of Extremophiles in Waste Treatment

Due to urbanization, the expansion of industrial activities has increased the various
contaminations in the environment. Human activities create waste, and these wastes
can pose risks to both the environment and public health. Extremophiles can produce
different novel enzymes which are stable in harsh environments. They have potential
to be used for waste degradation and bioremediation.

5.1 Bioremediations Using Thermophiles

For bioremediation, there are two widely used approaches: bio-absorption and
bioaccumulation. Thermophiles are always preferred for bioremediation of heavy
metals. Some thermophiles can tolerate high metal concentration which may
increase metal solubilization by oxidation. Thermophiles are able to reduce a wide
spectrum of metals such as Mn, U, Tc, Cr, Co, Mo, Au, and Hg. A thermophilic
bacterium Thermus thermophilus is able to tolerate very high concentration of
arsenate and arsenite. It has been reported that Thermus scotoductus and
Thermoanaerobacter sp. are able to reduce enzymatic uranium and technetium.
For the biodegradation of hydrocarbons, use of thermophiles is well known. Also,
thermophiles have high potentiality for bioremediation of heavy metals of ground-
water and surface water. They are also used for the removal of organic compounds
such as aliphatic and aromatic hydrocarbons and synthetic dyes (Sar et al. 2013).

Thermophiles survive at temperature, like hot springs, volcanic environments,
fumaroles, geysers, and deep-sea hydrothermal vents. Their enzymes remain active
even at very high temperature. Bacillus sp. from hot springs have industrial
applications (Derekova et al. 2008; Kumar et al. 2013; Panda et al. 2016).
Metagenomic studies have shown great diversity of thermophiles present in the
hot springs (Tekere 2011).

Anoxybacillus sp. produces hydrolytic enzymes and oxidoreductases that are
useful for bioremediation of wastewater (Jardine et al. 2018). Also, thermophiles
can reduce phenol, a constituent of many pollutants (Jardine et al. 2018). Enzymes
produced by the Anoxybacillus sp. may reduce pollutants from food industries, viz.,
polyaromatic hydrocarbons dyes, antibiotic residues, phosphates, and heavy metals
(Jardine et al. 2018). Thermophilic enzymes or thermozymes have maximum activ-
ity at elevated temperatures (Mehta et al. 2016).

Thermophilic molds also secrete thermostable enzymes capable of degradation of
organic and other toxic contaminants and hence have potential applications in
bioremediation of industrial wastes and effluents (Singh and Satyanarayana 2009;
Singh et al. 2016). Talaromyces emersonii, Mucor sp., Rhizopus sp., and
Thermomucorindicae seudaticae are some of the examples of thermophilic molds
that are employed in the bioremediation of polluted water and decolorization of dyes
(Singh et al. 2016). Enzymatic technetium reduction have been shown in
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thermophilic microorganisms, such as Thermus scotoductus, Pyrobaculumis
landicum, Thermoanaerobacter sp., and Thermoterrabacterium ferrireducens
(Chernyh et al. 2007). Considering the various advantages, bioremediation of wastes
using thermophiles and thermophilic proteins (enzymes) seems to be a promising
tool to increase the efficiency of the process of bioremediation of wastes (Urbieta
et al. 2015).

5.2 Bioremediation Through Psychrophiles

Psychrophiles are known to be used for the bioremediation of polluted cold soils and
wastewater. At low temperature, Arthrobacter psychrolactophilus degrades organic
compounds and clarifies synthetic wastewater turbid medium (Margesin and Feller
2010). Some psychrophiles can act as a biofertilizer at low temperature. They
degrade xenobiotic compounds which are man-made synthetic compounds.
Enzymes produced by psychrophiles act on organic pollutants. Psychrophiles
degrades toxic compounds into nontoxic substances (Kumar et al. 2019). Oil spills
in marine water are one of the reasons of water pollution. During Deepwater Horizon
spill, initial phases were dominated byOceanospirillaleswhich consume a variety of
alkanes (Hazen et al. 2010), followed by dominance of Colwellia and Cycloclasticus
that consume propane, ethane, and butane and BTEX (benzene, toluene, ethyl
benzene, and xylenes), respectively (Redmond and Valentine 2012). Finally, there
is dominance of Flavobacteria (Tenacibaculum and Polaribacter),
Alteromonadaceae, and Rhodobacteraceae (Dubinsky et al. 2013) which degrade
high molecular weight organics and dissolved organic matter in the marine water.

5.3 Bioremediation by Halophiles

Polyhydroxyalkanoates (PHAs) and polyhydroxybutyrate (PHB) are storage
materials that are accumulated within bacteria as a source of energy and carbon
reserve. The interest in these polymers is due to its unique characteristics of
biodegradable, eco-friendly, and also biocompatible in nature. Cupriavidus necator,
Alcaligenes latus, Azotobacter vinelandii, Methylobacterium extorquens, Pseudo-
monas, and recombinant Escherichia coli are some of the bacteria that accumulate
PHAs (Lee 1996; Steinbüchel and Füchtenbusch 1998). Among halophiles,
Haloferax mediterranei is so far the best PHA producer. Some other examples of
haloarchaea that can synthesize PHA are Haloterrigena hispanica, Haloquadratum
walsbyi, Halorhabdus tiamatea, Halorhabdus utahensis, Halopiger aswanensis,
Halobiforma haloterrestris, and Natrinema altunense (Wainø et al. 2000; Xu et al.
2005; Burns et al. 2007; Romano et al. 2007; Antunes et al. 2008; Hezayen et al.
2010). Halophiles that produce poly-30-hydroxybutyrate (PHB) are obtained from
high salt sludge that are capable of producing bio-plastic (Hermann-Krauss et al.
2013; Legat et al. 2010). PHB biopolymer can be isolated from a halophilic strain
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Halomonas boliviensis in its stationary phase (Quillaguamán et al. 2005). PHB
biopolymer can be obtained by culturing with glucose, sucrose, volatile fatty acid,
and hydrolyzed starch in fed-batch culture medium, making it cheapest and easily
made PHB biopolymer (Quillaguamán et al. 2005). Biofuels are considered the best
substitute for fossil fuel. Among all the biofuel, bioethanol is known as the best
substitution. It has been shown that under aerobic and anaerobic conditions,
Nesterenkonia sp., a moderately halophilic bacterium, is capable of producing
butanol, ethanol, and acetone (Amiri et al. 2016).

Few strains of halophilic microorganisms can generate organophosphorus acid
anhydrases (OPAA) which have a strong hydrolytic property to denature organo-
phosphorus chemicals and its derivative. Decontamination of chemical substances
can be done by these biocatalysts (DeFrank et al. 1993). By using recombinant DNA
technology, cloning of OPAA compound facilitates the isolation and characteriza-
tion of specific OPAA coding genetic segment which can help in detoxification of
organophosphorus substances.

5.4 Bioremediation by Acidophiles

Acidophilic archaea and some thermophilic bacteria are capable of pollutant degra-
dation from industrial wastewater, as it is hot and acidic in nature. Sulfolobus
solfataricus can degrade phenol at 80 �C and pH 3.2 (Christen et al. 2011, 2012;
Comte et al. 2013). Thiomonas arsenitoxydans, Acidithiobacillus caldus, and
Acidithiobacillus ferrooxidans are some examples of acidophiles that can tolerate
significantly high loads of heavy metals (Navarro et al. 2013). Acidithiobacillus
ferrooxidans is widely used in mineral bioleaching (Ramos-Zúñiga et al. 2019).
Similarly, acid mine drainage contributes a major portion of heavy metal waste by
releasing highly acidic effluent. Ferroplasma spp. are acidophilic metal oxidizers
which has optimal growth at very low pH (Edwards et al. 2000; Golyshina and
Timmis 2005). Waste electric and electronic equipment generates huge amount of
heavy metals like copper, lead, zinc, and nickel. Studies showed that a mixed culture
of A. ferrooxidans and A. thiooxidans is more efficient in metal recovery than their
pure culture (Wang et al. 2009; Liang et al. 2010). Use of mixotrophic acidophiles is
shown to significantly increase cadmium removal from cadmium-contaminated soils
(Hao et al. 2019). Low-pH iron oxidation is also used as a bioremediation strategy.
Although sulfate is not considered as toxic, but it is still very harmful when present
in wastewater. Sulfate can be reduced to zero-valent sulfur (ZVS) in order to remove
it from wastewater. Autotrophic acidophilic and neutrophilic bacteria catalyze con-
version of gaseous H2S to ZVS under low redox conditions. Sulfur reducers usually
grow at a broad spectrum of both temperature ranging from 2 to 110 �C and pH
ranging from 1 to 10.5 (Johnson and Sánchez-Andrea 2019).
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5.5 Bioremediation by Basophiles

Tributyltin (TBT) is present in waste affluent discharged from various industries
such as wood, textiles, paper mill, and breweries. It is toxic to aquatic fauna and
humans. Alkaliphilic bacteria Stenotrophomonas chelatiphaga decreases the TBT
concentration (Hassan et al. 2018). Further, phenol toxic to aquatic terrestrial fauna
and humans is degraded by Arthrobacter spp. which is obligate alkaliphilic bacteria
(Kanekar et al. 1999). Hydrocarbon removal from high pH industrial wastes is also
treated by alkaliphiles (Margesin and Schinner 2001). In textile industry, waste
discharge contains various synthetic dyes. Synthetic dyes deplete the dissolved
oxygen and hence affect the aquatic life. Biodegradation of azo dyes is made by
alkaliphilic bacterial consortium in effluents of textile industry. Other bacterial
species capable to remove dyes of textile effluents are Bacteroides spp., Eubacte-
rium spp., Clostridium spp., Proteus vulgaris, Streptococcus faecalis, Bacillus spp.,
and Sphingomonas (Wuhrmann et al. 1980; Rafii et al. 1990; Bragger et al. 1997).
Gold mining and jewelry industry generate large amount of cyanide waste. Pseudo-
monas pseudoalcaligenes uses cyanide, cyanate, and different metal-cyanide
complexes as the sole nitrogen source (Luque-Almagro et al. 2005, 2008). Industrial
effluent also contains nitrile as pollutant at high pH/salt conditions. Comamonas
sp. (Manolov et al. 2005), Pseudomonas putida (Chapatwala et al. 1993), and
Rhodococcus spp. (Blakey et al. 1995; Kohyama et al. 2006) use acetonitrile as
source of carbon, nitrogen, and energy. They possess the nitrile hydratase/amidase
enzymatic pathway. Natronocella acetinitrilica is high salt-tolerant, and obligate
alkaliphile can be used for removal of nitriles as they use aliphatic nitriles as carbon
and energy source (Sorokin et al. 2007).

6 Conclusion

Extremophiles have a huge potential in bioremediation as these organisms survive at
extreme conditions and majority of pollutants are also present in extreme environ-
ment. Extremophilic proteins are functional in respective extreme conditions due to
adaptations in protein structure. Many extremophilic organisms are being used in
bioremediation. Genetic engineering techniques offer further opportunities to
improve different strains or extremophilic proteins to make improvements in
bioremediation.

Funding This project has been funded by “UGC-BSR Research Start-Up-Grant project
No. F. 30-487/2019(BSR) sanctioned to Ashutosh Kumar.”
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Biosorption of Carcinogenic Heavy Metals
by Bacteria: Role and Mechanism

Ravi Chauhan, Hardi Patel, and Seema Rawat

Abstract

The various kinds of anthropogenic activities, viz., modern farming, coal burning,
mining, and industries, have led to the discharge of heavy metals in the environ-
ment which besides causing disaster in the environment may also cause acute and
chronic diseases in human beings. The bioaccumulation and biomagnification of
heavy metals in soil and water make it a major threat to biodiversity. International
Agency for Research on Cancer has classified arsenic, beryllium, cadmium,
chromium, and nickel as group 1 carcinogens. The conventional physicochemical
technologies used for the removal of heavy metals are cost-ineffective and
sometimes generate a huge amount of toxic by-products. Bioremediation is
considered as one of the safer, cleaner, cost-effective, and environmentally
friendly technology for decontaminating heavy metal-contaminated sites.
Microbes possess several mechanisms for metal sequestration, one of which is
biosorption. This chapter will focus on the role played by bacteria in metal
sequestration and various mechanisms, like binding to EPS, metallothionein,
cell surface adsorption, etc., used by them for biosorption of most carcinogenic
heavy metals.
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1 Introduction

Heavy metals are defined as naturally occurring elements with atomic weights
usually above 50 and density above 5 g/cm3 (Tchounwou et al. 2012; Jobby and
Desai 2017). Weast (1984) has classified naturally occurring 90 elements as
21 non-metals, 16 light metals, and 53 heavy metals. Heavy metals, being naturally
occurring elements, are present all over the earth’s crust in the form of physical and
chemical weathering of metamorphic and igneous rocks, volcanic eruptions, atmo-
spheric deposition of airborne particles, wind erosion, forest fire smoke, decomposi-
tion of animal and plant waste matter, oceanic spray, etc. (Jobby and Desai 2017).
However, the majority of environmental contamination and human exposure results
due to metal corrosion, leaching of heavy metals, sediment resuspension and metal
evaporation from metal-contaminated waterbodies to soil and ground waters, indus-
trialization and technological development, anthropogenic activities like mining and
smelting, domestic and agricultural use, refineries, coal burning in power plants,
nuclear power plants, petroleum combustion, plastics, textiles, microelectronics,
wood preservation and paper processing plants, etc. (Tchounwou et al. 2012).

Heavy metal pollution is one of the major environmental issues because the
non-biodegradable nature of heavy metals leads to their prolonged prevalence in
the environment. Most of the heavy metals are toxic even at low concentrations, and
once entered in the food chain, they can bioaccumulate and biomagnify causing
severe toxicity to humans, animals, plants, as well as microbes (Ayangbenro and
Babalola 2017). Table 1 summarizes the sources of potent carcinogenic heavy
metals and their hazardous health effects on humans, plants, and microorganisms.

Taking into account the toxicity and hazardous health concerns associated with
heavy metal contamination, their removal or reduction from the environment is need
of the hour in order to prevent the possibility of their uptake into the food chain
(Ayangbenro and Babalola 2017). Physicochemical techniques routinely employed
for heavy metal removal are not only inefficient and costly but also generate a large
amount of toxic by-products and thus are not eco-friendly. Hence, a cheap, highly
effective, and eco-friendly alternative of heavy metal removal is inevitable. One such
promising and widely used alternative is bioremediation (Timková et al. 2018).

Bioremediation can be defined as use of bacteria, algae, fungi, plants, or their
enzymes to either degrade or transform the environmental contaminants into harm-
less or less toxic forms (Jobby and Desai 2017). Microbes not only use diverse
mechanisms, viz., biomineralization, for gaining resistance to heavy metals but also
use them as a source of energy for growth and development via respiration, fermen-
tation, and co-metabolism. Therefore, they are able to survive in heavy metal-
contaminated environments. Biomineralization, bioaccumulation, biotransformation
and biosorption are the mechansims used by microorganisms for metal remediation
(Ayangbenro and Babalola 2017). This chapter focuses upon the various
mechanisms used by bacteria for biosorption of carcinogenic heavy metal. It will
also discuss the biosorption of carcinogenic heavy metals by bacteria with the aid of
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various mechanisms like binding to EPS, metallothionein, biofilm formation, cell
surface adsorption, etc., as well as some aspects that can help bridge the gap between
existing knowledge and challenges for a sustainable development of technology.

2 Conventional Methods for Heavy Metal Removal

Since last several decades, various conventional physicochemical methods have
been employed for removal of heavy metal. These methods are as follows:

1. Chemical precipitation: This method is most commonly used for heavy metal
removal by addition of anions, due to which metal ions get precipitated by
forming metal hydroxides, carbonates, sulfides, phosphates, etc. which can be
separated by sedimentation, filtration, or centrifugation (Hassan et al. 2010;
Kanamarlapudi et al. 2018).

2. Ion exchange: It is based on reversible exchange of cations and anions between
solid and aqueous phase. The ion-exchange resin exchanges ion from an electro-
lytic solution. Thus, they take up cationic heavy metals and in return leach out
anions of similar charge in a chemically equivalent amount (Kanamarlapudi et al.
2018). However, this method is comparatively expensive, nonselective, and
highly sensitive to pH fluctuations (Hassan et al. 2010).

3. Membrane filtration: It is a widely accepted technique because it can remove
heavy metal as well as suspended solids and organic components from wastewa-
ter without generating any toxic by-products (Hassan et al. 2010; Kanamarlapudi
et al. 2018). A membrane is a selective layer with porous or nonporous structure
which makes contact between two homogenous phases (Kanamarlapudi et al.
2018).

4. Ultrafiltration: It uses a permeable membrane with pore size in the range of
0.1–0.001 μm which permits only water and low molecular weight solutes,
whereas macromolecules, particles, and colloids are retained back
(Kanamarlapudi et al. 2018).

Qiu and Mao (2013) reported 98.8% removal of heavy metals like Cu2+, Ni2+,
Zn2+, and Mn2+ using ultrafiltration with a copolymer of maleic acid and acrylic
acid in combination with polyvinyl butyral hollow fiber.

5. Microfiltration: It removes solutes larger in size than those retained back by
ultrafiltration (Kanamarlapudi et al. 2018). Cross-flow microfiltration
accompanied with Saccharomyces cerevisiae-based bioaccumulation removed
31% of Cu2+, 7% of Cd2+, 63% of Pb2+, and 71% of Cr3+ from artificially
contaminated tap water (Brady et al. 1994).

6. Nanofiltration: It uses a membrane with pore diameter of 0.5–2 nm which
separates molecules within molecular weight range of 300–500 Da
(Kanamarlapudi et al. 2018). Removal of heavy metal Cd2+, Mn2+, and Pb2+

with an efficiency of 99%, 89%, and 74%, respectively, was achieved using a
commercially available nanofiltration membrane NF270 (Al-Rashdi et al. 2013).
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In spite of its high efficiency, cost of operation, maintenance, and pre-treatment is
comparatively higher (Hassan et al. 2010).

7. Reverse osmosis (RO): It employs pressure that elevates the passage of solution
through semipermeable membrane. This method is extensively used for heavy
metal removal from industries. A polyamide thin-film composite membrane
TW30-1812-50 was reported to be successful in removal of heavy metals like
Cu2+, Ni2+, and Zn2+ by reverse osmosis (Bakalár et al. 2009). One of the major
disadvantages of this technique is fouling of membrane with highly suspended
solids and slightly soluble compounds present in wastewater (Hassan et al. 2010).

8. Electrodialysis: This technique uses cation and anion membranes fitted between
the electrodes in electrolytic cell which enables the migration of ions under
continuous electric current which leads to recovery of heavy metals (Hassan
et al. 2010). Electrodialysis system was used for removal of 73.9% of arsenic,
89.9% of lead, 98.9% of manganese, and 91.1% of nitrate nitrogen from ground-
water of Korea (Choi et al. 2015).

9. Photocatalysis: It is used for removal of different types of pollutants due to their
rapid and effective destruction with the help of nontoxic semiconductors. In this
method, firstly, the pollutant is transferred and adsorbed on the surface of
semiconductor, and later the photocatalytic reactions lead to decomposition and
removal of pollutants from interface region (Kanamarlapudi et al. 2018).
Selenium-doped ZnO nanocomposite semiconductor has been reported to remove
0.421 (Cu), 0.211 (Cr), 0.147 (Pb), and 0.097 (Cd) per 0.5 g of ZnO/Se
nanocomposite from pharmaceutical wastewater by photocatalysis (Shyni et al.
2016).

3 Mechanisms Used by Bacterial Cell for Heavy Metal
Bioremediation

1. Bioaccumulation
It is a metabolic activity (requires input of energy) in which bacteria imports
heavy metals (Diep et al. 2018), which either get bound to proteins or are
transformed to less toxic state inside the bacteria, like arsenic +3 converted into
arsenic +5 (Mishra and Malik 2013).

2. Biosorption
It includes the binding of the metal to the bacterial cell which requires the
physical interaction between metal and bacterial dead cell particulate. At neutral
pH, the various anionic functional groups present on cell surface bind to the
cationic heavy metals, but at acidic pH, this bonding is not favored (Michalak
et al. 2013).

3. Metal Sequestration
It is the binding of heavy metals to the cytoplasmic components like proteins. The
metalloproteins which contain a high amount of cysteine are capable of binding
with the heavy metals more efficiently (Higham et al. 1986). Glutathione has also
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been reported to play role in intracellular sequestration of Rhizobium
leguminosarum cells (Lima et al. 2006). Extracellular sequestration is the forma-
tion of insoluble complex of metal and organic matter of bacteria either on the
surface of bacteria or on the periplasmic space (Igiri et al. 2018). Cha and
Cooksey (1991) reported that copper-resistant bacteria Pseudomonas syringae
produces three proteins, Cops A, B, and C, out of which A and B bind to the metal
on periplasmic space while C binds on surface of bacteria.

4. Efflux Pumps
These are used by living cell to throw out the toxic metal. The use of efflux pump
is considered as the main mechanism used by the bacteria which makes them
resistant to different metals. Nowicki et al. (2015) reported some genes, viz.,
cadA2R, czcCBA1, and colRS, in Pseudomonas. The various genes coding for
efflux pump in different bacteria are summarized in Table 2.

5. Biosorption
It is carried out by the biomolecules present on the surface of cell which includes
EPS (exopolysaccharide), cell wall, carbohydrates, etc. The major biosorbent
involved in the adsorption of heavy metal is the EPS which contains various
biomolecules which are potent adsorbent (Diep et al. 2018).

6. Precipitation
It occurs on the surface of cell due to the functional group present on cell surface.
Extracellular components of cell like EPS are involved in the precipitation of
heavy metal and form insoluble complexes (Kanamarlapudi et al. 2018).
Mohamad et al. (2009) reported the precipitation of copper on the surface of
Mesorhizobium amorphae.

7. Ion Exchange
It involves either an anionic or cationic exchanger. Carboxyl and imidazole
groups both act as cationic and anionic exchanger in case of bacteria. Phosphate,
hydroxyl, and carboxyl groups are also involved as ion exchanger (Fig. 1).
Spirulina has been studied for the phenomenon of ion exchange for carcinogenic
heavy metals (Chojnacka et al. 2005).

8. Methylation
It is one of the key processes used by bacteria to transform heavy metal to less
toxic form (Rajkumar et al. 2013). Addition of methyl group to heavy metal
results in transformation of state of metal to volatile nature. Since volatile
compounds get diffused form the bacteria, the metal concentration decreases

Table 2 Genes of efflux pumps involved in removal of carcinogenic heavy metals

Gene Metal Bacteria References

ArsA and ArsB Arsenic E. coli, Leptospirillum
ferriphilum

Chen et al. (1986), Yang
et al. (2012)

cadA2R Cadmium Pseudomonas Nowicki et al. (2015)

Czn C and Czn A Nickel Helicobacter pylori Stähler et al. (2006)

Chromate ABC
efflux pump

Chromium Campylobacter sp. Krawiec et al. (2017)
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inside the bacterial cell (Meyer et al. 2007). For the transfer of the methyl group,
enzyme reductase plays a key role which reduces metal in the presence of an
electron donor (Fig. 2).

4 Biosorption of Carcinogenic Heavy Metals by Bacteria

Various bacteria such as Pseudomonas, Enterobacter, Bacillus, and Micrococcus
species have been extensively exploited for biosorption owing to their small size
which provides high surface-area-to-volume ratio, ability to thrive under controlled
as well as extreme environmental conditions, numerous chemisorption sites, pres-
ence of teichoic acid, etc. (Ayangbenro and Babalola 2017). Biosorption efficiency
not only depends upon the type of heavy metal being adsorbed but also on the type of
bacteria due to the variation in their cell wall components (Hassan et al. 2010). Some
bacteria also produce slime or capsule like layer, i.e., EPS composed of

Fig. 1 Mechanisms of removal of heavy metals by microorganisms. This figure demonstrates all
the possible mechanism used by the living cell for bioremediation, biotransformation, and
bioaccumulation of heavy metal. Bioaccumulation and biosorption do not transform heavy metal,
whereas methylation and oxidation reduction of the metal require the involvement of enzymes
which changes the valency of metal and converts it into less toxic form or makes it volatile
(methylation) so as it diffuses out of the cell and reduces the heavy metal toxicity inside the cell
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polysaccharide which also helps in biosorption of metal ions (Kanamarlapudi et al.
2018). The biosorption of various carcinogenic metals by bacteria is summarized in
Table 3. Biosorption has various advantages over conventional physicochemical
methods (Abbas et al. 2014; Shamim 2018). These are as follows:

1. Production of bacterial biomass is comparatively easy and cheap.
2. Multiple types of heavy metals can be bio adsorbed.
3. Effective for treating large volume of wastewater.
4. Functions effectively at wide range of temperature, pH, and also in presence of

other metal ions.
5. Desorption of metals attached to biomass is easier and economical.
6. Less production of waste or toxic compounds.

However, there are some disadvantages of biosorption which are as follow
(Abdi and Kazemi 2015):

1. Active sites of metal binding ligands get saturated.
2. Reversible sorption of metals on biomass can occur.

The biosorption of carcinogenic heavy metal in dead bacterial cell occurs in two
ways: (1) via EPS (exopolysaccharides) and (2) via cell wall-mediated adsorption.

Fig. 2 Biosorption of heavy metals in bacterial cell
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EPS-induced adsorption is mediated by bonding of positively charged heavy
metals to the negatively charged EPS components on the surface of the bacteria
(Gupta and Diwan 2017). Based on the composition, there are two types of EPS, i.e.,
homopolysaccharide and heteropolysaccharide. Both of them are synthesized intra-
cellularly, but homopolysaccharides are predominantly synthesized on the surface of
the cell when responsible enzymes are active. Dextransucrase and levansucrase
are the enzymes responsible for the stereo structure of sucrose in the chain (Whitfield
1988). EPS mainly consists of protein and polysaccharide (Subramanian et al. 2010;
More et al. 2014; Nouha et al. 2016a). Polysaccharide covers most of the part of
EPS. The extracellular EPS of bacteria can be homo- or heterogeneous (Monsan
et al. 2001). D-Glucose and L-fructose are some of the common examples of
homopolysaccharide, whereas alginate which is produced by Pseudomonas
aeruginosa is a type of heteropolysaccharide. The composition of EPS of the same
bacteria can be different in different condition, for example, when bacteria is fed
with more carbon source, then the composition of EPS will be different compared to
when bacteria produce EPS in stress condition. The use of different carbon source
also affects the concentration of EPS produced for the same bacteria (Ye et al. 2012).
Sugars contain a lot of hydroxyl group which play a major role in binding of the
metal to EPS (Abbas et al. 2014). Protein is also a crucial component of EPS of
bacteria (Ton-That et al. 2004). As discussed above the protein concentration of
bacteria is not hugely correlated with the carbon source used, as compared to the
polysaccharide. It has been reported that the protein concentration is inversely
proportional to the nitrogen content (Nouha et al. 2016b). The proteins are chains
of amino acids which are diverse in nature with different functional groups like
imidazole, hydroxyl, thiol, thioester, carboxyl etc., which play a major role in the
binding of heavy metals to EPS (Abbas et al. 2014). Table 4 summarizes the
functional groups involved in heavy metal biosorption by bacteria.

There are different types of EPS produced in different bacteria which are
summarized in Table 5.

Table 4 Functional group present in bacterial cell for biosorption of heavy metals

Component Functional group present Bonding molecule Reference

Polysaccharides Hydroxyl group O Maddela et al. (2018)

Amino acid Imidazole
Thiol
Carboxyl
Hydroxyl
Thioester
Imine

N
S
O
O
S
N

Abbas et al. (2014)

Phospholipid Phosphonate O

Lipopolysaccharide Phosphodiester O

Peptidoglycan Secondary amine N

Teichoic acid Phosphodiester O

Uronic acid Carboxyl group
Hydroxyl group

O
O
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Table 5 Types of sugars in exopolysaccharide of bacteria

Homopolysaccharides Monomers Bacteria References

Dextran Glucose Leuconostoc
mesenteroides,
Streptococcus, and
Lactobacillus

Monsan et al. (2001),
Ruas-Madiedo et al.
(2002), Kralj et al.
(2004), Majumder
et al. (2009),
Mcintosh et al.
(2005), Ruas-Sarwat
et al. (2008), Freitas
et al. (2009)

Mutan

Alternan

Reuteran

Curdlan Agrobacterium
biovar,
Cellulomonas sp.,
Rhizobium sp.,
Bradyrhizobium
japonicum,
Streptococcus
pneumoniae

Mcintosh et al.
(2005), Czaczyk and
Myszka (2007)

Levan Fructose B. subtilis,
Zymomonas
mobilis,
Streptococcus
salivarius, and
Streptococcus
mutans

Monsan et al. (2001),
Czaczyk and Myszka
(2007)

Fructans

Heteropolysaccharide Monomers

Alginate β-D-mannurosyl and
α-L-glucuronosyl
units

Pseudomonas
aeruginosa,
Azotobacter
vinelandii

Czaczyk and Myszka
(2007)

Xanthan Glucose backbone,
linked with
trisaccharide side
chain of glucuronic
acid, mannose,
pyruvil, and acetyl
residues

Xanthomonas
campestris

De Vuyst and
Degeest (1999),
Freitas et al. (2011)

Lactobacillus EPS Glucose, galactose,
rhamnose, fructose

Lactobacillus sp. De Vuyst and
Degeest (1999),
Nishimura (2014)

Hyaluronan Glucuronic acid and
N-acetylglucosamine

Pseudomonas
aeruginosa and
Streptococci
attenuated strains

Freitas et al. (2011)

Sphingans Rhamnose, glucose,
glucuronic acid

Sphingomonas sp. Coleman et al. (2008)
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Cell wall of bacteria contain many ionizable functional groups like amino,
hydroxyl, phosphate, and carboxyl which play a major role in the binding of the
heavy metal on the cell wall of the bacteria (El-Helow et al. 2000; Taniguchi et al.
2000). Both gram-positive and gram-negative bacterial cell walls are primarily made
up of peptidoglycan. The teichoic acid monomers present in bacterial cell walls are
linked by phosphodiester bonds which imparts an overall negative charge to the cell
wall which facilitates the adsorption of metal ions (Kanamarlapudi et al. 2018).
Gram-negative bacteria have comparatively thinner cell wall due to less amount of
peptidoglycan, and hence their metal uptake capacity is less (Shamim 2018). How-
ever, the presence of an additional lipopolysaccharide (LPS) layer in gram-negative
bacterial cell wall provides the negative charge which aids in metal uptake.

5 Kinetics of Biosorption

Biosorption of metals by bacteria has been explained by various adsorption
isotherms (Hassan et al. 2010; Abbas et al. 2014). The isotherm equation describes
the correlation between the amount of metal ion adsorbed by the cell and the amount
of metal ion left in the solution. It also describes the equilibrium between the
distribution of metal between liquid and solid phase (Hassan et al. 2010).
Biosorption also largely depends upon the quality of biosorbent which is decided
by two factors:

1. The amount of metal ion that can be adsorbed by biosorbent.
2. The amount of time for which metal ions remain bound to biosorbent in

immobilized form.

The amount of metal uptake by the biosorbent can be calculated using the formula
(Ahalya et al. 2003; Abbas et al. 2014; Abdi and Kazemi 2015):

q ¼ V Ci � Ceð Þ
M

q ¼ amount of metal biosorbed by biomass (mg/g)
V ¼ volume of metal solution (L)
Ci ¼ initial concentration of metal (mg/L)
Ce ¼ concentration of metal (mg/L) at equilibrium
M ¼ mass of adsorbent

While studying the isotherm model for biosorption, parameters such as tempera-
ture, pH, ionic strength, etc. are kept constant, whereas the metal ion concentration is
varied. Biosorption isotherm is usually explained by two models, i.e., (1) Freundlich
and (2) Langmuir (Abbas et al. 2014; Shamim 2018).
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5.1 Freundlich Model

It is the first mathematical equation describing an isotherm given by Freundlich and
Kuster in 1907. It is a nonlinear sorption model that describes the sorption of heavy
metal within the active site of biosorbent in a monolayer format on a heterogeneous
surface. It can be represented by following equation (Jalali-Rad et al. 2004; Abdi and
Kazemi 2015):

qe ¼ KCe
1=n

K ¼ mg/g ¼ Freundlich constant related to adsorption capacity
1/n or n ¼ Freundlich constant related to adsorption intensity

The linearized form of this model can be given by the equation (Hassan et al.
2010):

ln qeq ¼ lnK f þ 1=n lnCeq

5.2 Langmuir Model

This model published by Langmuir in 1918 described the adsorption of gas or liquid
on solid biosorbent. It is also a type of monolayer adsorption, but it describes the
interaction between metal and active site and not between adsorbed molecules. It can
be represented by equation (Abbas et al. 2014; Abdi and Kazemi 2015):

qe ¼
qmaxbCe

1þ bCe

qe ¼ Amount of metal ion removed (mg/g)
Ce ¼ Equilibrium concentration (mg/L)
b ¼ Langmuir constant related to affinity
qmax ¼ Maximum metal uptake (mg/g) under the given conditions

While the linear form of Langmuir equation is (Hassan et al. 2010):

Ceq=q ¼ 1=qmaxbþ Ceq=qmax

Langmuir adsorption isotherm is based on various assumptions (Fourest et al.
1994; Volesky 2003):

1. Metal ions are chemically adsorbed at a fixed number of well-defined sites.
2. All sites are energetically equivalent.
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3. The energy of adsorption is constant.
4. Each site can only hold one ion.
5. There is no interaction between the ions.
6. There is no migration of adsorbate molecules in the surface plane (localized

adsorption).
7. The maximum adsorption occurs when a saturated monolayer of solute molecules

is present on the adsorbent surface.

6 Factors Affecting Biosorption

The various physicochemical factors affect biosorption of carcinogenic heavy metal.
These are:

1. Temperature—The normal temperature range for biosorption is 20–35 �C. Higher
temperatures up to a certain extent can enhance biosorption, but further increasing
the temperature can lead to protein denaturation affecting the metal uptake
capacity of bacterial cell and can also cause structural damage to biosorbent
(Abbas et al. 2014; Shamim 2018; Kanamarlapudi et al. 2018).

2. pH—It has been reported to affect binding site of biomass and solubility of metal
ions. The normal pH range for biosorption is 2.5–6. Higher pH affects the
biosorption ability of bacterial cell (Abbas et al. 2014; Shamim 2018).

3. Nature of biosorbents—Biosorption of metals can be carried out by various forms
like biofilms, freely suspended cells, or immobilized cells. Age of bacterial cell as
well as the growth media components also widely affects the biosorption due to
alterations in cell wall components, cell size, and EPS formations (Abbas et al.
2014; Shamim 2018).

4. Surface-area-to-volume ratio—Surface-area-to-volume ratio plays a vital role in
efficient removal of heavy metal. One of the most relevant examples is the
preference of bacteria to uptake metal by formation of biofilm rather than binding
to bacterial cell wall. Biofilm formation, though being an energy consuming
process, is more preferred by bacteria due to the availability of higher surface-
area-to-volume ratio (Abbas et al. 2014; Shamim 2018).

5. Concentration of biomass—Metal uptake capacity is directly proportional to
biomass concentration. At a given concentration of metal, increasing the
biosorbent concentration will elevate the metal uptake efficiency due to more
available binding site. However, at increased biosorbent concentration, the
amount of biomass adsorbed per unit weight is lower compared to lower concen-
tration of biosorbent (Abbas et al. 2014; Shamim 2018; Kanamarlapudi et al.
2018).

6. Initial metal ion concentration— The metal uptake by bacterial cell will be more
if the initial concentration of metal is high at a given concentration of biomass.
This is because the initial concentration is a driving force to overcome mass
transfer resistance of metal between aqueous and solid phase. Further increasing
the metal ion concentration will reduce the biosorption efficiency due to
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saturation of metal binding sites (Abbas et al. 2014; Shamim 2018;
Kanamarlapudi et al. 2018).

7. Metal affinity to biosorbent—Physical (autoclaving, drying, boiling, sonication)
and chemical (addition of acid or alkali) pre-treatment widely affects the surface
charges and accessibility of metal binding groups of the biomass (Abbas et al.
2014; Shamim 2018).

8. Effect of contact time—Types of biosorbent and metal ion are important
parameters that affect the time required for achieving maximum biosorption.
Almost 90% biosorption of metals occur in initial hour of treatment because all
the active sites of biosorbent are vacant and available for biosorption
(Kanamarlapudi et al. 2018).

9. Effect of agitation speed— The biosorption of metals will be high with the
increase in agitation due to minimum mass transfer resistance. Very high agita-
tion speed can increase turbulence and result in vortex phenomenon that can
disrupt the physical nature of biosorbent, thus decreasing its efficiency. Best
homogeneity and high biosorption can be achieved at moderate agitation speed
(Kanamarlapudi et al. 2018).

7 Commercialized Techniques for Biosorption of Heavy
Metals

Biosorption is one of the potential and economical techniques for treatment of large
volume of heavy metal-contaminated wastewater. Several attempts have been made
for commercialization of biosorption technique in the past which is given in Table 6
(Wang and Chen 2009).

8 Desorption of Heavy Metals

Desorption is the mechanism of separating heavy metal from the adsorbent
(Chatterjee & Abraham 2019). Desorption study is useful as it helps to regenerate
the adsorbent as well as help in extraction of the metals that can be used in other
industrial applications. There are several methods and chemical compounds which
are used as desorbents like acid, bases, chelating agents, salts, etc. Desorption is
basically ratio of the solid (adsorbent) and liquid (desorbent) (Wang and Chen
2009). Desorption agents are selected based on their desorption efficiency,
non-hazardous and eco-friendly nature (Dhankhar and Hooda 2011).

8.1 Agents Used for Desorption of Heavy Metals

8.1.1 Acid as Desorbent
Certain organic as well as nonorganic acids are used for the purpose of extracting
bound metal from the sorbent. There are some common examples which are used for
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the desorption of metal bound to the bacterial cell matter. Sulfuric acid was used for
Cladosporium cladosporioides to remove bound copper (Carmo et al. 2013). Apart
from sulfuric acid, other acids like nitric acid and citric acid are also used (Gong et al.
2005). Nitric acid acts as a far good desorbent compared to other nonorganic acids,
as the high proton concentration in nitric acid is a key factor which disrupt the bond
between heavy metal and sorbent and elute the heavy metal (Davila-Guzman et al.
2016). Nitric acid was used to remove metal from dead cell of Spirulina and

Table 6 Commercialized biosorption techniques for removal of heavy metals

Technology Microorganism Specifications References

– Specific microbial
biomass

First patent of
biosorption in 1980

Tsezos (2001)

B.V.
SORBEX

S. natans, A. nodosum,
Halimeda opuntia,
Palmyra pamata,
Chondrus crispus, and
C. vulgaris

Biosorption was not
affected by Ca2+, Mg2+,
or organic matter

Volesky (1990)

AlgaSORB Immobilized Chlorella
in silica or
polyacrylamide gel

Can reduce heavy metal
concentration up to
1 mg/L or lower,
resembles an ion
exchange resin, and can
undergo more than
100 biosorption-
desorption cycles

Kuyucak (1990),
Garnham and Wase
(1997)

AMT-
BIOCLAIM

Bacillus subtilis Can accumulate
2.90 mmol Pb/g,
2.39 mmol Cu/g,
2.09 mmol Zn/g,
1.90 mmol Cd/g, or
0.8 mmol Ag/g metal
cations with 99%
efficiency

Kuyucak (1990),
Brierley (1990),
Garnham and Wase
(1997), Veglio and
Beolchini (1997),
Vijayaraghavan and
Yun (2008)

BIO-FIX Mixture of biomasses of
Sphagnum peat moss,
algae, yeast, bacteria,
and/or aquatic flora
immobilized in high
density polysulfone

Used for treating acid
mine waste, has metal
affinity for Al3+ > Cd2
+ > Zn2+ > Mn2+, and
can be used for more
than 120 extraction-
elution cycles

Gupta et al. (2000)

– Immobilized R. arrhizus
biomass

Recovery of uranium
from ore

Veglio and Beolchini
(1997)

MetaGeneR
and
RACHO
Bio-Beads

– Effectively removes
metal ions from mining
and electroplating
wastes

Atkinson et al. (1998)

Vitrokele – Used for mercury and
iron removal

Huber et al. (1990)
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Spirulina maxima (Gong et al. 2005). Sulfuric acid was also found to be a good
eluting agent at 1 M concentration; at this concentration, it can elute up to 31.1% of
copper and 20.3% of cadmium (Kamaruzaman et al. 2017). However, sulfuric acid
has one limitation that it cannot elute lead because lead gets precipitated to form lead
sulfate when reacted with sulfuric acid (Puranik and Paknikar 1997).

8.1.2 Bases as Desorbent
There are several bases which are used as desorbent for their alkaline property which
include sodium hydroxide, sodium bicarbonate, sodium carbonate, etc. These are
mostly used for the removal of metal from bioorganic sorbent (Bai and Abraham
2003) like fungus Penicillium digitatum (Galun et al. 1983). Bases were found to be
more effective than acid in elution of heavy metal. Sodium hydroxide was found to
be effective in elution of chromium (Selvi et al. 2001). Sodium carbonate was used
for the elution of chromium from Rhizopus nigricans immobilized on the matrix of
polysulfone, and 91.9% of chromium was eluted (Ahalya et al. 2003).

8.1.3 Chelating Agents
EDTA (Ethylenediaminetetraacetic acid) is considered to be one of the best
desorbents (Akhtar and Iram 2014). EDTA was used for the elution of zinc from
dead cell of bacterium Streptoverticillium cinnamoneum (Puranik and Paknikar
1997). The unique property of EDTA which makes it an ideal candidate for the
desorption of heavy metals is that it does not change the property of adsorbent
(Pandey et al. 2007).

8.1.4 Salt
Sodium nitrate and calcium chloride are used as desorbents but none of them are
used for the removal of the metals from dead bacterial cell. Calcium chloride along
with HCl is used for the desorption of heavy metal from Penicillium sp. (Mishra
2014). Sodium nitrate can also be used as desorbent, but acid and alkaline are better
than salts (Chatterjee and Abraham 2019). Table 7 summarizes various desorbents
used for extracting heavy metals from bacterial cell.

Table 7 Desorbents used for recovery of heavy metals

Bacteria
Desorbent
used

Metals
recovered

Efficiency of
desorbent (%) Reference

Spirulina sp. EDTA Chromium
Cadmium
Copper

60
41
53

Chojnacka et al.
(2005)

Spirulina maxima EDTA Lead 91 Gong et al. (2005)

Penicillium digitatum (NH4)2COD Uranium 98 Galun et al. (1983)

Cladosporium
cladosporioides

Sulfuric acid Copper 43 Carmo et al. (2013)

Spirulina maxima Citric acid Lead 81 Gong et al. (2005)

Spirulina sp. Nitric acid Chromium
Cadmium

90
95

Chojnacka et al.
(2005)
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9 Future Prospects

Commercialization of biosorption is a challenge mainly because of nontechnical
issues such as pre-treatment, source and type of biosorbent, capitalization, feasibil-
ity, etc. (Wang and Chen 2009). A hybrid technology involving the use of
biotechnological-based processes like biosorption, bioprecipitation, bioreduction,
biotransformation, etc. as well as non-biotechnological-based processes like electro-
chemical processes, chemical precipitation, flotation, membrane technology, etc. can
be used for treating wastewater at a large scale for simultaneous removal of organic
matter as well as heavy metals (Tsezos 2001).

The source and type of biosorbent utilized for biosorption also play a major role
in making the large-scale process economical. If the biomass used for the sorption
process needs to be specifically cultured, it will increase the production and mainte-
nance cost for the industry. However, some of the potential bioadsorbents can be
obtained as waste from various industries at almost zero cost, and if these wastes are
used for metal removal, then their disposal issue also gets resolved. Yeasts (Saccha-
romyces cerevisiae from food and beverage industry; Candida albicans—clinical
isolate), molds (Rhizopus arrhizus from food industry, Penicillium chrysogenum
from antibiotics industry, and Aspergillus niger from citric acid and industrial
enzyme production), and bacteria (Bacillus sp. from amino acid and antibiotic
fermentation and Streptomyces noursei from pharmaceutical industries) are some
of the candidates which can serve as ideal candidates for bioadsorbents. The only
cost which the industry has to bear will be drying, if required, and transportation
(Wang and Chen 2009).

However further studies to gain deeper knowledge regarding improvement in
biomass immobilization, optimization of biosorption parameters and physicochemi-
cal conditions, reuse and recycling of biomass, and mechanisms of metal microbe
interactions are essential for removal of heavy metals from industrial wastewater
(Wang and Chen 2006, 2009).
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The Interest in Nanotechnology: A Step
Towards Bioremediation

Komal Agrawal and Pradeep Verma

Abstract

Green technology, an approach for the removal/bioremediation of the pollutant, has
been gaining interest over physical and chemical methods. The concept of nanotech-
nology for green and clean environment has expanded interest in various sectors due
to its multidisciplinary approach. The nanotechnology allows to play with various
aspects of processing such as size of the particle, optical properties and its shape
which cannot be the case when other treatment methods are employed. The utility of
nanotechnology has been extended for the treatment of pollutant from a broad range
of sectors, e.g. dyes, pharmaceutical and medical. The main concern which arises
while considering the present approach is the disposal of the nanoparticles after it has
served its purpose in the treatment of the waste. Thus, the present chapter would deal
with basic introduction on nanoparticles, metals used for synthesis, its potential for
the removal of soil and water pollutant and lastly its future prospects.

Keywords

Nanotechnology · Bioremediation · Emerging pollutant · Multidisciplinary ·
Green technology

1 Introduction

The industrialization led to the development of technologies, increased financial
independence as well as improvement of the living standards of the community.
However, with time and overexploitation of resources to meet the demands and
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release of effluents, undesired end-products have damaged the ecosystem globally.
Thus, various physical, chemical and physiochemical methods were devised for the
treatment of the pollutant, which after a certain period of time diverted towards the
biological treatment processes involving microbes. Now with the development of
technologies, availability of resources has diverted the focus towards nanotechnol-
ogy (Sastry et al. 2004). Nanotechnology is a new and a promising technology which
will help tremendously in the future to improve the lives and also contribute
uniqueness in various fields of study. The integration of nanotechnology with
environmental biotechnology will enable the development of nano-devices. The
nano-devices along with biological potential can be effectively used for remediation
(Singh and Tripathi 2007), as it leads to the synthesis/development of products with
new abilities.

As per Singh and Tripathi (2007), many incidents support the importance and
efficiency of nanotechnology, i.e. development of new nanotechnologies, superiority
in products, integration of computational techniques and possible development of
high-performance products (Tolles and Rath 2003) that have enabled researchers to
design, manipulate and use for various applications.

Nanotechnology helps replace the toxic metals from the environment to non-/less
toxic forms which act towards favouring the sustainable environment. In the study
by Choi et al. (1999), carbon nanotubes were proposed for manufacturing monitors
of computers instead of cathode ray tubes. It prevented pollution as the toxic heavy
metal which was initially used was now replaced, thereby saving the ecosystem as
well as energy (Choi et al. 1999). Pizzini et al. (2005) used nano-porous silica in the
photovoltaic cells and later Grätzel (2003) proposed TiO2 nanoparticles coated with
an organic dye for the development of organic solar cells for the conversion of light
to energy, a process similar to photosynthesis. Thus, the present chapter would
discuss various types of metal used in nanotechnology, its remediation potential in
soil and water, its limitation and future prospect.

2 Synthesis and Unique Properties of Nanoparticles

The material with bulk properties has been used for the development of various types
of nanostructures with the reduction in size to nano-range. As the particle size
changes from micrometre to nanometre, the ferromagnetic property changes which
can be done either at low or high temperatures (Komarneni 1995). In low tempera-
ture treatment methods adapted include precipitation, hydrothermal synthesis,
inverse micelle and sol-gel synthesis. The treatment at high temperatures includes
condensation using gas, liquid aerosol thermodynamics and wire explosion. The
conventional techniques involve using hydrothermal, microwave hydrothermal and
microwave solvo-thermal methods for the preparation of nanophase (varied sizes
and shapes) materials (Komarneni 2003). The synthesis of nano-powder or colloidal
powders consists of ball milling, condensation or precipitation, glassy material
drawing, biological assembly via self-assembly and growth of the second material
on a crystalline lattice where the lattice parameters are not similar. Other methods
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used for the nanostructure fabrication include lithography, molecular beam epitaxy
and growth of one material onto another. The chemical methods are also used which
include self-assembly and spontaneous aggregation of molecular groups (Singh and
Tripathi 2007; Poole Jr and Owens 2003).

The physical, chemical and electronic characteristic features of nanoparticles
depends on its number, type of atoms and its interaction among the crystal atoms
and atoms in grain boundaries. The van der Waals’ forces, magnetism and electron
resistance play a very important role in determining the factors of nanoparticles as
compared to gravity and inertia. As the spectral properties can enable better under-
standing of the nanoparticle, the nanoparticle study is a cost-effective strategy and
has been widely studied (Singh and Tripathi 2007; Bhat 2003).

3 Advances in Environmental Application
of Nanobiotechnology

The main advantage of nanobiotechnology include certain characteristic features
such as clean and green nanomaterial for the removal of contaminant (Tratnyek and
Johnson 2006). The two main techniques applied in nano-remediation include the
use of adsorption and reactive techniques for both in situ and ex situ treatment of
pollutants. The development of various technologies and its application has enabled
mitigation of the environment towards a more sustainable environment. The bio-
genic nanomaterials have been designed using metal oxides and noble metals of
which the nanoscale zero-valent iron (ZVI) has a wider range of applications in
remediation (Tripathi et al. 2018). The nanoparticles synthesized using the biogenic
approach have its utility in the remediation of soil and water which has been
discussed in the following sections of the chapter.

4 Green Synthesis of Nanoparticles

The green synthesis of nanoparticles has been done using vitamins, sugars, extracts
of plants and polymers (biodegradable). In addition, microbes have been used as
reductant and capping agent. The nanoparticle is also synthesized using inorganic
nanoparticles of which the plant-based nanoparticles seem to be the best alternative
towards a greener approach and can be used for large-scale production as well
(Iravani 2011). The green synthesis of nanoparticles has been more preferred over
other synthesis methods as it is cost-effective, a stable material and comparatively
reproducible (Kalaiarasi et al. 2010). Overtime the focus diverted towards microor-
ganism where the rate of synthesis is slow and only a limited number of nanoparticle
can be synthesized. In spite of the drawbacks associated with the microorganisms,
fungal system is gaining popularity for the synthesis of the nanoparticles (Dhillon
et al. 2012) as they are environmentally friendly and do not require an extensive
chemical for the synthesis (Parsons et al. 2007). Thus, the various methods used for
the synthesis of green nanoparticles have been discussed.
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4.1 Silver Nanoparticles

The silver nanoparticle (5–10 nm) synthesized using microwave irradiation
conditions using glutathione is a benign antioxidant (Baruwati et al. 2009) and
takes only 30–60 min for the synthesis. Similar nanoparticle synthesis can be applied
using gold, palladium and platinum. The silver nanoparticle synthesis has been done
using geraniol, which has the potential to inhibit (less than 30%) cancer cell lines,
i.e. Fibrosarcoma-Wehi 164. Sugar along with silver salt has been used for the
production of silver mirror as a part of Tollens’ test; sugar has been used for the
fabrication of silver nanoparticles, where it acts as a capping and a reducing agent.
Utilization of sugar has advantages such as cost-effective, less/negligible toxicity
and easy availability and adaptability (Nazir et al. 2011). The synthesis of silver
nanoparticles has also been done using polymeric matrix (natural), silver nitrate,
NaOH, C6H12O6 and gelatin (Darroudi et al. 2010). The use of plant extract for the
synthesis of nanoparticle is carried out at room temperatures, but under certain
exception, heating below 100 �C is added (Kharissova et al. 2013). The synthesis
of nanoparticles involves the use of extracts from tea and coffee (Moulton et al.
2010) (Table 1).

4.2 Gold Nanoparticles

The silver nanoparticle is more extensively studied as compared to the gold nano-
particle, where its size usually ranges from 20 to 300 nm (Kharissova et al. 2013).
Gold nanoparticle has been synthesized using banana peel extract (Bankar et al.
2010). On the other hand, a nanocomposite of gold nanoparticles was synthesized
using tea extract (Afzal et al. 2009). The concept of green synthesis has been adapted
significantly in a study byWu and Chen (2007); gold nanoparticles were synthesized
using rice wine, soda and Au(III) ion and dissolved at pH 6.5 and 25–55 �C. In this
experimental setup, rice wine was the solvent and reducing agent and soda as the
protective agent and base catalyst resulting in highly stable resultant solution with no
precipitation even after several months. In addition to the gold nanoparticles, gold
alloys were also produced, wherein dextrose and ethanol extract from black tea,
i.e. Camellia sinensis, were used for the synthesis of gold-silver alloy nanoparticle
under the microwave irradiation. The synthesized gold-silver alloy was purified
using agarose gel electrophoresis, helped infer the spherical shape with size range
of approximately 200 nm with an average size of 92 nm (Nori et al. 2013). Thus, the
study of nanotechnology has not only enabled the synthesis of gold or silver
nanoparticles but also its alloy, thereby extending and broadening the study with
numerous future possibilities (Table 2).
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4.3 Iron Nanoparticles

The nanoparticles of FexOy and FeOOH which consist of 16 polymorphic forms
have a disinfectant and bioremediation potential of water and soil (Li et al. 2008;
Kharisov et al. 2012). Thus, various methods were used for the synthesis of
iron nanoparticles such as using tea extracts (polyphenol) and other plant extracts
(Hoag et al. 2009). The pure iron nanoparticles synthesized using green tea leaves
have been effectively used for the removal of methylene blue and methyl orange
(Shahwan et al. 2011). The iron nanoparticles have been synthesized using soya

Table 1 Synthesis and application of silver nanoparticles

S. no. Source for the synthesis Application References

1. Aspilia pluriseta extracts Antimicrobial and catalytic
activity

Nyabola et al.
(2020)

2. Babassu mesocarp starch
(Attalea speciosa Mart. ex
Spreng.)

Antimicrobial activity Bastos
Araruna et al.
(2020)

3. Pomegranate seeds extract Nanocomposite Ag-starch
synthesis

Mohseni et al.
(2020)

4. Tea leaves (Camellia sinensis)
leaves

–

5. Coconut inflorescence sap Antimicrobial and cytotoxic Rajesh et al.
(2020)

6. Secondary metabolites of
Acacia nilotica

Antimicrobial and detoxification
agent

Shah et al.
(2020)

7. Mangifera indica and Prunus
dulcis extract

Antibacterial activity Akujobi et al.
(2020)

8. Serratia marcescens ssp.
sakuensis supernatant

Antibacterial activity Akl et al.
(2020)

9. Endophytic Trichoderma
atroviride

Antimicrobial activity Abdel-Azeem
et al. (2020)

10. Rhizome extract of Alpinia
officinarum

Potential biomaterial to remediate
environmental pollution

Li et al. (2020)

11. Kitasatospora albolonga Antimicrobial against multidrug-
resistant Pseudomonas
aeruginosa

D’Lima et al.
(2020)

12. Leaf extract of Bridelia
stipularis

Effect on mitotic chromosomes of
Pisum sativum

Daphedar and
Taranath
(2019)

13. Phyllanthus emblica fruit
extract

Antimicrobial application Renuka et al.
(2020)

14. Bacillus methylotrophicus
DC3

Bacillus methylotrophicus DC3 Wang et al.
(2016)

15. Bacterial synthesis of silver
nanoparticles

Bioremediation of Congo red dye Modi et al.
(2015)
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bean sprout templates (Cai et al. 2010). In the study by Smuleac et al. (2011),
membranes containing reactive Fe and Fe/Pd nanoparticles immobilized on
polyacrylic acid coated with polyvinylidene fluoride were synthesized using tea
extract. This membrane was used for the removal of trichloroethylene.

4.4 Palladium and Platinum Nanoparticles

Palladium as an option for the synthesis of nanoparticle has been explored where
they have been synthesized using various methodologies. In the study by Kanchana
et al. (2010), palladium nanoparticles were phyto-synthesized using Solanum
trilobatum in conjugation with lipoic acid and vitamins under moderate pH and
room temperature. The palladium nanoparticles like the silver and gold nanoparticles
have been synthesized using coffee and tea extracts (Nadagouda and Varma 2008),
broth of Cinnamomum camphora leaf (Yang et al. 2010) and soybean (Glycine max)
leaf extract (Petla et al. 2011). Among the various metals used for the synthesis of
nanoparticles, platinum too has been used where the nanoparticles were synthesized
using leaf extract of Diospyros kaki (Song et al. 2010).

Table 2 Synthesis and application of silver nanoparticles

S. no. Source for the synthesis Application References

1. Bacteria cellulose
nanofibres

Biosensing Zhang et al.
(2010)

2. Guar gum Ammonia sensor Pandey et al.
(2013)

3. Leaf extracts of Magnolia
kobus and Diospyros kaki

– Song et al.
(2009)

4. Water-soluble
methylimidazolium-based
ionic polymer

Reduction of p-nitrophenol and in
the hydrogenation of
cinnamaldehyde

Biondi et al.
(2011)

5. Enterobacteriaceae – Honary et al.
(2012)

6. Stenotrophomonas
maltophilia (AuRed02)

– Nangia et al.
(2009)

7. Padina gymnospora – Singh et al.
(2013)

8. Cinnamomum zeylanicum
leaf broth

Smitha et al.
(2009)

9. Shewanella algae – Ogi et al.
(2010)

10. Coriander leaf extract – Narayanan and
Sakthivel
(2008)
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4.5 Titanium(IV) Oxide and Zinc(II) Oxide Nanoparticles

Nanoparticles using titanium(IV) oxide have been synthesized using leaf extract of
Nyctanthes arbor-tristis (Sundrarajan and Gowri 2011) and latex of Jatropha curcas
L. (Hudlikar et al. 2012). In addition, zinc(II) oxide nanoparticles were synthesized
using zinc nitrate and miller leaf extract of Aloe barbadensis (Sangeetha et al. 2011);
they were also synthesized using gelatin media using sol-gel method (Zak et al.
2011).

4.6 Copper Oxides, Indium(III) Oxide and Lead(II) Sulphide
Nanoparticles

Cuprous oxide (Cu2O) nanoparticles were synthesized using a leaf waste of an
agricultural waste, i.e. Arachis hypogaea L., by the reduction of Barfoed’s solution
(Ramesh et al. 2011). The synthesized nanoparticles had an antibacterial effect
against Escherichia coli. In addition, the indium(III) oxide was synthesized using
indium acetylacetonate and plant extract of aloe vera using a calcification step for 2 h
at 400–600 �C (Maensiri et al. 2008). Lastly the cubic lead sulphide nanoparticle was
synthesized using Rhodosporidium diobovatum (Seshadri et al. 2011).

5 Nano-remediation

The nanomaterial due to their small size has high surface area which allows its
effective utilization in nano-bioremediation. Its size, morphology, surface area,
distribution, surface charge and crystallographic characterization have been studied
in details by various researchers. The detailed study enables a better understanding
of the particles, thereby broadening its application in various sectors of bioremedia-
tion (Thomé et al. 2015). Degradation of the two pollutants, i.e. tetrachloroethylene
and polyvinyl biphenyls, by the use of nanoparticles has been fast and effective as
compared to the microbial remediation. The implementation of nanoparticles at the
contaminated sites involves the use of nanoscale zero-valent iron/nano-iron (nZVI).
nZVI has been injected into the environment subsurface of the contaminated sites for
the removal of the pollutant as it is less toxic and economically feasible (Cecchin
et al. 2016). The zero-valent iron, e.g. iron filing, is used for the construction of
permeable reactive barriers (Gillham and O’Hannesin 1994). The various limitations
associated with the ZVI in permeable reactive barriers were reactivity loss of ZVI,
gas formation and precipitation at the application area and barrier and difficulty in
digging in areas where bedrocks were present and in recycling of the reactive
material. However later Zhang et al. (1998) addressed the limitations and designed
a nanoscale ZVI which improved the reductive dichlorination of tetrachloroethylene
(Zhang et al. 1998). The particle size was smaller than the soil size; as a result of
which, it can be easily injected in the subsurface via aqueous suspension for the
removal of the contamination (Berge and Ramsburg 2010; Varadhi et al. 2005).
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Various types of materials have been used for the bioremediation including nano-
scale zeolites; oxides of metals; noble metals, i.e. bimetallic nanoparticles;
nanotubes of carbon; and titanium dioxide. Among all the explored materials,
nanoscale zero-valent iron is the most widely used nanoparticle; the size of which
ranges from 10 to 100 nm (Karn et al. 2009).

5.1 Nano-remediation of Water

The pollutant in the water can be converted in to nontoxic products via chemical
reaction. The pollutant trichloroethane found in industrial pollution can be treated
using nanoparticles (Li et al. 2017a, b). Nanotechnology utilization for the remedia-
tion of the water sources eases its treatment process as it does not require pumping of
water from the contaminated sites for its treatment (Fig. 1). Nanoscale particle can be
directly added to the contaminated sites for the bioremediation (Berge and Ramsburg
2010; Varadhi et al. 2005). The nano-sized fibres use for the deionization uses fibre
as electrodes which is both cost and energy efficient (Ryoo et al. 2003). The
traditional wastewater treatment involves semipermeable membrane reverse osmosis
or electrodialysis. The pore size is an important parameter for both dialysis and
osmosis, as too large-sized pores will not be able to filter bacteria and viruses. Thus,
membrane with pore size in nanometre range was developed which will eventually
increase the selectivity of the contaminants passing through the membrane (Auffan
et al. 2008). Nano-adsorbents are also used for the treatment of water as they have
high specific surface area; the diffusion distance is short among the intraparticle,
tunable pore size and surface chemistry. All these features allow high adsorption
capacity enabling better treatment. The surface of the nanomaterial has a significant

Fig. 1 Nano-remediation for the removal of pollutant from groundwater
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impact on the pollutant to be acted upon, e.g. porous nanomaterial enables control of
adsorption kinetics, and nano-adsorbents can be used in treatment processes of slurry
reactors, adsorbers and filters. Carbo-nanotubes and graphite oxide nanosheets are
capable of removing organic and metal pollutants (Yang and Xing 2010; Gao et al.
2011). Disinfection techniques involve chlorination and ozonation. The main limi-
tation associated with such disinfection is the formation of toxic end-products. Thus,
nanomaterial has been playing an important role in the removal of the pollutant and
exhibits antimicrobial properties as well. The various antimicrobial nanoparticles
include silver, titanium(IV) oxide and zinc(II) oxide. These nanomaterials compro-
mise the cell membrane of the microorganism on direct contact or generate reactive
oxygen species (Li et al. 2008; Klaine et al. 2008; Lee et al. 2011).

5.2 Nano-remediation of Soil

The various environmental remediation methods include in situ and ex situ, adsorp-
tive and reactive methodologies (Tratnyek and Johnson 2006; Hodson 2010), and
integration of nanomaterial in all these treatment technologies has been studied. In
case of in situ treatment either reactive zone has to be created or reactive nanoparticle
plume which has the potential to migrate to the polluted areas is required for
remediation. Contamination of soil and water is closely associated with one another,
as contaminated soil will pollute the water and vice versa. The contamination of both
soil and water has raised concern globally. As a result of which focus has diverted
the research towards more eco-friendly and sustainable treatment methods. The
sources of contamination includes heavy metals, organic substances, pesticides
and herbicides. The conventional treatment involves ex situ and in situ treatment
by washing of soil, pump-and-treat operation, thermal treatment, chemical oxidation
and reactive iron barriers (Hodson 2010). It has been stated that the pump-and-treat
operation required 18 years on an average. Thus, nanoscale ZVI is more appropriate
for the treatment of soil as it requires only 1–2 years (Fig. 2). The technique of
adsorption has been effectively applied for the removal of the metal contaminant
from the soil. The metals in the soil can be immobilized using nanoscale metal

Fig. 2 Effect of nano-remediation on the removal of pollutant from soil
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oxides where iron and iron oxide were used for the removal of phosphate (Schorr
2007). In the study by Rickerby and Morrison (2007), iron oxide (green rust) was
used for the reduction of Cr(VI) to Cr(III). The study has extended further to carbon-
based nanomaterials (Mueller and Nowack 2010), iron oxide minerals can also be
used for the adsorption of arsenic (Rickerby and Morrison 2007) and nanoscale
magnetite particles have been used for the removal of phosphates via adsorption in
soil (Pan et al. 2010). The non-stabilized nano-magnetite could not pass through the
column consisting of soil as they aggregated/agglomerated due to gravity into
microparticles. Thus, coated nanoparticle due to its small size and negative charge
due to carboxymethyl groups enable its mobility through the column as even the soil
is negatively charged due to repulsion (O’Day and Vlassopoulos 2010; Mueller and
Nowack 2010).

6 Difficulties Associated with the Use of Nanoparticle

Nanoparticles have numerous applications in the field of bioremediation of soil and
water; however its limitations such as its useful life, reactivity problems and in situ
transport process have been stated in various literature (Cundy et al. 2008; Tosco
et al. 2012). As stated above agglomeration is also an issue which hinders its
mobility in the required phase, e.g. soil repulsion (O’Day and Vlassopoulos 2010;
Mueller and Nowack 2010). The study by Reddy (2010) showed the blocking effect
of nanoscale ZVI in soil due to deposition which in turn attracts other particles
present in the suspension and blocks the passage of the liquid or fluid through the
soil. Nanoscale ZVI has numerous applications and has been studied tremendously;
however the effect it has on the native microflora is in the budding stage; as a result
of which, its implementation by the agencies has been sceptical causing the major
hindrance factor for its implementation in the field. However, there are certain
exceptions where in the USA nanoscale ZVI has been used extensively as compared
to the European countries where its use is restricted (Wiesner et al. 2006; Mueller
et al. 2012). Further the impact of nanoparticles on microflora has been studied
which includes growth inhibition or production of enzyme under laboratory-
maintained conditions wherein conflict in results have been observed. In certain
studies inhibitory effect were observed, while others showed bio-stimulation
(Reardon et al. 2008; Wilkin et al. 2003; Morones et al. 2005; Cecchin et al. 2016).

7 Nanoparticles and Its Toxicity

Nanoparticles have been used for the bioremediation of soil; the natural microflora of
soil has the potential to degrade the organic pollutants as well as immobilize heavy
metals (Bokare et al. 2012). Thus, hampering of soil microflora or decrease in the
population of the native microorganisms will weaken the resilience of the soil to the
contaminants (Dinesh et al. 2012). The study of nanoparticles on the other hand for
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the remediation of soil is in the budding stage; thus more study is required for its
better and effective implementation. In certain studies, it has been observed that
nanoscale ZVI has a bactericidal effect on the soil microorganisms, though the use of
it is quite diverse where they effectively reduce the pollutant to either nontoxic or
less toxic forms which can be easily biodegraded by the microbes. Thus, it becomes
important to treat the soil using nanotechnology side by side to maintain soil
microflora to enable it to maintain the viability of the soil (Wilkin et al. 2003).
The mechanism of the nanoscale of ZVI is well studied; however the effect may vary
depending upon the geochemistry, microflora, mineral and substrate content. In a
study where zero-valent microscale iron has been used for the site remediation as a
permeable reactive barrier, the formation of H+ by the degradation of zero-valent
microscale iron acted as a bio-stimulant for methanogens, sulphate-reducing and
dehalogens where nanoscale ZVI is the primary electron donor (Weathers et al.
1997; Dinh et al. 2004; Liu and Lowry 2006). Cell membrane disruption and
generation of oxidative stress due to the generation of Fe2+ and the reactive oxygen
species lead to the bactericidal effect on the microorganisms of the soil and have
been stated due to the direct contact with the cell wall of microorganism (Lefevre
et al. 2016).

8 Aggregation of Nanoparticles and Its Implication

Nanoparticles released in the environment may aggregate to certain extent; however
for its effective implementation, it has to be stable and exhibit dispersive properties
for it to pass through the porous material/column which has been saturated with
water. Thus methodologies and techniques need to be developed for the prevention
of nanoparticle aggregation, thereby allowing it to remediate the pollutants effec-
tively (Phenrat et al. 2007). Mobility of the nanoparticles in certain condition allows
them to travel longer distance, resulting them to carry adsorbed contaminants from
the surface. They have the potential to travel in the redox zones which can facilitate/
inhibit its transport (Kersting et al. 1999; Novikov et al. 2006; Vilks et al. 1997;
Waite et al. 1999). Though the formation of nanoscale minerals plays an important
role in the environmental colloid, the aggregation and the transporting features have
not been studied in details. The other aspect which is of serious concern is that
nanoparticles can suspend with solid and sediment and bioaccumulate, thereby
entering the food chain and the water resources (Boxall et al. 2007). The US EPA
has raised a concern of bio-magnification, though data supporting the research or
disapproving the concern has not been published as per Biswas and Wu (2005);
USEPA (2007).
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9 Nanoparticles: Safety Concerns

As the potential risk of nanoparticles is unknown and its implementation at field
scale has unknown risk, certain nongovernmental organizations have raised queries
resulting in the halt of practical implementation until the technology has been proven
to be entirely safe. The ETC Group (2003) asked for the precautionary principles to
be applied in nanotechnology. In the study by Drexler (1986) based on the concept
of ‘Eric Drexler’s’ raised a concern that the nanoscale machines can self-replicate
and convert the matter into ‘grey goo’ which was later clarified by Phoenix and
Drexler (2004). Later, UK Royal Society (2004) reported against the use of
nanomaterial in bioremediation until, proper research has been carried out regarding
the benefits of nanomaterials, which would then overpower or supress its risks.
Studies were conducted wherein SCENIHR (2005) strictly prohibited the use of
nanoparticles, and Commission de l’Éthique de la Science et la Technologie (2006)
asked for more risk-related research to be conducted. Similar research was supported
by other studies as well where Maynard et al. (2006) and USEPA (2007) both stated
the negative effects of the nanomaterials and implications should be further studied
in detail prior to its implementation in bioremediation.

10 Conclusion

Nanotechnology involves the use of nanoparticles for the conversion of toxic
products in soil and water to less toxic or nontoxic forms. These forms can also be
utilized by the existing microflora of the soil for further degradation, thereby
enabling better efficiency of the process. In general, an argument exists with respect
to the nanoparticles regarding its toxicity, aggregation and clogging effects. Further
detailed study would be required for focusing on research considering the toxic
effects of the nanoparticles if they enter the ecosystem via soil or water (Cecchin
et al. 2016). Nano-remediation has the potential to reduce the contaminant level and
also reduce the cost associated with the overall clean-up of the environment if
implemented at a large scale. Thus, further research and detailed study about the
toxicological study will allow its implementation in the field in the future to help
achieve sustainable environment (Tripathi et al. 2018).
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Sustainable Phycoremediation
of Xenobiotics Polluted Water
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and Synan F. AbuQamar

Abstract

Xenobiotics pose serious risks to the environment and human health because of
their carcinogenic, teratogenic, mutagenic, and other toxic properties. Biodegra-
dation of different xenobiotics has been widely covered using bacteria, yeast, and
filamentous fungi. Because of the efficient capabilities of microalgae in remedia-
tion of polluted water via potential enzymatic system and production of
biosurfactants, relatively little attention has been paid to the phycodegradation
of xenobiotics by microalgae. This chapter summarizes the opportunities and
challenges of integrated sustainable application of microalgae in the remediation
of xenobiotics polluted water.
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1 Introduction

Oil pollution is one of the major worldwide concerns, especially in fresh and marine
water ecosystems (Kalhor et al. 2016). Crude oil is a main source of toxic
xenobiotics contaminating the water ecosystem (Rodrigues et al. 2010; Das and
Chandran 2011; El Mahdi et al. 2016). Oil spill can spread and harm hundreds of
miles away from the leakage source. Moreover, its negative impact on ecosystem is
highly persistent as it takes long time to recover (Drozdova et al. 2013; Demirel et al.
2017). It can be considered as an immediate fire hazard, releasing greenhouse gasses
as well as an indirect source of air pollution via the volatile hydrocarbons. Conse-
quently, oil spill can act as a source for global warming and adds to the problem of
climate change. Once oil spill occurs, it disorders the food chain and destroys coral
reefs, mangroves, and coastal habitats (El-Tarabily 2002; Mzoughi and Chouba
2011; Farrington 2014; Ouada et al. 2018). Oil pollution directly and indirectly
affects human, animals, and birds; thus, it severely disturbs biodiversity. Such
contamination has adverse effects on economy and tourism (El-Gendy et al. 2014).
The US-Environmental Protection Agency (US-EPA) has recorded 16 polycyclic
aromatic hydrocarbons (PAHs) as priority pollutants, based on their hydrophobic
nature, low water solubility, recalcitrance, long persistence in ecosystem, xenobiotic
properties, and their toxic, mutagenic, neurotoxic, and carcinogenic properties, in
addition to their severe negative impact on human health and ecosystem (Perelo
2010; Luo et al. 2014a, b; Takáčová et al. 2014; Abdel-Shafy and Mansour 2016).
Moreover, there are other xenobiotic organic pollutants which can be released into
water ecosystem from petroleum refineries and other petrochemical industries, such
as diaryl ethers, phenols, chlorophenols, nitrophenols, and other compounds which
are also toxic, recalcitrant, and persistent for a long period of time (Todd et al. 2002;
Lika and Papadakis 2009; Duan et al. 2018; Ouada et al. 2018). Moreover, phenols
like PAHs have toxic, carcinogenic, mutagenic, and teratogenic properties and are
listed on the EPA priority pollutants (Thakurta et al. 2018). Phenol has been also
reported to have acute toxicity to human and fish even at low concentrations
(9–25 mg/L), and its lethal concentration is reported to be 150 mg/100 mL (Kulkarni
and Kaware 2013; Duan et al. 2017).

There are three major routes for remediation of polluted water: physical, chemi-
cal, and biological (Bohdziewicz et al. 2012; Dakhil 2013; Kaushik and Chatterjee
2015; Hosny et al. 2016; Saththasivam et al. 2016; Zheng 2017). The eco-friendly
and cost-effective bioremediation process using microorganism (bacteria, yeast, and
filamentous fungi) is recommended worldwide for remediation of polluted water
(McNally et al. 1999; Dean-Ross et al. 2002; Todd et al. 2002; Silva et al. 2009;
Karn and Chakrabarti 2015; Liu et al. 2016; Tian et al. 2017). Bioremediation of
xenobiotics and organic pollutants using micro- and/or macro-algae is known as
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phycoremediation (Rawat et al. 2011). Arthrobacter, Burkholderia,Mycobacterium,
Pseudomonas, Sphingomonas, Bacillus, Alcaligenes, Acinetobacter, Corynebacte-
rium, Nocardia, and Rhodococcus are the most widely applied and efficient bacterial
species, whereas biodegradation varied between 0.003% and 100% (Yakimov et al.
2007; El-Gendy et al. 2009; Seo et al. 2009; Saiyood et al. 2010; Sun et al. 2012;
Deriase et al. 2013; Ali et al. 2014; El-Sheshtawy et al. 2014; Liu et al. 2016; Chen
et al. 2017). However, limited reports are published on the application of algae for
bioremediation of petroleum hydrocarbons as a source of toxic xenobiotics polluting
the water ecosystem (Kumar et al. 2009; Subashchandrabose et al. 2013; Ben et al.
2014; Gao and Chi 2015; Ghosal et al. 2016; Wang et al. 2019).

One of the advantages of phycoremediation is the fixation of carbon dioxide by
non-pathogenic algae via photosynthesis producing oxygen and improving effec-
tively the water quality in a cost-effective manner (Xiong et al. 2017).
Phycoremediation is eco-friendly and sustainable; since no secondary pollution
occurs, the biomass is reused and efficient nutrient recycling is allowed (Pérez-
Garcia et al. 2011). Waste biomass can be even used as a source of heating or
electricity via the production of biogas. It has been reported by Delrue et al. (2012)
that 10–20% of the cost of algal biomass is related to the nutritional components of
the cultivation media. Moreover, due to the problems of water scarcity, climate
change, deforestation, decline of non-renewable energy resources, and the evolved
“food vs. fuel” upon the production of biofuels from food crops. There is a
worldwide mandate for sustainable and fully integrated process for wastewater
treatment via microalgae and biomass production for different valuable applications
in energy and industrial sectors. For example, Quinn and Davis (2015) reported that
the average estimated production cost of biodiesel from microalgae is about 2.5 €/L
which is approximately four times higher than that of petro-diesel. Thus, to make it
competitive for petrochemical industry, a reduction in the cost of the algal biomass
production is a mandate. In another study related to the cost of wastewater treatment,
Guo et al. (2015) also reported that the cost of the conventional wastewater treatment
techniques can reach to up to 0.682 $/m3 upon the application of membrane
bioreactors.

Muñoz and Guieysse (2006) reported the promising application of microalgae for
wastewater treatment and attributed this to the suitableness of the aquatic ecology in
wastewater for production of microalgae biomass and the efficient synergism
between microalgae and bacteria (Borde et al. 2003; Liang et al. 2013). Taking
into consideration that 50% of the energetic requirements in wastewater treatment
plants comes from the oxygen aeration (Delrue et al. 2016), thus, upon the applica-
tion of open ponds algae, there is an expected great reduction in energy demand,
greenhouse gas (GHG) emissions, and electricity costs. Algae provide oxygen to
bacteria required for biodegradation and bacteria provide carbon dioxide to algae
required for photosynthesis. Moreover, Kumar and Singh (2019) estimated algae
biomass production cost to be approximately 4.92 $/kg. However, upon the usage of
phycoremediation of wastewater for biomass production, it offers an economy
savings of approximately 170 $/ton, and upon the production of different valuable
products of such biomass, it offers a profit of approximately 123 $/kg. Consequently,
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the overall biomass production cost would decrease to approximately 0.5
$/kg. Wijffels et al. (2010) also reported the reduction of the overall algae biomass
production cost to 90% upon the usage of wastewater and production of biofuel and
valorization of the de-oiled biomass into different valuable products from the
obtained algae biomass.

This chapter emphasizes on phycoremediation of petroleum hydrocarbons as a
source of toxic xenobiotic organic pollutants in water ecosystems using microalgae
(i.e., microphytes). As from the economic and environmental points of view, it is
very promising and feasible. Microalgae can detoxify, transform, accumulate, and/or
degrade such pollutants via its metabolic system, producing lipids for biodiesel
production, in addition to biorefineries, bioethanol, and other different valuable
by-products (Brennan and Owende 2010; Halim et al. 2012; Olguín 2012; Abdelaziz
et al. 2014; Vassilev and Vassileva 2016; Kalhor et al. 2017), thus sustainably
remediating polluted water and valorizing the wastes and pollutants into value-
added products for pharmaceutical, food supplements, animal feed, feed in aquacul-
ture, bio-fertilizer, cosmetics, etc. (Mulbry et al. 2005; Becker 2007; Del Campo
et al. 2007; Eriksen 2008; Adarme-Vega et al. 2012; Sasso et al. 2012; Fathi et al.
2013; Renuka et al. 2015; Sutherland and Ralph 2019; Zhang et al. 2019). Moreover,
for reaching to the point of zero waste, the waste biomass can be valorized into
biogas, solid biofuel, biochar, and activated carbon which have different applications
(Biller et al. 2012; Bird et al. 2012; Agrafioti et al. 2013; Hognon et al. 2015).

2 Microalgae for Phycoremediation

The unicellular photosynthetic microalgae are categorized into four main classes:
diatoms, green algae, blue-green algae, and golden algae. They can also be
categorized as prokaryotic and eukaryotic marine and freshwater algae. The oxy-
genic photosynthetic cyanobacteria is also a microalgae (Priyadarshani et al. 2011).
There are four modes of microalgae growth and biomass production: (1) photoauto-
trophic, which requires light, CO2, water, and nutrients to yield a biomass rich in
lipids, protein, and sugars; (2) heterotrophic, which does not need light and depends
mainly on organic carbon source (i.e., electron donor) for energy via oxidative
phosphorylation convoyed with electron acceptor in the form of oxygen intake;
(3) photoheterotrophic, in which microalgae have the ability to switch between
photoautotrophic and heterotrophic growth modes and presence of light and organic
carbon is obligatory, as energy and carbon source, respectively; and (4) mixotrophic,
which is the integration of autotrophic and heterotrophic metabolism, in which the
acclimatization of organic carbon, nutrients, and CO2 concurrently, in the presence
of light, achieves respiration and photosynthesis (Wang et al. 2014). Usually,
mixotrophic and heterotrophic modes of cultivation are more flexible and feasible,
producing as much biomass, lipids, and carbohydrates for biorefinery processes to
produce different valuable products, chemicals, and biomass for fuel gas (Kröger
andMüller-Langer 2011; Tabernero et al. 2012; Zheng et al. 2012; Leyva et al. 2015;
Delrue et al. 2016). Mixotrophic mode is the uptake of inorganic and organic carbon
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at the same time, whereas CO2 is taken in the presence of light via photosynthesis
and organic carbon is taken via aerobic respiration. Thus, light is not an absolute
limiting factor for mixotrophic growth mode. It should be noted also that the growth
rate and biomass production for some microalgae via mixotrophic are much faster
than those via photoautotrophic, and the metabolic products depend on the quality
and quantity of the organic carbon in the medium. For example, lipid content is
highly affected by carbon source, amount of light intensity, and photoperiod. Not
only these but also other nutrients such as nitrogen and phosphorous are other
important factors for algal growth, lipid content, and other by-products (Hu et al.
2012; Zhou et al. 2013a, b; Nawkarkar et al. 2019; Sipaúba-Tavares et al. 2020).

Mixotrophic mode can be feasibly applied for biotreatment of polluted water, and
this mode of microalgae cultivation poses different advantages such as (1) flexibility
upon switching between heterotrophic or photoautotrophic cultivation modes;
(2) low and/or no photo-inhibitory impact, resulting in low biomass loss under
darkness or photooxidative biomass loss due to the oxygen accumulation in
photobioreactors; (3) higher growth rate, shorter growth cycles, higher biomass,
cost-effectiveness, and higher efficiency in the removal of nitrogen, phosphorous,
and organic pollutants under darkness; (4) higher lipid and/or carbohydrates and
other biomass components; and (5) sustainability by integrating wastewater treat-
ment with valorization into valuable products and bioenergy production, instead of
using expensive organic carbon, nitrogen, and phosphorous as nutrient sources for
algae biomass productivity (Li et al. 2014; Zhan et al. 2017).

Phycoremediation can be performed in waste stabilization ponds (WSPs) and/or
high-rate algal ponds (HRAPs) by synergism between heterotrophic bacteria and
microalgae. That is, microalgae produce oxygen via photosynthesis, which is
utilized by bacteria for aerobic biodegradation of organic pollutants, producing
carbon dioxide and other mineral compounds as the end-products which are nutri-
tionally reused by microalgae, producing biomass. Thus, there is a decrease in
nutrient load and total dissolved solids as they act as nutrient sources. Consequently,
phycoremediation can act as a potential process for energy and nutrient recovery.
Nevertheless, it should be taken into consideration the GHG emission reduction,
declines in sludge formation, low energy requirement, simple operation and mainte-
nance, and the disinfection effect of algal photosynthesis on most pathogenic
bacteria (e.g., Escherichia coli) and viruses, via the pH increment with the assimila-
tion of CO2, H

+ ions, and bicarbonate by algae, adding also to the advantage of
wastewater treatment via microalgae. Some microalgae which are generally used for
the polluted water treatment are listed in Table 1. Concentration of the pollutant,
presence or absence of alternative carbon source, light intensity, and oxygen avail-
ability are listed to be the major factors affecting phycoremediation potentials of
microalgae (Papazi and Kotzabasis 2007; Lika and Papadakis 2009; Ji et al. 2014;
Nazos et al. 2017). However, when nitrogen was flushed, replacing air in
phycodegradation of phenol by Chlamydomonas reinhardtii, under illumination,
the biodegradation efficiency was not affected since oxygen can be photosyntheti-
cally produced under light conditions (Nazos et al. 2017). Nevertheless, the type of
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light has been also reported to affect the phycoremediation process (Schoeny et al.
1988).

Large numbers of enzymes produced by microalgae are involved in biodegrada-
tion of xenobiotic organic pollutants (Semple et al. 1999; Takáčová et al. 2014;

Table 1 Phycodegradation of different xenobiotic organic pollutants

Microalgae Pollutant Reference

Ankistrodesmus
braunii
Scenedesmus
quadricauda

Phenols Pinto et al. (2002)

Chlamydomonas
mexicana

Bisphenol A Ji et al. (2014)

Chlamydomonas
mexicana
Chlorella vulgaris

Bisphenol A Ji et al. (2014)

Chlamydomonas
reinhardtii

Phenol Nazos et al. (2017)

Chlorella kessleri
LARG/1

Benzo[a]pyrene Takáčová et al. (2014)

Chlorella sorokiniana Acetonitrile Chia et al. (2019)

Chlorella vulgaris
Coenochloris
pyrenoidosa

p-Chlorophenol Lima et al. (2004)

Cyclotella caspia Fluoranthene Liu et al. (2006)

Isochrysis galbana Phenol Wang et al. (2019)

Navicula sp. 4-Methylcyclohexaneacetic acid Headley et al. (2008)

Nitzschia sp. Fluoranthene, phenanthrene Hong et al. (2008)

Oscillatoria sp. Naphthalene Cerniglia et al. (1980a)

Scenedesmus sp.
Chlorella sp.

Crude oil El-Sheekh et al. (2013)

Scenedesmus acutus Benzo[a]pyrene de Llasera et al. (2016)

Scenedesmus obliquus Chlorophenols Papazi and Kotzabasis
(2013)

Scenedesmus obliquus p-Cresol Papazi et al. (2012)

Scenedesmus obliquus 1-Naphthalenesulfonic acid Kneifel et al. (1997)

Selenastrum
capricornutum

Benzene, naphthalene, pyrene,
2,6-dinitrotoluene

Semple et al. (1999)

Selenastrum
capricornutum

Benzo[a]pyrene de Llasera et al. (2016)

Selenastrum
capricornutum

Phenanthrene, fluoranthene, pyrene Tam et al. (2010)

Selenastrum
capricornutum
Scenedesmus acutus

Benzo[a]pyrene
Benzo[a]anthracene

García de Llasera et al.
(2018)

Spirulina maxima Phenol Klekner and Kosaric
(1992b)
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Sutherland and Ralph 2019). Moreover, some microalgae have been reported to
produce biosurfactants (Radmann et al. 2015) and exopolysaccharides (Paniagua-
Michel et al. 2014) that might accelerate the phycoremediation process.

3 Phycoremediation of Water Polluted by Crude Oil
and Its Fractions

To our knowledge, the first publication for phycoremediation of petroleum
compounds and its fractions was by Walker et al. (1975a). Walker et al. (1975b)
reported 10–40% phycoremediation of water polluted by 1% (v/v) motor oil and
crude oil, respectively, within 30 days, using Prototheca zopfii, the aerobic, unicel-
lular, yeast-like, achlorophyllic (without chlorophyll) microalga. The recorded lower
degradation percentage of motor oil-polluted water was accounted to the composi-
tion of the pollutant itself, as motor oil has lower percentage of readily biodegradable
saturates and higher percentage of recalcitrant cycloalkanes and aromatics. Since
then, several other algal species have been reported for crude oil degradation, for
example, Cellana, Volvox, Chlorella vulgaris, Scenedesmus obliquus,
Synechococcus elongatus, Chlorella autotrophica, Coccochloris elabens, and
Dunaliella tertiolecta (Rajasulochana et al. 2009; Tang et al. 2010a; Cao et al.
2013; El-Sheekh et al. 2013).

Gamila and Ibrahim (2004) isolated freshwater green algae Scenedesmus
obliquus and the diatom Nitzschia linearis from River Nile water and studied their
biodegradation effect on 1 mL/L Egyptian light crude oil. The growth as chlorophyll
(a) was enhanced by 183% and 228% than the control (without crude oil), respec-
tively, with the prolongation of the growth phase. The phycodegradation of aliphatic
hydrocarbons nC10–nC24 ranged between 81% to 90% and 79.5% to 86.1%,
respectively, and decreased with the increase of carbon numbers. The two isolates
expressed higher phycodegradation efficiencies on PAHs than aliphatics. However,
the degradation efficiency decreased with the increase of numbers of aromatic rings
and methylation of polyaromatic compounds and its position. For example, the
biodegradation of naphthalene was higher than 1-methyl naphthalene. Similarly,
the phycodegradation of 1-methyl naphthalene was higher than 2-methyl naphtha-
lene. The degradation efficiencies of PAHs decreased in the following order:
diaromatic ring compounds > three aromatic ring compounds > four aromatic
ring compounds > five aromatic ring compounds (Gamila and Ibrahim 2004).

The mixotrophic phycoremediation of water polluted by different concentrations
of crude oil (0.5, 1, and 1.55) was investigated using the cyanobacterium Anabaena
oryzae and the microalgae Chlorella kessleri in individual and consortium culture
(Hamouda et al. 2016), where the cyanobacteria/microalgae consortium enhanced
the phycodegradation of crude oil than individual cultures. The maximum growth
and productivity of chlorophyll (a) and carotenoids occurred at 1% crude oil, with
efficient degradation of aliphatic and aromatic petroleum hydrocarbons. However,
chlorophyll (b) decreased with the increase of crude oil concentration. Kalhor et al.
(2016) investigated the utilization of 10 g/L and 20 g/L crude oil by Chlorella
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vulgaris. The biomass yield was increased by 12% and 39% with a concomitant
increase in oil yield of approximately 35% and 67%, relative to control (i.e., without
crude oil), respectively, and attributed this to the constituents of the crude oil which
act as suitable growth medium for C. vulgaris. The produced lipid was successfully
trans-esterified into biodiesel. However, Kalhor et al. (2017) noticed the decrease of
biodegradation efficiency with increasing crude oil concentration and reported
approximately complete degradation of light hydrocarbons (boiling point
<350 �C) and 78% degradation of heavy fraction (boiling point >350 �C) using
the green algae C. vulgaris within 14 days of incubation at 10 g/L initial crude oil
concentration. On the other hand, the degradation was decreased to 90% and 58.8%,
respectively, at 20 g/L initial crude oil concentration. This was related to the
inhibition of degrading enzymes which might have occurred at high crude oil
concentration.

Several synergetic algal and bacterial consortia have been reported for bioreme-
diation of oil-polluted water. Tang et al. (2010b) reported that individual algal
culture of Scenedesmus obliquus GH2 was capable of degrading crude oil. However,
its axenic culture could not degrade crude oil. But such axenic culture synergistically
promoted the efficiency of bacterial consortium for biodegradation of crude oil. The
bacterial consortium consisted of Sphingomonas GY2B, Burkholderia cepacia
GS3C, Pseudomonas GP3A, and Pandoraea pnomenusa GP3B. S. GY2B and
B. cepacia GS3C degraded only PAHs and aliphatic hydrocarbons, respectively,
while Pseudomonas GP3A and P. pnomenusa GP3B degraded both PAHs and
aliphatic hydrocarbons. Further, Tang et al. (2010a) previously noticed that the
individual algal culture was associated with two uncultured bacteria and two
culturable ones: Methylophilus methylotrophus and Hydrogenophaga sp. Thus,
Tang et al. (2010b) attributed the antagonistic effect of the individual algal culture
and the four bacterial consortia on the crude oil degradation to such concurrent
presence of other bacteria in the individual algal culture which might have produced
metabolites, intermediates, and/or by-products which inhibited the activity of the
inoculated bacterial consortia.

4 Phycoremediation of Water Polluted by PAHs

Cerniglia et al. (1980b) reported the biodegradation of naphthalene by five green
algae, one red alga, and one brown alga. However, Cody et al. (1984) illustrated the
effect of light type on phycodegradation of benzo[a]pyrene by Selenastrum
capricornutum. Gold illumination enhanced the phycodegradation even at high
benzo[a]pyrene (BaP) concentration of 1200 μg/L, while phycodegradation was
inhibited by low concentration of BaP 160 μg/L under white illumination. Luther
(1990) reported the biotransformation of 1-naphthalene sulfonate into 1-naphthol
and sulfite by Scenedesmus obliquus. In another study by Warshawsky et al. (1990),
white light illumination produced quinones and other toxic products during the
phycodegradation of BaP by freshwater green alga S. capricornutum, which
inhibited the phycodegradation process. Todd et al. (2002) reported the involvement
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of cytochrome P450 and oxygenases in the biotransformation of three xenobiotic
pollutants, naphthalene, dibenzofuran, and dibenzo-p-dioxin, into more polar
compounds, 1-naphthol; mixtures of 2-, 3-, and 4-hydroxydibenzofurans; and
dihydroxylated dibenzofurans and 2-hydroxydibenzo-p-dioxin by three green
algae, C. vulgaris, Scenedesmus SI1, and Ankistrodesmus SI2, respectively.
Safonova et al. (2005) reported the phycodegradation of phenanthrene by
S. obliquus ES-55, isolated from oil-polluted soil into different metabolites,
dihydroxy-dihydro-phenanthrene, 3-H-benzo[f]chromene-2-carboxylic acid,
2-naphthalenepropanoic acid, (Z )-2-hydroxy-4-(1-hydroxynaphthalen-2-yl)-but-
3enoic acid, 4-(1-hydroxynaphthalen-2-yl)-2-oxobutanoic acid,
4-(1-hydroxynaphthalen-2-yl)-4-oxobutanoic acid, and 2-((E)-5-carboxypent-3-
enyl) benzoic acid. The diatoms Skeletonema costatum and Nitzschia sp. have
been reported for phycodegradation of phenanthrene and fluoranthene, as represen-
tative model compounds for the three- and four-membered aromatic ring
compounds, respectively (Hong et al. 2008). Gavrilescu (2010) reported the biodeg-
radation of benzene, toluene, naphthalene, phenanthrene, and pyrene by
S. capricornutum. Moreover, Warshawsky et al. (1988) reported the involvement
of dioxygenase in the biodegradation of BaP by S. capricornutum. In another study
by Schoeny et al. (1988), three microalgae S. capricornutum, Scenedesmus acutus,
and Ankistrodesmus braunii biotransformed BaP into 3,6-quinones under white light
illumination, which inhibited microbial growth. However, under gold light illumi-
nation, the microalgae growth was enhanced, and 98% of BaP was biotransformed
into BaP diols. Lei et al. (2003) reported that the activity of the antioxidant protector
and xenobiotic metabolic enzyme, glutathione S-transferase (GST), changes with
algal species and its tolerance to the toxicity of PAHs, although it plays a vital role in
pyrene phycodegradation. For example, the activity of GST in Scenedesmus
platydiscus and S. capricornutum increased with the increase of pyrene concentra-
tion from 0.1 to 1.0 mg/L. On the contrary, Scenedesmus quadricauda was highly
sensitive to pyrene and C. vulgaris did not metabolize pyrene. Olmos-Espejel et al.
(2012) proved the involvement of dioxygenase in the biodegradation of BaP by
S. capricornutum via the production of BaP-dihydrodiols. Ke et al. (2010) and
SureshKumar et al. (2018) reported the involvement of cytochrome P450
monooxygenase in phycodegradation of low and high molecular weight PAHs by
S. capricornutum, Haematococcus pluvialis, Auxenochlorella protothecoides, and
Parachlorella kessleri. Gao and Chi (2015) reported the involvement of esterases in
the phycodegradation of phthalic derivatives. Asghari et al. (2018) reported the
increase of total phenol and flavonoid content and the antioxidant enzymes, ascor-
bate peroxidase, catalase, and superoxide dismutase, in phenanthrene algal culture of
C. vulgaris to overcome the stress caused by reactive oxygen species (ROS) and
consequently degrade phenanthrene.

It is worth to know that although microalgae have enzymatic system to degrade
PAHs, PAHs express toxicity to microalgae and inhibit its growth, with different
degrees depending on the algal species and the type of PAHs (Baun et al. 2002; Chan
et al. 2006; Hong and Yuan 2008). For example, the four-membered rings
fluoranthene expressed higher toxicity on diatoms Skeletonema costatum and
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Nitzschia sp. than phenanthrene (Hong et al. 2008). However, S. costatum expressed
more tolerance to PAHs than Nitzschia sp. (Hong et al. 2008). Moreover, sometimes
the presence of PAHs in mixture stimulates the phycodegradation efficiency. For
example, the phycodegradation of pyrene by S. capricornutum was enhanced in the
presence of phenanthrene and fluoranthene (Chan et al. 2006). Moreover, the
phycodegradation of phenanthrene and fluoranthene by four different algae strains,
C. vulgaris, Scenedesmus platydiscus, Scenedesmus quadricauda, and
S. capricornutum, was stimulatory enhanced when they are added to algal cultures
as a mixture than when they were added individually (Lei et al. 2007). In another
study, the phycodegradation of phenanthrene using Skeletonema costatum was
nearly doubled when found in mixture with fluoranthene (Hong et al. 2008). It is
worth to know that one of the advantages of microalgae is that the phycodegradation
of high molecular weight PAHs is reported to be higher than the low molecular
weight PAHs in some applied microalgae strains, for example, S. capricornutum
(Ke et al. 2010). This phenomenon is attributed to the composition of the algal cell
wall which is characterized by the abundance of polysaccharides. However, low
molecular weight PAHs would lead to swelling in such amorphous polysaccharide
cell wall, enhancing the accessibility and sorption affinity of high molecular weight
PAHs (Wang et al. 2007). Not only this, but stress caused by presence of heavy
metals can express synergetic positive effect on phycodegradation of PAHs (Ke et al.
2010), which also adds to the advantages of the application of microalgae in
phycoremediation as usually oil pollution of water is concomitant with heavy
metal pollution. Heavy metals and PAHs would act as inducers for the ROS in
algal cells, producing antioxidant enzymatic defense systems, for example, superox-
ide dismutase, peroxidase, and catalase, and degrade the pollutant in a pathway
nearly similar to that of photodegradation (Mittler 2002; Babu et al. 2003). Luo et al.
(2014a) studied the phycodegradation of seven high molecular weight PAHs, benzo
[a] anthracene (BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene BkF, BaP,
dibenzo[a,h]anthracene (DA), benzo[g,h,i]perylene (BghiP), and indeno[c,d]pyrene
(IP) by S. capricornutum, under dark, gold, and white illumination. The growth as
chlorophyll (a) concentration was not affected by illumination type. However, gold
illumination expressed better phycodegradation for the PAHs than white illumina-
tion, and no degradation occurred under darkness. Moreover, the phycodegradation
of BaP as a single substrate was much better than its degradation percentage in the
mixture PAH cultures, due to the competitive inhibition effect of PAHs on the
microalgae enzymatic system. White light enhanced the photooxidation, thus
increasing the inhibitor’s oxidized metabolites. BaP and BaA have the highest
degradation, due to high water solubility and lower molecular weight, respectively.
On the contrary, the most recalcitrant ones were DA and BghiP, because of their high
molecular weight, low water solubility, and structure, as bend PAHs are less
photoreactive than linear ones (Zeppm and Schlotzhauer 1979).

Three marine algae Cylindrotheca closterium, Dunaliella salina, and
Chaetoceros muelleri have been tested for the degradation of di-ethyl phthalate
(DEP) and di-n-butyl phthalate (DBP) which are mainly used as additives and
plasticizers for enhancing the flexibility and workability of the polymeric materials
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(Gao and Chi 2015). The phycodegradation of DBP followed the first-order kinetic
model equation with rate constants of 0.0169, 0.0035 and 0.0034 h�1, respectively.
Moreover, DBP decreased the biodegradation efficiency of DEP. However, the
phycodegradation of DBP occurred via intra- and extracellular enzymes, while that
of DEP was mainly via extracellular enzymes. The phycodegradation of DEP by the
three algal strains decreased in the following order
C. closterium > C. muelleri > D. salina. The high efficiency of C. closterium for
phycodegradation of such phthalate derivatives was related to the ratio of surface
area to volume and the cell/substrate interaction as it is a benthic diatom with more
hydrophobic surface which has the capability of colony formation, while the other
two planktonic algae do not have (Ozkan and Berberoglu 2013; Gao and Chi 2015).

In another study, BaP has been completely removed by S. capricornutum and
Scenedesmus acutus mainly via degradation and sorption, respectively (García de
Llasera et al. 2016). And the production of intermediates, 4,5-dihydrodiol-BaP,
7,8-dihydrodiol-BaP, and 9,10-dihydrodiol-BaP, was rapid and high applying
S. capricornutum. However, Blanco and García de Llasera (2016) reported 79%,
69%, 84%, and 63% of BaP, benzo(a)anthracene (BaA), benzo(k)fluoranthene
(BkF), and benzo(b)fluoranthene (BbF), respectively, with the production of
dihydrodiols during the phycodegradation of such PAH mixture.

Subashchandrabose et al. (2017) reported the enhancement of adding non-ionic
Tween 80 surfactant on pyrene phycodegradation via Chlorella sp. MM3 and proved
the role of dihydrolipoamide acetyltransferase in pyrene degradation by MM3. In
another study, marine algae Rhodomonas baltica reported to degrade mixture of
phenanthrene (Phe), fluoranthene (Fla), and pyrene (Pyr) (Arias et al. 2017).
Although the algal growth decreased in the presence of PAHs relative to reference
cultures, R. baltica removed about 70% of such PAHs, and the bioaccumulation of
such pollutants decreased in the following order Fla > Pyr > Phe, based on
hydrophobicity, and the highest phycodegradation was recorded for Phe.

Aldaby and Mawad (2019) studied the effect of initial Pyr concentration on the
phycodegradation capacity of Oscillatoria sp. and Chlorella sp., where complete
degradation occurred up to 30 mg/L, within 30 days, and decreased to 95% and
78.71% at 50 mg/L Pyr and further decreased to 68% and 49% at 200 mg/L Pyr,
applying the two algal strains, respectively, with a concomitant decease in algal
growth. The phycodegradation process with both algal strains followed the zero-
order kinetic model equation. Moreover, the highest antioxidant concentration (i.e.,
pigments: chlorophyll and carotenoids) was achieved at 50 mg/L Pyr by Chlorella
sp. and that was attributed to the enhancement of stress-responsive antioxidant
reactions.

5 Phycoremediation of Water Polluted by Phenols

To our knowledge, the first report for phenol phycodegradation was by Oswald et al.
(1953). The green microalga Ochromonas danica has been reported for biodegrada-
tion of phenol via the meta-cleavage pathway (Semple and Cain 1996). Cytochrome
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P450 and NADH-dependent biodegradation pathways have been also reported for
biodegradation of phenolic compounds by Chlorella sp. (Thies et al. 1996) and
Thalassiosira sp. (Lovell et al. 2002). Moreover, Lika and Papadakis (2009)
reported the involvement of phenol monooxygenase and catechol 2,3dioxygenase
in the biodegradation of phenolic compounds by microalgae (Scheme 1). Whereas
most of the eukaryotic microalgae degrade phenol through ortho-cleavage pathway,
via catechol 1,2-dioxygenase, producing mainly cis,cis-muconic acid (Das et al.
2015), most of the green algae utilize both ortho- and meta-cleavage pathways with
the predominance of the former (Surkatti and Al-Zuha 2018). However,
Subashchandrabose et al. (2013) reported the involvement of intracellular polyphe-
nol oxidase and laccase enzymes in phenol metabolism by some species of
Chlorella.

Chlorella species have been reported for biodegradation of phenol, bisphenol A,
4-nitrophenol, 4-chlorophenol, 2,4-dinitrophenol, and 2,4-dimethylphenol (Klekner
and Kosaric 1992a; Hirooka et al. 2003; Tsuji et al. 2003; Lima et al. 2004).
Scenedesmus species have been also reported for biodegradation of acylated
phenols, catechol, bisphenol A, tyrosol, hydroxytyrosol, and 4-hydroxybenzoic
acid (Pinto et al. 2002; Nakajima et al. 2007; Zhou et al. 2013a, b). Lima et al.
(2003) reported the complete degradation of 50 mg/L p-nitrophenol by a (3:1)
consortium of Coenochloris pyrenoidosa and C. vulgaris, which were previously
isolated from nitrophenol-, chlorophenol-, and fluorobenzene-polluted media. In a
study performed by El-Sheekh et al. (2012), different algal strains have been
isolated, and the effect of different xenobiotic organic pollutants on the
phycodegradation efficiencies was studied. It was proved that the pollutant structure
and the physiological metabolism of the applied microalgae affect the
phycodegradation process. α-Naphthol, phenol, and catechol have been reported to
be degraded by Lyngbya lagerlerimi. β-Naphthol has been reported to be degraded
by Volvox aureus, Nostoc linckia, and Oscillatoria rubescens, while catechol has
been degraded by C. vulgaris and V. aureus. But phenol was oxidized into catechol
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by N. Linckia and O. rubescens. Moreover, L. lagerlerimi expressed
phycodegradation efficiency toward naphthalene and anthracene. It was worth
noticing the higher degradation efficiency of V. aureus, Elakatothrix viridis, and
O. rubescens toward anthracene than naphthalene. The phycodegradation efficiency
of heterocyclic aromatic compounds was also found to be changed with the applied
microalgae. L. lagerlerimi and V. aureus expressed higher biodegradation efficiency
toward 2-methyl thie-3-phenyl quinazlin 4-(3H ) one than that toward 2-phenyl-3,1-
benzexazin-4-one and vice versa which occurred in case of C. vulgaris. However,
N. linckia, O. rubescens, and E. viridis expressed the same phycodegradation
efficiencies on such studied heterocyclic aromatic compounds. Complete minerali-
zation of phenol by Spirulina maxima has been reported, with maximum specific
growth rate at 50 mg/L phenol (Lee et al. 2015). Moreover, complete removal of
phenol up to 400 mg/L has been also achieved within 6 days of incubation.

Two-level Plackett–Burman design (PBD) with five factors identified that incu-
bation period and initial algal and phenol concentrations are the most significant
factors affecting the phycodegradation of phenol by Chlorella pyrenoidosa
(Priyadharshini and Bakthavatsalam 2016). But urea and potassium bicarbonate
concentrations have non-significant effects. Further, response surface methodology
based on central composite analysis proved the significance of the interactive effects
of inoculum size with initial phenol concentration, incubation period with phenol
concentration, and incubation period with inoculum size on phenol
phycodegradation. Second-order polynomial equation was predicted to describe
the phycodegradation process, and the maximum achieved degradation percentage
was 97% using 4 g/L inoculum size and 0.8 g/L phenol within 4 days of incubation
(Priyadharshini and Bakthavatsalam 2016).

Further, Wang et al. (2016) enhanced the phenol tolerance and phycodegradation
capability of Chlorella sp. via its successive exposure to environmental stress
throughout 31 cycles over 95 days to 500 mg/L phenol. And complete removal of
500 mg/L phenol has been achieved within 7 days with biomass production of
approximately 3.4 g/L after 8 days. But the biomass decreased to 2.7 g/L when
grown on 700 mg/L phenol, with biodegradation percentage of approximately
86.57%. To take the advantage of applying extremophilic algae that would have
gained physiological adaptation and some kind of genetic modification from its
survival under harsh physical conditions and severe pollution, Ouada et al. (2018)
tested the ability of Picocystis sp. and Graesiella sp. previously isolated from
alkaline household sewage water and hot water catchment basin highly polluted
by plastics, respectively, to degrade bisphenol A. As was expected, the growth,
exponential phase, and photosynthetic activity as oxygen evolution decreased with
the increment of bisphenol A concentration. The tolerance of Picocystis sp. was very
obvious, where the growth decreased by approximately 43% at 75 mg/L bisphenol A,
while that of Graesiella sp. decreased by approximately 80%, with IC50 of >75 mg/
L and 24 mg/L after 4 days, respectively. It was worth observing that the photosyn-
thetic inhibition was not directly correlated to algal growth. The former sharply
decreased to more than 80% and completely inhibited at 75 mg/L bisphenol A in
case of Picocystis sp. and Graesiella sp., respectively, proving photo-heterotrophic
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metabolism. Bisphenol A expressed extremely lower lipid peroxidation levels and
higher oxidative stress on Picocystis sp. than Graesiella sp., and the former proved
to produce higher concentration of catalase, glutathione S-transferase, and ascorbate
peroxidase as antioxidant enzymes that catalyzed reactions to overcome the excess
stress of free radicles and reactive oxygen species induced by bisphenol A. The
biodegradation percentage of bisphenol A by Picocystis sp. was nearly twice that of
Graesiella sp. in all the studied concentrations, expressing maximum biodegradation
percentage of 39.87% and 18.88% at 25 mg/L bisphenol A, respectively (Ouada
et al. 2018).

In another study by López-Pacheco et al. (2019), a consortium of cyanobacterium
Arthrospira maxima and green algae C. vulgaris was reported to efficiently degrade
p-nitrophenol with the production of 4-(1-methyl-octyl)-4-hydroxy-cyclohex-2-
enone, 4-nonyl-4-hydroxy-ciclohexa-2,5-dienone, 4-nonyl-4-hydroxy-ciclohex-2-
enone, and 4-nonyl-(1-methyl,6,8-metoxy)-hydroxybenzene, presumptively
indicating the involvement of cytochrome P-450 in phycodegradation of p-
nitrophenol. However, cyanobacteria have been reported to efficiently degrade
2,4-dinitrophenol (Surkatti and Al-Zuha 2018).

In a study performed by Hao et al. (2019), 100 mg/L phenol has been reported to
be completely removed by the marine golden algae Isochrysis galbana MACC/
H59 at 20 �C, 180 μmol/m2/s light intensity, and within only 24 h. However, phenol
was also removed under darkness after 102 h. This added to the advantages of
applying algae in phycoremediation in open seawater or oceans, as light intensity
decreases with the increase of water depth. It is worth to mention that the
phycodegradation process followed the pseudo-first-order and zero-order kinetic
model equations under light and dark conditions, respectively.

6 Phycoremediation of Xenobiotic and Petroleum
Hydrocarbons Polluted Wastewater Effluents

There are many industrial wastewater effluents (e.g., petroleum refinery, petrochem-
ical industries, oil field formation water, produced water, coal coking, coal gas
purification, etc.) containing toxic phenolic compounds and PAHs. Biotreatment
of these effluents is suggested; however, the presence of heavy metals and other
cyanide and nitrogenous compounds in such wastewater will act as inhibitors for
bacterial activities. However, microalgae are reported as a promising candidate for
biotreatment of such wastewater as they photoautotrophically and/or heterotrophi-
cally accumulate and metabolize nitrogenous compounds into valuable compounds
and lipids to be transesterified to biodiesel (Matamoros et al. 2015; Ryu et al. 2017).
Moreover, microalgae reported to be tolerable to heavy metals (Ke et al. 2010) and
have the ability to detoxify and degrade many phenolic and PAH compounds
(de Bashan and Bashan 2010; Luo et al. 2014a, b; Ryu et al. 2014a).

Freshwater microalgae Microcystis aeruginosa and Scenedesmus intermedius
expressed some kind of adaptation toward exposure to high concentrations of
petroleum and diesel oil (Romero-Lopez et al. 2012).
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Sivasubramanian and Muthukumaran (2012) reported the isolation of
Chlorococcum humicola, Chlamydomonas pertusa, and Chlorococcum vitiosum
from oil drilling effluent, which were further efficiently utilized for
phycoremediation of such effluent. And a consortium of all was applied for
phycoremediation on laboratory scale, pilot scale, as well as large scale. In the
laboratory scale, there was a significant reduction in total dissolved solids (TDS),
total hardness, Ca, Mg, Na, K, and chlorides. Biochemical oxygen demand (BOD),
chemical oxygen demand (COD), and nitrate were reduced by 96.17%, 52.19%, and
78.04%, respectively. Heavy metal reduction also occurred, recording a 92.57%,
88.17%, and 38.77% reduction for Cr, Cu, and Zn, respectively. In the pilot scale,
pH increased from 6.45 to 7.48. Sludge, alkalinity, sulfate, and BOD reduced by
69.4%, 70.51%, 95.81%, and 70.27%, respectively. On the large scale, in a tank
(12 m length � 12 m width � 1.9 m height) having a capacity of 44,000 L of oil
drilling effluent, the sludge, turbidity, total solids, TDS, total suspended solids
(TSS), electrical conductivity, and BOD reduced by 47.75%, 87.03%, 80.83%,
80.79%, 90.27%, 80.83%, and 93.20%, respectively. Uzoh et al. (2015) reported
that the phycodegradation of Bonny light crude oil by Closterium sp. under dark
condition was higher than that under sunlight, recording a percentage biodegradation
of 98.84% and 88.15%, respectively.

In another study, Gods’gift and Fagade (2016) reported the synergetic effect of
microalgae and bacteria in bioremediation of petroleum-based effluent, where a
consortium of Pseudomonas aeruginosa, Bacillus subtilis, Citrobacter sp., and
Chlorella minutissima degraded 92.07% of the total PAHs, followed by a consor-
tium of Pseudomonas aeruginosa, Bacillus subtilis, Citrobacter sp., Chlorella
minutissima, and Aphanocapsa sp. which degraded 67.76% of the total PAHs, and
then finally a consortium of Pseudomonas aeruginosa, Bacillus subtilis, Citrobacter
sp., and Aphanocapsa sp. which degraded 47.19% of the total PAHs.

The green alga Scenedesmus quadricauda has been reported for
phycoremediation of phenols in coke wastewater (Ryu et al. 2017). But the meta-
cleavage degradation of phenols was highly affected by the dilution of coke effluent.
The highest phycodegradation with maximum production of fatty acids occurred at
20% coke wastewater concentration. However, upon the application of algal-
bacterial cultures, complete degradation of phenols occurred even at 100% coke
wastewater concentration. It has been also noted that, although it is known that
NH4

+N is the utmost energetically favored nitrogen source for microalgae and the
least ones are NO2 and NO3 which are reduced by intracellular reductases, however,
NH4

+N which is important for chlorophyll synthesis was better removed at diluted
concentrations of coke wastewater, and the algal-bacterial cultures expressed 2.3-
fold greater removal of NH4

+N than the algae alone. That proved the synergetic
advantages of the application of algal-bacterial cultures over algal alone, as it
overcomes the negative impact of the ROS produced by the oxidative stress of
phenolic, PAHs, and other oxygen heterocyclic compounds in the coke wastewater
(Ryu et al. 2017). In another study, Thakurta et al. (2018) reported the
phycodegradation of phenol in coke-oven wastewater effluent after secondary
biotreatment step using Leptolyngbya sp.
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Budisa et al. (2019) reported the phycoremediation of 50% diluted oil refinery
wastewater in a photobioreactor by marine microalgae Microchloropsis gaditana
and Pseudochloris wilhelmii with lipid production of approximately 35.5% and
40.6%, respectively. Both have efficiently removed NH4

+/NH3, and the former
had the advantage of low phosphorous requirement. That recommended
M. gaditana for phycoremediation and biodiesel production. However, the percent-
age of unsaturated fatty acid methyl ester (FAME) increased after the lag phase with
the depletion of nitrogen in the culture media, increasing the iodine value in the
produced biodiesel.

Das and Deka (2019) reported a cost-effective mixotrophic phycoremediation oil
field formation water that is produced during crude oil exploration by C. vulgaris
previously isolated from formation water. Moreover, it expressed efficient
phycoremediation for the crude oil of approximately 98.63% with biomass produc-
tivity of approximately 1.76 g/L/day, complete removal of SO4, and 75% reduction
of chemical oxygen demand (COD), within only 14 days, without dilution or
nutrient addition. Thus, C. vulgaris depended on the main constituents of formation
water from major constituents as SO4, Fe, Cu, Zn, Na, Mn, Ca, N, and Mg, for
growth and phycodegradation of petroleum hydrocarbons. The complete removal of
SO4 from the formation water is very beneficial in petroleum industry as it can omit
the growth of sulfate-reducing bacteria and consequently decrease the use of expen-
sive and non-eco-friendly biocides and the problem of toxic and corrosive H2S
production. The gas chromatography mass spectroscopy proved the complete deg-
radation of aliphatics and PAHs with C12 to C60. In another study, Das et al. (2019)
studied the phycoremediation of petroleum-derived produced water with initial low
pH and salinity of 4.17 and 4.3 ppt, respectively, and total nitrogen of 52.5 ppm, total
phosphorous of 0.21 ppm, and total organic content of 720 ppm after its pretreatment
with NaOH to neutralize the pH. The pretreatment decreased the total nitrogen, total
phosphorous, and total organic content by 38%, 19%, and 40%, respectively. Upon
the application of different microalgae strains for biotreatment of the produced
pretreated water, Chlorella sp. was the best grown isolate with and without the
addition of supplementing nutrients, where its growth reached to 1.72 g/L on
unsterilized pretreated produced water with an initial total organic content value of
428 mg/L. Chlorella sp. reduced the TOC to 115.4 mg/L after 15 days of incubation,
with a concomitant significant reduction in the phenolic and aliphatic compounds,
PAHs and heavy metals. Further 92% reduction in total nitrogen was also recorded
after the phycoremediation process, with a synergetic concomitant growth in indig-
enous bacterial population. It is important to note that such high value of total
organic content after phycoremediation was related to the degradation of such
organic compounds into other organic compounds and/or the production of extra-
cellular organic compounds. Fish bioassay study has been performed to guarantee
the efficiency of the phycoremediation and the successfulness of producing water
effluent which can be reused safely. All the tested zebrafish was killed within 48 h in
the untreated water and attributed this to the high pollutant concentrations and low
pH values. However, all the tested fishes survived and were healthy for 9 days in the
phycoremediated water. The chlorophyll (a) content in the blue-green 11 (BG11)
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medium (i.e., �ve control) and the phycoremediation cultures was nearly the same.
This also added to the value of the application of the concept of obtaining algal
biomass via phycoremediation of polluted water. Another advantage of applying
algae in the phycoremediation is the increase of pH during biotreatment operation
and production of extracellular organic compounds, which together enhanced the
floc formation and consequent removal of heavy metals (Gani et al. 2015; Das and
Deka 2019).

7 Challenges and Opportunities

It is recommendable to invest in the double benefit, cost-effective, and eco-friendly
phycoremediation of organic wastewater before disposing and/or reuse as it is a win–
win process. Wastewater itself can be considered as a low-cost or, even better,
costless source of carbon, nitrogen, and phosphorous for simultaneous polluted
water treatment and algae biomass growth for further production of different valu-
able products, chemicals, and biofuels. Thus, it can be a promising management for
the worldwide twin challenges: energy security and environmental pollution. Algae
can help in solving the problem of climate change and global warming as it
accumulates CO2 during the sustainable phycoremediation of polluted water. More-
over, it can be applied in the in situ bioremediation in open seawater, oceans, lakes,
shallow water, etc. as most of the algae have phototaxis properties and usually prefer
to live in surface water (Hao et al. 2019). Moreover, researches proved that the prior
acclimation of microalgae to toxic chemical stress enhances the algal biomass
production, and the antioxidant enzyme activities, in addition to the lipid content,
consequently increase the algal biodiesel production (Cho et al. 2016). Thus, it is
important to focus on the researches concerning algal biomass produced from
wastewater treatment, their enzymatic activity, and its biomass contents from
pigments, lipids, and carbohydrates.

Algal-based organic wastewater treatment has been reported to be very promising
and feasible. And it consumes approximately 30-fold less electricity than the con-
ventional activated sludge process (ASP) (Matamoros et al. 2015). Moreover, the
synergetic effect between bacteria and algae makes it a cost-efficient aeration
process and also enhances the removal of organic and inorganic pollutants from
wastewater effluents (Su et al. 2012; Posadas et al. 2013; Luo et al. 2014b; Zhao
et al. 2014; Babatsouli et al. 2015; Ramanan et al. 2016; Gentili and Fick 2017). Not
only this, but one of the synergetic effects is the usual formation of algal-bacterial
flocs, which can omit the application of conventional flocculating agents in waste-
water treatment process and facilitate the biomass harvesting via simple gravity
sedimentation (Ryu et al. 2014b). Moreover, algal-bacterial mixed culture
overcomes the ROS inhibitory effect on the algal photosynthesis as ROS
are known to decrease the photosynthetic electron transfer and the formation of
NADPH which consequently decrease the phycoremediation efficiency (Qian et al.
2009). Thus, algal-bacterial cultures can enhance the production of valuable
compounds, e.g., chlorophylls (Ryu et al. 2017). Moreover, ROS is reported to
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highly affect the production of fatty acids and its type (i.e., long-chain saturated or
unsaturated ones) (Paradies et al. 2002). Thus, the control of the concentration of
ROS is important as it will affect the quality of the produced biodiesel. The
percentage of unsaturation affects the cold flow properties of biodiesel and its
oxidation stability (Mostafa and El-Gendy 2017; Ryu et al. 2017).

However, more researches are required to widen the range of xenobiotic organic
pollutants that can be biodegraded by microalgae, through genetic engineering
and/or screening for more new strains. Nevertheless, it should be taken into consid-
eration the toxic effects of such xenobiotic organic pollutants and their inhibition on
microalgae growth and reproduction. Thus, it is important to study well and predict
the optimum initial inoculum size, the inoculated microalgae species, its cell wall
composition, and its enzymatic system which is responsible for the pollutant’s
phycodegradation. It is worth to study also the toxic effect of the metabolites and
take the precautions to overcome such obstacle. For example, isolating microalgae
and designing a consortia and cultures to mixotrophically degrade phenolic
compounds as pollutants and/or as metabolic intermediates is very vital for a
successful phycoremediation process.

Usually, phycodegradation occurs throughout three successive steps: adsorption
of the pollutant, absorption and accumulation into the algal cells, and finally
degradation (Thakurta et al. 2018). Thus, the algal size, the surface area to
bio-volume ratio of the microalgae, the cell wall composition, and morphology
play a vital role in the successfulness of the phycoremediation process. Not only
this, but the type of the pollutant; its chemical structure, molecular weight, water
solubility, octanol–water partition coefficients (Kow), and lipophilicity; and its
chemical composition are also important factors to be known and studied to guaran-
tee the successfulness of the phycoremediation process.

For the synergetic positive impact of the presence of heavy metals on the
phycodegradation of xenobiotic organic pollutants (Ke et al. 2010), it would be
very promising to use metal-contaminated outlet effluents of different industries to
dilute concentrated xenobiotic organic and/or oil polluted water. However, further
researches are required on; the benefits and feasibility of such strategy and the
isolation of microalgae with efficient tolerance to high concentrations of heavy
metals and organic pollutants, so as not to perform dilution step and other
pretreatment processes.

Microalgae isolated form real xenobiotics organic and petroleum hydrocarbons
polluted sites are usually reported to be efficient for phycoremediation (Lima et al.
2003; Ryu et al. 2017). However, further work is required on the phycodegradation
metabolic pathway of such pollutants to assure its complete mineralization. Not only
this, but the initial biomass concentration and water salinity are also essential
parameters for the successfulness of the phycoremediation process (Kalhor et al.
2017). Moreover, the effect of illumination intensity, type of light (e.g., white and
gold), and dark/light cycles are also important factors to be taken into consideration
to achieve the highest phycoremediation with the production of sufficient biomass
containing valuable components (e.g., natural dyes and lipids) (Luo et al. 2014a).
The application of mathematical modeling and statistical optimization for the
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enhancement of the phycoremediation process of polluted water with concomitant
algal biomass production will minimize the loss of time and effort and decrease the
cost and energy consumption. The accumulation of PAH phycodegradation
intermediates that might be not further degraded and their impact on the algal culture
and aquatic ecosystem should be taken into consideration and accurately studied.
Further, upon application on open ponds for polluted water treatment and algae
biomass production, seasonal changes and contamination with other fast growing
microorganisms are other problems to be solved. Since the overall cost will be
increased, contamination will decrease the quality and quantity of the biomass and
products of interest. It is also unrealistic to perform such phycoremediation and
biomass production in expensive and energy-consuming self-sterilizer bioreactors.
Thus, it is essential to design and integrate synergetic systems which depends on
isolating new microalgae strains and/or applying microalgae consortium,
extremophilic, genetically, and/or metabolically engineered microalgae, which can
competitively survive in the presence of other possible microorganisms and work
efficiently over a wide range of salinity and under different types and intensities of
illumination in cost-effective means and lower energy consumption.
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Abstract

Population explosion and rapid industrialization have led to increase in concen-
tration of pollutants posing threat to the environment. Therefore, it is essential to
detect and reduce the level of pollutants, to conserve our natural habitat and
protect the environment from further degradation. Biosensors offer a solution as
analytical devices that can be customized to detect a variety of pollutants. It
comprises of three essential parts—bioreceptor, transducer, and data transfer and
processing. The biosensing devices have a biological component: the bioreceptor,
which is biological in origin and may comprise of whole cells, cell-based
receptors, enzymes, antibodies, or nucleic acids. These biological components
provide advantages like detection of pollutant in low amounts, high specificity,
and precision. This chapter focuses on biosensors, their types, and principles as
well as recent advancements in the field.
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1 Introduction

Human activities have led to rapid destruction of the environment in the past five
decades. The major activities resulting in the environment degradation includes
discharge of industrial waste in streams, release of harmful chemicals into soil,
and emission of polluting gases from industries and vehicles. Environmental pollu-
tion is defined as “the contamination of the physical and biological components of
the earth/atmosphere system to such as extent that normal environmental processes
are adversely affected”. When the environment is unable to process or neutralize
harmful by-products of human activities like poisonous gas or fluid emissions, it
leads to the structural and functional damage to the ecosystem. In order to control the
pollution, there is a need to first understand its type and the corresponding pollutants.
Environmental pollution can be categorized into air, water, and soil pollution.

Air pollution includes introduction of substances like noxious gases, mainly
oxides of carbon, sulphur, and nitrogen, into the atmosphere resulting in detrimental
effects on the atmosphere. The primary causes of air pollution are burning of fossil
fuels, volcanic eruptions, forest fires, and industrial and vehicular emissions. These
pollutants can lead to health problems like asthma, bronchitis, emphysema, and
possibly lung and skin cancer (Afsar et al. 2019).

Water pollution includes the contamination of water bodies such as lakes, rivers,
streams, aquifers, oceans, and groundwater due to the presence of foreign materials
like chemicals and biological contaminants. Water pollution can be further classified
into point and non-point sources. When the source of pollution is discrete and
identifiable, it is called a point source while the non-point sources are cumulative
results of multiple types of contaminants. Groundwater pollution occurs through
infiltration of pollutants which adversely affects the groundwater reserves. Few
causes of water pollution are industrial wastes, agricultural run-off, oil spills, leaking
landfills, and household wastewater. These pollutants can cause waterborne illnesses
like diarrhoea, amoebiasis dysentery, typhoid, cholera, jaundice, and malaria
(Mateo-Sagasta et al. 2017). There is an expanding need to develop regulations
and policies for discharge and reuse of wastewaters. Many countries have included
wastewater reuse as an important dimension of their water resource planning. In
China, sewage use in agriculture has rapidly developed since 1958, and now over
1.33 million hectares are irrigated with sewage effluent. It is generally accepted that
wastewater use in agriculture is justified on agronomic and economic grounds;
however, care must be taken to minimize the adverse effects on health and environ-
mental impacts (Lu et al. 2008).

Soil pollution includes contamination or degradation of the soil making it unsuit-
able for human use. It is mainly caused due to excessive use of chemicals and
fertilizers in agriculture, untreated industrial and household waste disposal. Leaching
of these toxic chemicals into the groundwater can further contribute to the water
pollution (Steffan et al. 2018). Contaminated soil can impact human health causing
sickness like food poisoning, reduced plant growth due to decreased soil fertility,
and change in soil structure. These factors can lead to an unbalance in the ecological
system.
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1.1 Environmental Pollutants

Any pollution-causing agents are called pollutants, and these agents can be divided
into two groups: conventional and nonconventional pollutants. Conventional
pollutants include biodegradable elements, molecules, organic, or inorganic
polymers that naturally occur in nature. However, due to human intervention, their
rate of release is several folds higher than the rate of biodegradation leading to their
accumulation in nature. Organic nutrients, heavy metals, inorganic carbon, and oil
are some common examples of conventional pollutants usually found in domestic,
commercial, or industrial wastes, while nonconventional pollutants include xenobi-
otic compounds, which are man-made and recalcitrant in nature. Industrialization
has led to generation of non-native chemical compounds that have accumulated in
nature due to their low biodegradability. These compounds include emerging
pollutants like endocrine-disrupting compounds, pesticides, flame retardants, etc.
(Bhushan et al. 2020).

1.2 Emerging Pollutants

Over the previous decade, emerging contaminants were detected in drinking water
supplies, and this is an event that demands worldwide attention. Although these
contaminants are present in low concentrations in the environment, even the low
concentrations can be harmful to human and animal health. Further, over a period,
these contaminants can accumulate to have severe impact on the living beings.
Emerging contaminants are comprised of personal care products, pharmaceuticals,
endocrine-disrupting compounds, industrial compounds, food additives, herbicides,
and pesticides (Bhushan et al. 2020; Deblonde et al. 2011; Hernandez-Vargas et al.
2018). The majority of these contaminants enters the environment after getting
consumed and flushed out as metabolites or chemically unaltered compounds.
Current wastewater treatment plants are not fully equipped to deal with these
compounds. Therefore, these contaminants can accumulate in the environment
over a period.

1.2.1 Pharmaceuticals and Personal Care Products
Pharmaceuticals are the most common emerging contaminants detected in ground-
water and surface water at a very low concentrations ranging from μg/L to ng/L
(Deblonde et al. 2011). These are mixed into the wastewater through industrial and
hospital effluents due to incomplete metabolism in the human body. These
compounds can have the potential to gradually affect the ecological environment
and human health even at low concentrations. Personal care, healthcare products and
pharmaceuticals include sunscreen, transformation products, fragrances and their
metabolites, cosmetics, food supplements, analgesics, antibiotics, diuretics, beta
blockers, lipid regulators, non-steroidal anti-inflammatory drugs (NSAIDs), stimu-
lant drugs, antiseptics, and antimicrobials. The bio accumulation of these
contaminants in the environment could increase the incidence of diseases like breast
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and testosterone cancer, decrease fertility, cause persistent antibiotic resistance, and
influence the hormone control in our body causing reproductive impairments
(Deblonde et al. 2011).

1.2.2 Endocrine-Disrupting Compounds
Endocrine-disrupting compounds (EDCs) are the type of emerging contaminants
which are detected in aquatic environments like wastewater, surface water, ground-
water, and landfill leachates. EDCs are substances or mixtures that affect the
function of the endocrine systems causing adverse health effects such as blocking
a hormone, causing its overproduction or underproduction. With the higher concen-
tration of EDCs, there is an increase in the incidence of diseases such as endometri-
osis and different types of cancers like testicular, prostate, and breast cancers.
Common EDCs are 17β-ethinylestradiol(EE2), estrone(E1), and 17β-estradiol
(Bhushan et al. 2020; Yang et al. 2015).

1.2.3 Pesticides
Pesticides are chemical and biological substances that can selectively control infes-
tation of insects, weeds, and other pests in gardens or farms. At present, farmers rely
intensively on the use of pesticides. Common pesticides used are
2,4-dichlorophenoxyacetic acid and omethoate to reduce the loss of agricultural
products (Justino et al. 2017). Though these biochemicals have advantages in
agriculture, however, an unregulated usage of these pesticides can lead to a signifi-
cant environmental problem. Some of the environmental problems are immune-
depressive effects in fishes and mammals. The pesticides can also modify
haemopoietic tissue of anterior kidney (Bhushan et al. 2020).

1.2.4 Flame Retardants
Automotive industry, plastic polymers, coating textiles, and electronic equipment
manufacturers are the largest consumers of brominated flame retardants (BFRs).
BFRs prevent fire-related damage as their primary function along with protecting the
materials from ignition. However, their low biodegradability leading to
bioaccumulation and high toxicity raises environmental concerns. Flame retardants
consist of hexabromocyclododecane (HBCD), polybrominated diphenyl ethers
(PBDEs), tetrabromobisphenol A (TBBPA), decabrominated diphenyl ethers
(DBDPE), phosphate flame retardants, and tris(chloroisopropyl) phosphate
(TCIPP) (Segev et al. 2009). Previous studies showed that flame retardants have a
significant effect on human health such as change in hormone levels and poor semen
quality in males and exhibition of in vitro estrogenic and anti-androgenic effect on
human osteosarcoma cell line and can be carcinogenic.
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2 Biosensors

In order to monitor or screen the pollutants, there is a need for development of
sensitive, rapid, and selective technologies. One such approach is to use biological
components such as enzymes, whole cells, cellular organelles, cell-based receptors,
antibodies, or nucleic acids for detection and quantification of certain specific or
non-specific analytes (pollutants) (Justino et al. 2015). The sensing devices based on
biological components are known as biosensors and can provide a promising
platform for specific, reliable, and sensitive method to monitor environmental
pollutants.

According to the International Union of Pure and Applied Chemistry (IUPAC), a
biosensor is defined as “an independently integrated receptor transducer device,
which is capable of providing selective quantitative or semi-quantitative analytical
information using a biological recognition element”. An ideal biosensor should have
the following features:

1. The biorecognition element used should be highly specific for the purpose of
analysis and stable under normal conditions.

2. The reaction should be independent of physical parameters as stirring, pH, and
temperature.

3. The sensor response should be accurate and reproducible.
4. If the biosensor is used in invasive monitoring in clinical situations, the probe

must be tiny and biocompatible.

2.1 Biosensors Classification and Components

Any biosensor has three essential parts: a bioreceptor, a transducer, and a data
transfer and processing unit (Fig. 1). Bioreceptor is the primary tool for the sensing
technology; this biological element exploits the biochemical mechanism for specific
recognition and binding of analyte of interest resulting in a signal change. This signal
change is converted to a readable format via a transducer which is processed by a
signal processing unit to generate results for the user. However, biosensors have few
drawbacks such as limited range of detection and interference from other compounds
present in the sample. The choice of the bioreceptor molecule, immobilization
technique (if needed), and transducer has profound impact on the selectivity, sensi-
tivity, precision, and accuracy of the biosensor. The key characteristics analysed
during biosensor development are accuracy, precision, speed, sensitivity, specificity,
range of measurement, reliability, calibration and long-term stability, robustness,
size, portability, cost of analysis, and acceptability by users (Badihi-Mossberg et al.
2007).

2.1.1 Bioreceptor
Bioreceptor or biological recognition element imparts the selectivity and specificity
that allows the biosensor to respond to a specific target or group of analytes. The
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analyte of interest (e.g. antibodies and aptamers are more suitable for the detection of
bacteria or pathogens; however, in enzymes are more suitable for catalytic reactions)
determines the selection criteria for the biological recognition element (Justino et al.
2015). In general, these recognition elements are immobilized using methods such as
adsorption, covalent binding, entrapment, and membrane confinement. In general,
covalent immobilization is the preferred method due to its stability and irreversibility
which prevents loss of the biological elements from the support surface.

2.1.2 Transducer
Transducer plays a key role to convert the physical or chemical changes of
biosensors into a readable signals such as (a) colour change due to the chemical
reaction (colorimetric biosensors), (b) potential change due to charge redistribution
(potentiometric biosensors), (c) electron movement due to the redox reaction
(amperometric biosensors), (d) change in absorbance or transmittance due to detec-
tion products (optical biosensors), or (e) change in charges due to change in force
(piezo-electric biosensors). For this chapter, we have limited the scope to electro-
chemical and optical biosensors.

2.1.3 Data Transfer and Processing Unit
This unit can amplify the signal to make it easier to analyse the generated signal.
Further, the electrical interference generated within the electronic components of the
transducer, the electrical signal from the transducer, is often low and superimposed
with a high-frequency signal component which can be termed as noise. The signal
processing normally involves subtracting a “reference” baseline signal, derived from
a similar transducer without any biorecognition element. The sample signal is

Fig. 1 Different analyte samples like soil, water, and air along with the sensing systems. Sensing
systems have three components: recognition element, transducer, and data transfer and
processing unit
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normalized with respect to the reference baseline resulting in a clean signal without
any noise. The comparatively slow nature of the biosensor signal eases the problem
of electrical noise filtration. After analysis and noise filtration, the signal is displayed
or recorded in the sensing device (Kumar et al. 2013).

3 Biosensors Based on Different Bioreceptors

Based on bioreceptors, biosensors can be classified as enzyme, antibodies,
bacteriophages, aptamers, whole cells, and nucleic acid-based biosensors (Justino
et al. 2015). In this section, we will discuss briefly about bioreceptors and few
examples of their application in sensing various environmental pollutants.

3.1 Enzyme Biosensors

Enzyme biosensors selectively covert the analyte to a chemical species which can be
detected using various transducers like optical, electrochemical, and others (Justino
et al. 2015). Enzymatic biosensors can use one enzyme or a multiple set of enzymes
to cover the analyte of interest in detectable signal. Few commonly used enzymes for
environmental pollutant detection are acetylcholinesterase used to detect paraoxon
or parathion, horseradish peroxidase with antibodies used to detect pathogens like
Shigella, tyrosinase used for catechol detection, and others (Justino et al. 2017,
2015). Acetylcholinesterase is used to detect multiple organophosphates, which are
one of the most used pesticides. These compounds are widely used in modern
agriculture to control various weeds, disease-spreading vector, and pests.
Organophosphates inhibit the enzymatic activity of acetylcholinesterase which can
be detected using transducers like electrochemical in the form of change in current
and potential signals. Advantages of enzymatic sensors are the following: easy
manufacturing and handling, have high specificity, and require simple apparatus
and procedures for analyte detection. Few limitations are less tolerant to change in
environmental factors like pH and temperature; costly to purify the enzymes; poor
stability; and the need for optimum temperature for long-term storage. Further,
enzymatic sensors are used to fabricate sensing platforms with multiple enzymes
which can be used to detect various analytes present in the sample. A sensing
platform was fabricated by using screen-printed electrodes to detect six
organophosphates present in the water samples. The full assay can be performed
in 6 min using the sensing platform to measure the organophosphates in the
concentration range 10 μM to 1 nM (Crew et al. 2011).

3.2 Antibody Biosensors

Antibody biosensors use the antibody-antigen interaction to detect the analyte of
interest. These sensors can be categorized into four types depending on the

Fundamentals of Biosensor Application in Environmental Pollutant Monitoring 317



transducers used: thermometric, electrochemical, microgravimetric, and optical
(Bhushan et al. 2020). Biosensors can use either polyclonal (secreted by B-cells of
different lineages) or monoclonal (secreted by B-cells of single lineage) antibodies.
The advantages of antibody sensors are high specificity and sensitivity. But these
sensors have few limitations like polyclonal antibodies which can result in
non-specific binding, while the more specific monoclonal antibodies are costly.
These biosensors are used to detect various environmental pollutants, such as
polycyclic aromatic hydrocarbons (PAHs), food pathogens, herbicides, etc. (Justino
et al. 2015).

Polycyclic aromatic hydrocarbon (PAH) is one of the most widespread organic
pollutants made of fused aromatic rings made of carbon and hydrogen. These
compounds originate from oil and coal industrial processes during the incomplete
combustion of carbon-containing fuels. Some PAHs which are present in
non-processed foodstuff associated with environmental pollution can cause cancer
and other health-related issues. Multiple sensing platforms based on antibodies are
reported for PAH detection (Behera et al. 2018). These sensors are based on
biosensing platforms like enzyme-linked immunosorbent assay (ELISA), electro-
chemical, and others. An electrochemical based on antibodies was proposed by Lin
et al. to detect Benzo[a]pyrene (Lin et al. 2012). The sensor was fabricated using a
ferrous-ferric oxide nanoparticle and Nafion film functionalized with multi-enzyme
antibody complex. The sensor had a broad range of detection (8 pM–2 nM) with
limit of detection of 4 pM which was better than the previous reported sensors.

3.2.1 Molecularly Imprinted Polymer (MIP)
Synthetic receptors that mimic the recognition properties of an antibody are called
molecularly imprinted polymers (MIPs). MIPs are generally formed using self-
assembly of functional monomers around a template placed around and the
monomers are polymerized to form a polymer with cavities of specific shape, size,
and functionality (Van Dorst et al. 2010). The imprinted polymer can recognize the
analyte with high specificity and affinity. In the past decade, MIP are explored by
numerous researchers to fabricate biosensors due their low-cost production and high
stability as compared to antibodies and more tolerance to chemical, thermal, and
mechanical changes. Therefore, these systems can be designed to use at high
temperature, wide pH ranges, and multiple solvents like water, organic solvents.
However, there are few challenges like the use of traditional bulk polymerization
process which is time-consuming, full removal of the template particles from MIP,
and application of MIP molecules for detection of high molecular weight analytes in
complex matrices. MIP-based biosensors are used to detect numerous pollutants like
pharmaceuticals, cosmetics, and phthalate esters.

Recent research of MIPs is moving towards nanosized MIPS due to their high
surface area to volume ratio, higher affinity, easy sensor integration, and faster
binding kinetics as compared to conventional MIPs (Justino et al. 2015). A
voltammetric biosensor based on nanosized MIP was reported by Gholivand et al.
(2014). The nanosized MIP was synthesized using polyparaben (a common
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cosmetics ingredient) as a template. The sensor reported a linear range of 1–100 nM
with 0.32 nM as the lower limit of detection.

3.3 Bacteriophage Biosensors

Bacteriophages can bind naturally to specific bacterial cells which make them a
suitable candidate to identify bacteria or pathogens in environmental samples.
Phages identify the bacteria depending on the markers such as surface proteins,
lipoproteins, etc. present on bacterial cells. Wild phages can be used as such to
fabricate sensors (Shabani et al. 2008). However researchers have also developed
engineered phage for specific sensing applications including expressing a marker
protein (Gervais et al. 2007), attaching a fluorescence (Edgar et al. 2006) or
luminescence (Blasco et al. 1998) tag on the phage, or inserting gene into viral
genome. Along with bacterial cell infection, phages are also used to display certain
peptides and proteins on the surface known as phage display. Phages offer a versatile
platform which is used to detect various environmental pollutants such as
trinitrobenzene, trinitrotoluene, toxins like aflatoxin B1, and common food and
water pathogens like E. coli, Salmonella, and Listeria. For example, Bhardwaj
et al.(2016) demonstrated a screen-printed graphene electrode which was covalently
immobilized with lytic phages using 1-(3-dimethylaminopropyl)ethylcarbodiimide
(EDC) hydrochloride. The measuring range of the sensor was from 2 to
2 � 103CFU/mL with a detection limit of 2 CFU/mL and a rapid response time of
2 min. The sensor was tested in river water and juice. The sensor was stable for
3 months in storage. Phage-based biosensors have mainly used two transducers:
electrochemical and optical (Van Dorst et al. 2010). These biosensors are low-cost
and more robust and tolerant to environmental parameter changes like solvents, pH,
and temperature as compared to immunosensors. Phages are reported to be stable in
a wide pH range of 3–11, and filamentous phages retain their binding affinity for
6 days at 63 �C. These biosensors are highly specific and sensitive to the bacterial
species or the surface proteins. However, more research needs to be done for further
optimization of the immobilization protocol of phages on sensor surface and to
improve the limit of detection of these biosensors.

3.4 Nucleic Acid Biosensors

Nucleic acid-based probes work on the complementarity. A nucleic acid probe can
be designed using deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and
peptide nucleic acid (PNA). DNA and RNA can be amplified using PCR and reverse
transcription PCR (RT-PCR). PNAs are synthetic oligonucleotides which have high
binding affinity to the complimentary DNA or RNA sequences. PNAs can be
tailored to improve the binding affinity and enhance stability against various
conditions including physical, biological, and chemical degradation (Singh et al.
2013). Nucleic acid-based probes have advantages such as cost-effective and rapid
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detection, stable probes, and a versatile process. There are multiple commercial kits
based on nucleic acid-based probes for pathogen detection like BAX system for
E. coli detection and Gen-Probe for Mycobacterium avium complex (Singh et al.
2013). But the probes have disadvantages including false negative and positive
results due to nucleic acid degradation and contamination and inability to distinguish
between live and dead cells and detect the toxins produced by the bacteria (Singh
et al. 2013; Richter et al. 2018). These sensors are used to detect target analytes such
as chlorinated benzenes like hexachlorobenzene; heavy metals like mercury, lead,
and cadmium; and toxins like aflatoxin M1, cholera, and botulinum.

The most common transducers used for nucleic acid-based biosensors are optical
and electrochemical (Van Dorst et al. 2010). An electrochemical DNA biosensor
was used to detect hexachlorobenzene in real water samples (Wu et al. 2011). The
sensor demonstrated a measuring range of 100 pM–100 nM, with 30 pM as lower
limit of detection. The sensor can be used as a rapid screening tool for real water
samples.

3.4.1 Aptamer-Based Biosensor
Aptamers are oligonucleotide (20–60 nucleotides) molecules designed to have a
high selectivity, specificity, and affinity towards a target analyte ranging from small
molecules to whole cells. Aptamer’s long-term stability and their inexpensive and
rapid synthesis and ability to be altered with labels with little effect on their binding
site performance, stability, or binding characteristics are some of the advantages of
aptamers as biological recognition elements as compared to the natural recognition
elements like DNA antibodies. However, aptamers have few disadvantages like
cross-reactivity with similar compounds; aptamer generation is a time-taking and
laborious process (Hayat and Marty 2014; Van Dorst et al. 2010; Justino et al. 2015).
These biosensors are used for detection of various compounds like antibiotics,
toxins, pesticides, and heavy metals. A sensor for mercury detection was reported
by Zhang and Guo (2012). The sensor obtained a linear measuring range between
0.1 nM and 10 nm of mercury (Hg2+) concentration with 20 pM as the lower range of
detection. The sensor was tested in spiked tap and lake water.

3.5 Whole-Cell Biosensors

Whole-cell biosensors act as the biorecognition agents that monitor general or
specific toxicity caused by one or more pollutants. Pollutants can be monitored
using these biosensors by quantifying the change in light, fluorescence, colour,
electric potential, or current (Justino et al. 2015). Whole-cell biosensors have
advantages like the ability to detect multiple chemicals due to the presence of
multiple enzymes present in the cells, easy to manipulate, and conducive to use on
various substrates. The versatility and flexibility of these biosensors are best
demonstrated by Microtox system (Bereza-Malcolm et al. 2015). The system is a
standard toxicity test which is easy to use, sensitive, rapid, and reproducible. The
system uses an engineered bioluminescent Vibrio fischeri as the test organism. The
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bacterium is exposed to different concentrations of the pollutant, and the reduction in
luminescence is correlated to the pollutant concentration. Whole-cell biosensors are
used in pharmacology, medicine, cell biology, toxicology, and environmental moni-
toring. Few examples of whole-cell biosensors for detection of environmental
pollutants are heavy metals, alkanes, and aromatic compounds in water. Unlike
common analytical methods, whole cells can react to the presence of specific metals
which are not present in biological systems. The heavy metals inhibit the biological
enzymes that offer a simple and a sensitive way to detect their presence. Cerminati
et al. reported a whole-cell biosensor to detect various toxic metals including
mercury, lead, cadmium, and/or gold ions in water samples (Cerminati et al.
2015). Sensing system is an example of a rapid and highly sensitive sensor to detect
multiple heavy metals.

4 Biosensors Based on Transducers

Based on the transducers used, biosensor can be classified in different groups like
electrochemical-, optical-, or mass-based sensors (Justino et al. 2017). For this
chapter, we will focus mostly on electrochemical- and optical-based biosensors.

4.1 Electrochemical Biosensors

These biosensors are based on a single or multiple chemical reactions to generate a
readable signal in the form of either a current or potential change. Electrochemical
sensors offer rapid detection, high sensitivity and selectivity, low-cost, and easy to
miniaturization and integration biomolecules and synthetic molecules as recognition
elements (Badihi-Mossberg et al. 2007; Hernandez-Vargas et al. 2018; Ronkainen
et al. 2010). Further electrochemical reactions mainly occur on electrode surface or
electrode-sample interfaces. So, these sensors do not strongly depend on the sample
volume and can be used for very small sample volumes. Electrochemical biosensors
can be categorized into three groups: potentiometric, amperometric/voltammetric,
and impedimetric biosensors.

4.1.1 Potentiometric Biosensors
Potentiometric sensors measure change in potential over time. This change in
potential is correlated to the analyte concentration. Permselective layer is designed
for the selective transfer of the Ion selective electrodes are extensively researched for
over 60 years. These electrodes measure potential changes with time, and the change
in potential is correlated to the analyte concentration. The potential change is
measured relative to a reference potential point which is provided by the reference
electrode. So, ion-selective electrode is a two-electrode system: working electrode
(ion-selective) and reference electrode (a constant potential electrode against which
the potential variation in ion-selective electrode is measured). Ion-selective
electrodes have advantages like small sensor size conducive to on-site
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measurements, small sample volume, and simple electronics system for measure-
ment (De Marco et al. 2007). However, the sensors have challenges like membrane
fouling in long-term monitoring due to chemical and biological components in real
samples and electrode drift resulting in poor reproducibility. Few environment
pollutants detected using ion-selective electrodes are copper, iron, cadmium, mer-
cury, lead, phosphates, nitrates, sulphates, etc. (Badihi-Mossberg et al. 2007;
Ibupoto et al. 2011). Table 1 summarizes few potentiometric sensors used for
environment pollutant monitoring.

4.1.2 Amperometric/Voltammetric Biosensors
Voltammetric sensors measure the change in current, when potential is varied over a
range, while amperometric sensors measure the current changes over a given time
period. Amperometric sensors are commonly used in enzyme- and affinity-based
sensors. The sensor response can be measured either under a constant potential bias
or no potential bias. A voltammetric sensor for organophosphate detection was
proposed using enzyme acetylcholinesterase recently by Bao et al. (2019). The
sensor demonstrated a linear measuring range from 3 pM to 46.65 nM with
0.31 pM as limit of detection. The sensor was tested in spiked river and lake samples.
A screen-printed carbon electrode coated with polyclonal antibodies was used for
detected Legionella pneumophila (Martín et al. 2015). The current was measured by
applying a potential bias of �0.15 V to measure the generated hydrogen peroxide in
the presence of hydroquinone. The sensor demonstrated a limit of detection of
104 CFU/mL which can be lowered to 10 CFU/mL using a pre-concentration step.
Table 1 summarizes few amperometric and voltammetric biosensors used for envi-
ronmental monitoring.

4.2 Optical Biosensors

Optical biosensors detect changes due to the interaction between the target of interest
and the biological recognition element and transform the signal into a measurable
optical signal. The analytical technique has various applications in the field of
medical diagnostics, food analysis, environmental applications, drug discovery,
and security and defence. It is one of the most commonly used detection methods
in the biosensor due to its advantages such as lower detection limit, non-destructive,
and their ability to detect a wide variety of analytes or multiple analytes at the same
time with fast signal monitoring and analysis. Optical biosensors can be categorized
into direct and indirect detection. Direct detection of the analyte is done using
techniques such as UV absorption, planar optical waveguide, fibre optics, surface-
enhanced Raman spectroscopy (SERS), and surface plasmon resonance (SPR).
Indirect detection includes optically labelled probes such as fluorescence and chemi-
luminescence. These biosensors are used to detect various environment pollutants
like heavy metals (e.g. mercury, copper, arsenic), pesticides, nutrients (e.g. nitrates),
endocrine-disrupting compounds, and microbial concentrations (Justino et al. 2017).
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An engineered E. coli was demonstrated for nitrate detection in environment
water without any interference (Taylor et al. 2004). The E. coli transformed the gene
of a membrane-bound nitrate reductase enzyme coupled with a green fluorescence
protein gene. The whole-cell biosensor was insensitive to interferents like chloride,
phosphate, and nitrite. An enzymatic biosensor for detection of toluene in wastewa-
ter was reported by Zhong et al. (2011). The sensor was based on toluene ortho-
monooxygenase enzyme with a phosphorescent dye as transducer. The sensor
demonstrated a linear range of toluene measurement up to 100 μM, with a limit of
detection 3 μM. The response time of the sensor was 1 h. The sensor was evaluated
in spiked water samples from lake and reservoir water. A few optical biosensors are
summarized in Table 1.

5 Practical Challenges with Environmental Samples

Sample matrix can drastically affect the application of biosensors in real-world
applications. Matrix effects could be defined as an induced deviation from theoreti-
cally forecasted parameters, caused by the compounds present in the sample other
than the analyte of interest. The exact composition of the matrix of environmental
samples is usually unknown and may vary between samples. Therefore, quantifying
analyte under such complex conditions makes the use of biosensors challenging. To
address these challenges, steps such as pre-treatment can help to detect the analyte in
this complex matrix. Further, matrix interferences in water samples can be prevented
by simple methods such as dilution, buffering, and altering the pH and conductivity.
Additionally, in the case of immunosensors, detergents or mimicking proteins are
added to reduce matrix interferences. For seawater samples, ionic strength must also
be considered while analysing the analyte concentration.

For biosensors to become a practical and reliable method, it must compete with
the conventional analytical systems in terms of reliability, selectivity, sensitivity, and
robustness. Biosensor measurements hereby need to be verified and validated before
being accepted. The validation procedures can vary depending on the technology
that is examined and include participation in inter-laboratory trials, the use of
certified reference materials (CRM) or comparison with conventional chemical
analysis. The credibility of biosensors may include some hurdles since the quality
parameters such as stability of the biological element and or the element
immobilized in the transducer being biological in origin may easily be compromised.
Although several validation procedures are acceptable, there are no universal
established guidelines for biosensor validation. Many analytical parameters like
working and linear construction ranges, the limit of detection (LOD), limit of
quantification (LOQ), selectivity, reliability, steady-state and transient response
times, sample throughput, reproductivity, stability, and lifetime are some of the
parameters that should be closely monitored during testing and validation of the
biosensor. The overall commercial status and general acceptance of the technology
will depend on the performance characteristics, sample throughput, associated costs,
and acceptance by the regulatory authorities based on independent validation of data
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generated with the help of internationally recognized procedures like the Interna-
tional Organization for Standardization (ISO).

6 Outlook and Conclusion

Biosensing is a growing field of research that has rapidly transformed over the past
decades through new discoveries related to novel micro- and nanofabrication
techniques, improved electronics systems, improved biochemical techniques, and
increased computational power. In spite of the ongoing research, there are still
challenges to fabricate a robust, reliable, reproducible, and repeatable sensing
device. In addition, pollutant concentrations in environment are constantly changing
both as a result of pollutant input and changes in environmental factors like air or
water flow. Establishment of multiple autonomous analytical stations which can
extensively monitor the sites of interest in rivers, lakes, wells, or even water
treatment has a huge demand. But there is still a dearth of continuous monitoring
devices that can provide an easy and rapid on-site measurement. These devices
would also be useful to obtain real-time data for accidental spill seasonal fluctuations
or major pollution events. These continuous monitoring systems could facilitate the
measurement of pollutant concentration in remote places.
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Abstract

Various natural resources including freshwater reserve are depleting as a conse-
quence of rapid increase in population. A sustainable wastewater system should
aim at recovering energy and resource materials from waste discharge. Accord-
ingly, this book chapter begins with a short introduction explaining the rationale
behind the subject matter followed by a discussion on recent trends in the
identification of resource materials from various types of wastewater. The
major goal of the chapter, however, is to provide a comprehensive review
summarizing recent advancement in various resource recovery technologies
(bioelectrochemical systems, zero liquid discharge technologies, and
adsorption-based recovery) commonly applied to sewage and effluent from
biotechnology and allied industries. Finally, the chapter ends with a recommen-
dation on development of economically feasible and environmentally benign
resource recovery schemes for various types of wastewater.
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BMED Bipolar membrane electrodialysis
CEM Cation exchange membrane
DCMD Direct contact membrane distillation
DC-MFC Double chamber microbial fuel cell
DY Drimarene Yellow K-2R
ED Electrodialysis
EDM Electrodialysis metathesis
EDR Electrodialysis reversal
FO Forward osmosis
MB Maxilon Blue 5G
MD Membrane distillation
MDC Microbial desalination cell
MDCs Microbial desalination cells
MEC Microbial electrolysis cell
MFC Microbial fuel cell
MLD Minimal liquid discharge
NMCG National Mission for Clean Ganga
PEM Proton exchange membrane
PVDF Polyvinylidene fluoride
RO Reverse osmosis
SC-MFC Single chamber microbial fuel cell
SF Sodium fluorescein
SGMD Sweeping gas membrane distillation
TDS Total dissolved solids
UF Ultrafiltration
VMD Vacuum membrane distillation
ZLD Zero liquid discharge

1 Introduction

The pressing issue that startled life on earth is the environmental hazards caused by
anthropogenic activities (Meena et al. 2019). The limited potable water resources of
the planet have been persistently polluted with emerging contaminants, due to the
urban expansion and associated industrialization that raised concerns on environ-
mental sustainability (Meena et al. 2019). For instance, over ten billion tons/year of
organic-rich wastewater is reported to be generated globally (Lu et al. 2019). A
significant portion of this wastewater is often released into the aquatic bodies without
adequate treatment leading to adverse effects on the environment and ecology
(Lu et al. 2019). Conventional physicochemical and biological methods are
exploited for the remediation of the wastewaters at the expense of high energy
inputs and other environmental resources (Luo and He 2020). These conventional
wastewater treatment strategies target the generation of clean water as the only key
objective. In order to meet the regulatory criteria, industries rely on conventional
methods to mitigate pollution rather than converting the waste into resources
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attributed to augmented construction and operating investments. Thus, the waste
remains a waste forever and not recovered as a resource by any of the conventional
process. In contrast to that, the emerging wastewater treatment strategies should
target to generate clean water while recovering various resources and converting
them into several value-added products with possible revenue generation. This will
attract the industries to invest in establishment of integrated closed-loop wastewater
treatment strategies leading to circular economy (Pott et al. 2018). Thus, a paradigm
shift is required to accentuate the ability of wastewater to generate revenue by
exploiting the resources (energy, water, nutrients, heavy metals, etc.) therein. To
that end, the present study is mainly focusing on the recent trends and advancements
in various resource recovery strategies suitable for sustainable industrial wastewater
treatment.

Wastewater can be broadly categorized as sewage and non-sewage. Sewage is the
wastewater mainly produced through domestic activities in kitchen, toilets, and
laundry. It is generally treated through municipal wastewater treatment plant
which collects the wastewater from houses, restaurants, public toilets, hospitals,
schools, and other similar public facilities. Non-sewage covers other types of
wastewater such as stormwater, agricultural runoff, and industrial wastewater. It is
not always practical, however, to distinguish between municipal and industrial
wastewater systems. Often times, especially in developing countries, industrial
wastewater is discharged into the municipal sewer either directly or after a minimal
treatment. Only large-scale industries may have their fully developed effluent
treatment plant. Besides, treatment trains for both systems are usually based on
similar unit operations.

A typical list of wastewater resources comprises nutrients (phosphorus, nitrogen),
water for reuse and energy. For biotechnology-based industrial wastewater, organic
and inorganic chemicals of commercial importance may be included. The water
recovered from an industrial discharge can be recycled back to the plant itself (zero
liquid discharge approach) or may be utilized for other agricultural, environmental,
and industrial applications. Water reuse is typically categorized as non-potable (fit
for non-drinking purposes, such as toilet flushing, clothes washing, and irrigation),
direct potable (fit for drinking water distribution system), and indirect potable (fit for
disposal into an aquatic body which is used as a source of drinking water). The
following table (Table 1) summarizes the recent technological advancement in
resource recoveries from wastewater. It showed that major technologies for resource
recovery can be broadly categorized as bioelectrochemical systems, membrane-
based technologies leading to zero liquid discharge, adsorption-based recovery,
and combination of all these technologies. A major part of this chapter will substan-
tiate the recent progress in each of these areas followed by the development of a
“wastewater biorefinery” concept which will illustrate different routes for wastewa-
ter valorization by exploiting different combinations of these technologies.
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2 Resource Recovery Technologies

2.1 Bioelectrochemical Systems

Bioelectrochemical systems (BECs) are the systems that generate electricity from the
organic compositions present in wastewater using biological components such as
enzymes or microbes, thereby leading to energy and nutrient recovery. Unlike
conventional electrochemical systems, the electrodes in BECs rely on the electron-
synthesizing activity of organisms and/or biological enzymes (San-Martin et al.
2018). Thus, the electrons generated from the oxidation of complex organic
compounds in the anode are transferred to the electron acceptor at the cathode
where the electrons are reduced (Luo and He 2020). This movement of electron
from anode to cathode through an external circuit is driven by the potential differ-
ence between the compartments. BECs are the most attractive systems attributed to
their high efficiency in nutrient recovery and remediation of various wastewater
types while generating electricity and less sludge as compared to other viable
methods of recovery (Bajracharya et al. 2016). Thus, BECs are utilized as isolated
units or in combination with other methods to obtain higher recovery efficiency
coupled with electricity generation. Among the various systems enabled for BECs,
microbial fuel cell (MFC), microbial electrolysis cell (MEC), microbial desalination
cell (MDC), combination of different BEC systems, and combination of BEC
systems with other membrane-based technologies are well exploited in many recov-
ery processes (Li et al. 2017; Luo et al. 2017; Lu et al. 2017). To that end, this section
will predominantly discuss the current trends and advancements in the nutrient
recovery process by employing BECs.

Microbial fuel cell utilizes the metabolically active microbes that generate
electrons from the degradation of organic and inorganic substances present in the
wastewater (Zhao and Chen 2018). In general, anode comprises an electron secreting
organism that metabolizes the complex organic compounds via oxidation and
releases H+ and e� ions, which reach cathode via cation exchange membrane and
external circuit, respectively. On the other hand, the cathode chamber comprises an
electron acceptor, which accepts the electron generated in the anode and gets
reduced by the H+ ions produced and transferred from the anode. The flow of
electrons from anode to cathode via an external connection generates electricity in
the circuit (Zhao and Chen 2018). The anode comprises the electron-synthesizing
microbes such as Shewanella oneidensis and Geobacter sulfurreducens which are
the well-studied model organisms that exchange electrons with the electrode in the
presence or absence of mediators (Logan et al. 2019). The other organisms predomi-
nantly used in BECs are Thermincola ferriacetica, Sporomusa ovata, Moorella
thermoacetica, Acetobacterium woodii, Clostridium ljungdahlii, Escherichia coli,
Corynebacterium glutamicum, etc. (Kracke et al. 2015). These prokaryotic microbes
use their oxidative phosphorylation mechanism to transfer the electrons to an
acceptor with high redox potential from a low potential donor, thereby leading to
ATP biosynthesis (Kracke et al. 2015). In contrast to the other aerobic
microorganisms which use oxygen as the electron acceptor, these anaerobic
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microorganisms rely on the surface metal ions as electron acceptors/donors that do
not enter the cytosolic face or the periplasmic space. In such cases, these organisms
excrete their redox-active molecules into the extracellular medium for electron
exchange with metal ions available on the electrodes. Such electron shuttling with
the extracellular metal ions leads to normal functioning and respiration in these
microbes, which in turn assist in harnessing the electrons by the anode electrodes in
the fuel cell (Kracke et al. 2015; Logan et al. 2019). Both the anode and cathode use
graphite electrodes in general, whereas the efficiency in electron captures depends on
the surface area of these electrodes. Thus, the anode usually runs under anaerobic
condition with wastewater rich in organic and inorganic substrates which are used by
the electron-secreting microbes as nutrient for their growth. On the other hand, the
cathode comprises open-air cathode with oxygen as the electron acceptor or algal
strains which synthesize and release oxygen via photosynthesis (Ye et al. 2019a, b).
Based on the configuration of anode and cathode chambers, the MFC are classified
(Fig. 1) into two types: (a) single chamber microbial fuel cell (SC-MFC) and
(b) double chamber microbial fuel cell (DC-MFC). DC-MFC is the conventional
design that mimics the electrochemistry-based galvanic cell with a separate anode
and cathode electrode chambers connected by a proton exchange membrane or a salt
bridge (Zhao and Chen 2018). The DC-MFC generates less power and current
density attributed to high internal resistance offered by the proton exchange mem-
brane and requires high cost for construction (Ye et al. 2019a). In contrast, the
SC-MFC comprises both the anode and cathode in a single chamber with no
additional separation by proton exchange membrane which makes them less resis-
tant and economical. However, contamination with the oxidizing and reducing
biological agents in the single chamber remains one of the toughest problems to
resolve with SC-MFC. These MFC systems can offer green electricity generated
from the wastewater which makes them sustainable. However, large-scale processes
are still under experimentation due to low power density yields associated with these
MFCs which have much scope for improvement in every aspect.

There are several factors that significantly influence the efficiency in sustainable
recovery of nutrients with concomitant generation of high energy densities of the
MFCs which includes the (a) microorganism and its metabolic activity; (b) substrate/
nutrient availability; (c) operating conditions; (d) microbial fuel cell architecture:
single or dual chamber, electrodes, surface area, mediators, and membrane
configurations; (e) cathode configuration; and (f) modes of operation (continuous,
self-circulation mode, fed-batch, or batch). For instance, Ye et al. (2019a) evaluated
the performance of dual chamber microbial fuel cell and critically analyzed the effect
of various parameters such as operation mode, aeration conditions, and type of
membrane separators. The study evaluated the effect of three different modes of
operation in which the anolyte was varied: (1) the batch mode with no addition or
removal of anolyte in 24 h batch time, (2) self-circulation mode which involved a
constant recirculation of anolyte in the anodic chamber at 10 mL min�1

flow rate for
24 h followed by complete replacement of anolyte with fresh one after every 24 h,
and (3) continuous mode with a constant flow of fresh anolyte at 0.24 mL min�1 with
24 h retention time. The study showed a maximum voltage of 641 mV in self-
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circulation mode with the dual chambered fuel cell with cathode comprising
deionized water without aeration (Ye et al. 2019a). Influence of aeration in cathodic
chamber and associated efficiency in nutrient removal was also evaluated in the dual
chamber MFC which showed negligible recovery in the nutrients NH4

+-N and
phosphate ions from the anodic chamber. However, aeration in the cathodic chamber
resulted in the precipitation of ammonia and phosphate ions in the cathode with
catholyte pH ranging from 8 to 8.4 which assisted in increased recovery of the
nutrients (Ye et al. 2019a). Similarly, increased pH and alkalinity in cathode
chamber also reported to augment nutrient recovery through chemical precipitation
(Liu et al. 2018). Further, the DC-MFC was evaluated with three membrane
configurations: (a) cation exchange membrane, (b) non-woven membrane, and
(c) forward osmosis. It was found that the MFC with cation exchange membrane
resulted in maximum removal of both ammonia and phosphate ions as compared to
other configurations (Ye et al. 2019a). In another study, a membrane less microbial
fuel cell was used with a modified cup-shaped clay as cathode attributed to its
augmented porosity, conductivity, and adsorption capability (Liu et al. 2020). This
study demonstrated increased recovery of Cu2+ions up to 96.5% from low concen-
tration solutions while generating power densities up to 113.7 mW m�2 (Liu et al.
2020). The effect of organic loading rate (from 0.435 to 0.87 gCOD L�1 day�1) on
the performance of dual chamber microbial fuel cell and nutrient recovery efficiency
was evaluated by Ye et al. (2019b) which depicted an increased power density with

Fig. 1 Schematic figure on the operation of different bioelectrochemical systems used for waste-
water treatment and recovery. (a) Double chamber microbial fuel cell; (b) single chamber microbial
fuel cell; (c) microbial desalination cell; (d) microbial electrolysis cell. S represents the substrate.
The picture has been modified from Luo and He (2020)
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low organic loading rate. For instance, the maximum power density of 0.254 W m�2

was obtained for low organic loading rate of 0.435 gCOD L�1 day�1, whereas the
lowest power density of 0.071 W m�2 was obtained with 0.580 gCOD L�1 day�1

(Ye et al. 2019b). In addition to that, the increased organic loading rates from 0.435
to 0.870 gCOD L�1 day�1 resulted in reduced recovery of ammonia and phosphate
ions (Ye et al. 2019b). Yang et al. (2019) used a novel photosynthetic microbial fuel
cell coupled with photobioreactor which was operated in continuous mode for
pollutant removal and algal biomass production from anaerobically digested food
waste. The anode compartment comprised the anaerobically digested food waste as
the influent. The cathode was continuously fed with 4% of anaerobically digested
food waste and connected to a photobioreactor. The algae in the photobioreactor
utilized the effluent from cathode and released necessary oxygen required as electron
acceptor in the microbial fuel cell (Yang et al. 2019). The system resulted in
maximum power density of 3.5 W m�3 and nitrogen removal rates up to
3 mg L�1 day�1 with 1.8 kWh m�3 of total energy produced from both the fuel
cell and the algal biomass generated (Yang et al. 2019). Thus coupling of MFC
technologies with microalgal cathode or by obtaining additional product output
would result in feasibility and sustainability of the overall process.

Microbial electrolysis cell (MEC) is an electrolytic system that yields hydrogen
gas from organic matters present in the wastewater through anaerobic digestion with
an additional input of external voltage (Fig. 1). The MEC system has been reported
to have high efficiency as compared to the conventional splitting of water for
hydrogen synthesis (Kadier et al. 2014). Unlike the configuration of MFC, MEC
comprises an additional external voltage with a sealed cathode under anaerobic
condition. The anode compartment containing the electron-secreting
microorganisms of the MEC generates the electrons, protons, and carbon dioxide.
The generated protons and electrons pass through the cation exchange membrane
and external circuit, respectively, to the cathode where the hydrogen gas is
synthesized by the hydrogen-producing organisms. MEC is a potential technology
that harnesses organic matters and pollutants in the wastewater and channelizes it
toward hydrogen gas production. In several cases, the MEC systems are known to
recover or remove chemical oxygen demands up to 75% and remove odor, with less
sludge volume as output. The aeration-free cathode results in less energy consump-
tion unlike MFC. However, MEC are known to accumulate high levels of methane
attributed to the growth of methanogens in the strict anaerobic conditions that prevail
in the cathode which reverses the chemical oxygen demand. Thus, controlling the
cathodic chamber with high levels of hydrogen-synthesizing microbes is an essential
task to attain high efficiencies in energy recovery. A study showed hydrogen
production rates up to 300 mL L�1 day�1 of hydrogen gas from urban wastewater
in a 100 mL reactor which was continuously operated for 24 h (Escapa et al. 2012).
On the other hand, increased energy recovery up to 121% was attained with
hydrogen production rates up to 4 L day�1 when urban wastewater was tested at a
pilot-scale MEC with 130 L volume (Baeza et al. 2017). For further improvement in
the recovery efficiencies with high hydrogen evolution rates, use of cost-effective
metal catalysts such as nickel and molybdenum is reported to significantly augment
the cathodic efficiencies (Lu et al. 2016).
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Microbial desalination cells (MDCs) are known to generate electricity from
wastewater utilizing the organic and inorganic compounds with simultaneous desa-
lination of water, thus considered to be a potential BEC technology with
sustainability (Al-Mamun et al. 2018). This MDC technology resolves the high
energy requirements of conventional methods for seawater desalination. The MDC
system is similar to the DC-MFC system with an additional chamber in between the
anode and cathode chambers which contains the seawater to be desalinated. The
intermediate chamber is separated from anionic chamber by an anion exchange
membrane whereas the cationic chamber is separated by a cation exchange mem-
brane. Similar to the anodic chamber of MFC, the anode chamber of the microbial
desalination cell results in the generation of electrons which are further transferred to
cathode via an external circuit where the electrons are captured by the electron
acceptors leading to electricity generation. When the electron concentration in the
anode is very high, it results in continuous augmentation of electron concentration in
cathode. This leads to an ionic imbalance in the circuit which drives the movement of
cations and anions to the respective chambers resulting in desalination of seawater in
the intermediate chamber. The electrons are captured in the cathode, thereby
resulting in the power generation. The major factors that influence the performance
of MDCs and the recovery of different ions are the architecture of MDC, electrodes
used, number of compartments, loading rates, salinity, and exchange membranes. In
general, MDC is combined with different technologies such as osmosis to attain high
efficiency in energy, nutrient recovery, and desalination. In certain conditions, the
anodic chamber may accumulate increased concentrations of chlorine ions which
may affect the pH of the anode, further affecting the efficiency in electron produc-
tion. To that end, several studies have shown to improve the MDC system by
utilizing an additional bipolar membrane between the anode and intermediate
chamber which is known as bipolar MDC that resulted in avoiding the pH variations
and associated drop in efficiency of MDC (Carmalin et al. 2016). In addition to that,
a supercapacitive microbial desalination cell coupled with an additional capacitive
electrode was demonstrated in which the anode and cathode act as capacitors with
positive and negative charges, respectively, that discharge and self-recharge
(Santoro et al. 2017). This supercapacitive microbial desalination cell showed
maximum power of 3 W m�2 with reduction in solution conductivity more than
60%within 44 h of desalination (Santoro et al. 2017). Sequentially stacked chambers
of MDC are usually employed for maximization of desalination efficiency with
simultaneous generation of electricity which enhances the salt removal rates by
40% as compared to the three-chambered MDC (Al-Mamun et al. 2018). In addition
to that, several modular MDCs such as recirculation MDC, MDC packed with ion
exchange resins, upflow MDC, osmotic MDC, etc. are shown to have increased
efficiency as compared to the simple MDC with three chambers. Further improve-
ment in the desalination activity could be achieved by employing a biocathode
comprising algal strains which generate oxygen continuously, thereby eliminating
expensive electron acceptors such as ferricyanide. For instance, the biocathode
microbial desalination cell has been reported to yield high salt removal efficiencies
up to 92% with concomitant power generation up to 3.2 W m�3 (Al-Mamun et al.
2018). In a similar study with algal biocathode, sodium chloride concentration of
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35 g L�1 resulted in power density up to 19.8 mW m�2 and salt removal rates up to
0.34 g L�1 day�1 (Zamanpour et al. 2017).

Even though several bioelectrochemical systems in combination with other
membrane-based technologies are renowned for high-efficiency recovery of energy
and nutrients, commercial-scale BECs are still awaited attributed to several techno-
economic feasibility issues while considering large-scale operations. The major
challenges extend from electrode design with increased surface area to spacing,
membrane configuration, cathode configuration, associated aeration, recirculation
frequency in cathode, wastewater types, and their compositions (Luo and He 2020).
Thus, the future prospect is to develop a pilot-scale operation of BECs with better
performance and low cost.

2.2 Zero Liquid Discharge (ZLD)

In ZLD approach, the wastewater generated is not released from the industrial
process, rather purified and recycled back to the process. The basic treatment train
typically includes reverse osmosis (RO) followed by thermal evaporation of RO
reject stream (also termed as “RO brine”) through concentrator and crystallizer.
However, design of the treatment train varies on a case-by-case basis, and hence a
number of variations are possible (Fig. 2). The clean water as produced by the RO
and the evaporation is recycled, while the solids from the crystallizer are often
recovered as by-products. For example, sodium sulfate was recovered from waste-
water discharged by a SO2 scrubber (Tunc and Groth 2011) and other industrial
wastewaters (Quist-Jensen et al. 2017; Charisiadis 2018). Sodium chloride was
recovered from coal mine wastewater (Charisiadis 2018) and textile wastewater
(Lin et al. 2015). To remove natural organic matter from the salt (Van Linden
et al. 2020), solids obtained in a ZLD treatment plant were packed in a fixed-bed
reactor (bed volume¼ 51 mL), and saturated NaCl solution was used as an eluent. If
recovery of salt is not feasible, then the solid is to be sent in an evaporation pond for
disposal. A number of modifications to this basic system will be detailed below.

This basic zero liquid discharge model suffers from the following limitations:

• The external pressure of RO membrane module needs to overcome the osmotic
pressure which depends on the salinity of the feed. But the maximum possible
external pressure of RO membrane module is fixed by a given mechanical
configuration. Hence RO membrane can only work within a limited salinity
range (exit concentration ¼ 70,000 mg L�1) (Tong and Elimelech 2016).
Recently a staged RO system has been developed (Wang et al. 2020b) that can
concentrate high salinity wastewaters (>4.0 M NaCl or 234 g L�1 NaCl) at
moderate hydraulic pressure (<70 bar). For a feedwater having 0.1–1 M NaCl,
this RO system has four times lower specific energy consumption (approx.
2–8 kWh of electrical energy per m3 of feedwater treated) compared to mechani-
cal vapor compressor.

• RO membrane fouling issues may hamper the normal functionality of the system.
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• Apparently, ZLD technology increases water reuse at the expense of high energy
consumption as it relies on thermal processes such as evaporation and crystalli-
zation. The energy consumption (Yaqub and Lee 2019) by brine concentrator
(20–25 kWh m�3 of treated feedwater) and brine crystallizer (52–66 kWh m�3) is
much higher than the energy requirement of RO. Since the brine concentrator
works via mechanical vapor compression, very high salinity limit
(2,50,000 mg L�1) can be obtained in a brine concentrator (Tong and Elimelech
2016).

• Both of these equipment are also susceptible to scaling. RO reject water (also
called RO brine) may be too concentrated to be directly used in the concentrator.

RO membrane fouling is mainly caused by hardness, alkalinity, silica precipita-
tion, organic fouling, and biofouling. Some of these issues may be addressed by
incorporating various water softening pretreatments (either by addition of chemicals
or by using another membrane) for RO feedwater. For oil refinery effluent (Ronquim
et al. 2020), it was found that a standard recovery of 59% can be increased to 89.2%
by applying a BaSO4 supersaturation step prior to the membrane equipment. By
incorporating an intermediate water softening step using an additional RO mem-
brane with CaO addition and calcite seeding, RO water recovery can be increased to
96.3% by removing scaling compounds.

A life cycle assessment showed that the energy consumption impact was
decreased due to increase of RO recovery with consequent decrease of volumetric
loading to thermal operations. In another pilot study using basal aquifer water
(TDS ¼ 21,300 mg L�1) in the Athabasca oil sands in northern Alberta, Canada
(Loganathan et al. 2016), RO recovery was improved using intermediate UF treat-
ment according to the following sequence of unit operations: chemical oxidation,

Fig. 2 Schematic diagram of generalized version of zero liquid discharge system. RO reverse
osmosis, MD membrane distillation, ED electrodialysis, FO forward osmosis
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polymeric ultrafiltration (UF), reverse osmosis, evaporation, and crystallization. A
high-efficiency RO membrane system (trademarked as “HERO”membrane system),
which is more resistant to fouling, has been developed by Toshiba Water Solutions
Private Limited (TOSHIBA 2018) and has been commercially utilized in different
full-scale ZLD applications (Tong and Elimelech 2016; Yaqub and Lee 2019).

To achieve zero liquid discharge in an economically feasible manner, a number of
other membrane operations such as forward osmosis (FO), membrane distillation
(MD), electrodialysis (ED), etc. may be incorporated to concentrate RO reject stream
prior to the thermal treatment (Fig. 2). All three membrane operations (FO, MD, ED)
have higher salinity limit. The energy demand for each of three membrane
operations is higher than RO but much lower than thermal evaporation (Yaqub
and Lee 2019). In forward osmosis, a highly concentrated salt solution called draw
solution is kept separated from the RO brine by a semipermeable membrane. Unlike
reverse osmosis in which external hydraulic pressure needs to overcome the osmotic
pressure, forward osmosis is driven by the osmotic pressure difference between draw
solution and RO brine solution. Water travels from the RO brine to the draw solution
through osmotic membrane with gradual dilution of the draw solution. A draw
solution containing 6 mol L�1 of ammonium ions resulted in high osmotic pressure
up to 250 bar due to the mixing of highly soluble gases comprising ammonia and
carbon dioxide (Lee et al. 2019). The draw solution can be regenerated by
decomposing it at 60 �C (at atmospheric pressure) using the thermal energy available
from industrial waste heat (Yaqub and Lee 2019). The RO reject from a textile
wastewater (Wang et al. 2020a) was concentrated ten times using FO process. The
FO process has been employed in the treatment of complex industrial wastewater
produced by landfill leachate, oil and gas exploration, olive mill, digested sludge
centrate, and molasses distillery (Singh et al. 2019).

Integration of membrane distillation with reverse osmosis is another emerging
technique which is feasible if waste heat is available in the industry. The waste heat
is then utilized to maintain a temperature difference (that leads into a partial vapor
pressure difference) across the two sides of a hydrophobic microporous membrane
which selectively permits water vapor to travel from higher to lower pressure.
Membrane distillation can be done at a lower temperature compared to the conven-
tional distillation. Three typical configurations of MD are direct contact (DCMD), air
gap (AGMD), vacuum (VMD), and sweeping gas membrane distillation (SGMD). It
was found (Schwantes et al. 2018) that membrane distillation is 40% more cost-
effective than mechanical vapor compression. Laqbaqbi et al. (2019) studied the
fouling mechanism in direct contact membrane distillation by using a flat-sheet
polyvinylidene fluoride (PVDF) membrane and three different dyes: Maxilon Blue
5G (MB), Drimarene Yellow K-2R (DY), and sodium fluorescein (SF). The flux
reduction factor was found to be lowest for the anionic SF dye solution but highest
for the cationic DY solution. Membrane pore size reduction due to fouling was found
in following order: PVDF > PVDF-SF > PVDF-DY > PVDF-MB. Leaper et al.
(2019) demonstrated that air gap membrane distillation can be used to treat simulated
dye wastewater containing salts, dyes, and surfactants. The main disadvantage of
MD is lower permeate flux compared to other pressure-driven membrane systems.
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In ED, electrodes are used to generate an electric field across a stack having
alternate arrangement of cation and anion exchange membranes which are selec-
tively permeable toward cations and anions, respectively. The feedwater, while
passing through the system, generates a concentrated brine stream and a dilute
salt-depleted stream. This operation removes ions from the water, so the neutral
organic material and silica will remain in the deionized stream. Different
configurations of ED system include (Tsai et al. 2017) electrodialysis reversal
(EDR) providing an antifouling mechanism based on polarity reversal, electrodialy-
sis metathesis (EDM) having four solution compartments, and bipolar membrane
electrodialysis (BMED) having a bipolar membrane to split water into hydrogen and
hydroxyl ions. The BMED is especially useful for clean production of HCl and
NaOH (Herrero-Gonzalez et al. 2020; Lin et al. 2015) from wastewater.
Incorporation of ED operation prior to the thermal evaporation of RO reject from
textile wastewater led to a savings of 3.33 USD m�3 of RO reject (Praneeth et al.
2014). The ED system was found to be less susceptible to membrane fouling.

Since RO reject water can have a very high TDS (e.g., 47,000 mg L�1 for RO
brine from a textile effluent (Praneeth et al. 2014)), additional treatment may be
necessary to protect downstream equipment from scaling and membrane fouling. A
number of pretreatment alternatives such as chemical precipitation, chemical coagu-
lation, electrocoagulation, ion exchange, nanofiltration, and adsorption have been
thoroughly studied (Semblante et al. 2018) and found suitable to remove hardness,
silica, and organics from RO reject stream.

The energy consumption for brine concentrator and crystallizer is much higher
than average membrane operations. A major share of total cost for ZLD is due to cost
for removal of final 5–10% of water (Charisiadis 2018). Accordingly, industries
(Frito-Lay North America, General Motors) often opted for minimal liquid discharge
(MLD) approach to maximize water recovery at minimum operating cost (Desai
et al. 2016). Here, 70–95% of water is recovered through membrane-based
operations only.

Finally, Mansour et al. (2018) developed a robust cost assessment model where
the end user can compare the cost of a number of alternative treatments in a versatile
ZLD treatment train. For example, after primary chemical processing, feed can be
treated through a number of thermal technologies (mechanical vapor compression,
multi-effect distillation, brine concentrator) or membrane technologies (RO, ED)
followed by different brine processing options (evaporation pond, brine
crystallizers). Flow rates and compositions were taken as model variables. The
model can determine the optimum choice for each of thermal, membrane, and
brine processing technology under a fixed set of product water parameter values.
The case study also shows the effect of model parameters (flow rates and
compositions for each inlet) on optimized treatment train. Later Cham et al. (2020)
refined this model by incorporating effect of other variables such as temperature,
salinity, and pressure of feed in the ZLD networks.

Regulatory compliance and cost of wastewater treatment are the two main factors
for an industry to choose this technology. This is especially important for industries
in water-stressed regions and/or requiring high volume of freshwater input such as
coal-to-chemical industries, cooling tower operation in power generation sector, and
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industries producing colored effluent (dye, paper, food color, carpet, and textile). For
example, 50% of industrial wastewater in China was originated from coal-to-chemi-
cal-type industries having high COD (10.47 million tons of COD), high ammonia
nitrogen, color, and other inorganic pollutants (Chen et al. 2020). The Chinese
government has recently mandated application of ZLD technology in coal-fired
power plants and coal-to-chemical refining facilities according to its 12th Five-
Year Plan. Chen et al. (2020) have made a detailed economic analysis to compare
the ZLD technology with conventional biological treatment technology for treatment
of coal-to-chemical wastewater. It was found that ZLD’s life cycle cost (0.94 US$ t�1

water) is a little higher than that of conventional approach. However, if the environ-
mental impact of biologically treated effluent (high TDS and refractory pollutants
after meeting regulatory standard) is incorporated within the life cycle economic
assessment, ZLD treatment was found to be 1.07 US$ t�1 water less than the
conventional one.

In India, the National Mission for Clean Ganga (NMCG) has recently sanctioned
a project for treatment of tannery wastewater in a central effluent treatment plant of
20 MLD which includes the installation of a ZLD pilot plant (Yaqub and Lee 2019).
The Chemplast Sanmar’s PVC plant in Mettur, Tamil Nadu, has commissioned a
ZLD plant to treat its wastewater having high COD and TDS of about
10,000 mg L�1 and rich in contaminants like oil and grease and volatile organic
compounds. The membrane fouling issue was eliminated using HERO technology
(Yaqub and Lee 2019).

2.3 Adsorption

Adsorption usually refers to the mass transfer operation in which the solute (termed
as adsorbate) from the fluid phase is transferred into the surface of a solid phase
(termed as adsorbent) and become bound through physical (physisorption) or chem-
ical (chemisorption) interactions (da Costa et al. 2019). Adsorption technology is
especially suitable for selective removal/recovery of substances such as rare earth
metals (da Costa et al. 2019), dyes, pharmaceuticals, and personal care products (Yin
et al. 2020) from dilute stream of wastewater because the process is relatively simple,
cost-effective, and environment friendly. Adsorption experiments can be conducted
in either batch or fixed-bed reactor. It is relatively easier to set up batch experiments,
so screening of suitable adsorbent material is usually done through batch
experiments, whereas fixed-bed reactor is more suitable for full-scale commercial
application.

In batch experiment (da Costa et al. 2019), an aqueous solution containing the
target adsorbate and adsorbents is incubated long enough to attain equilibrium. The
remaining adsorbate concentration in aqueous phase is analyzed experimentally and
corresponding solid-phase concentration is calculated by mass balance. The solid-
phase concentration, i.e., concentration within the adsorbent, is also termed as the
capacity of the adsorbent. An experimental data set comprising aqueous and solid
phase equilibrium concentration of adsorbate is termed as isotherm which can be
mathematically modeled by either using existing nonmechanistic isotherm functions
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(da Costa et al. 2019) such as Langmuir and Freundlich or developing a mechanistic
model. An isotherm is a function of temperature, ionic strength, and pH of the
solution. Therefore, either these parameters need to remain constant throughout the
experiment, or the isotherm model used needs to include the effect of these
parameters. A series of such experiments may be conducted to find the effect of
various process parameters such as initial concentration of adsorbate, adsorbent
dose, temperature, ionic strength and pH of the solution, and time of incubation.
The time of incubation required to achieve equilibrium condition may be found by
studying the adsorption kinetics. Once the adsorbent becomes fully saturated, it may
be regenerated along with recovery of adsorbed species by eluting with proper
solvent. Various organic and inorganic acids and salts have been utilized for this
purpose.

Choice of adsorbent material is an important consideration for selective adsorp-
tion of a given target component and may be done on the basis of the following
properties of the adsorbent: high uptake capacity, favorable kinetics, easy recovery,
and regeneration. Adsorbents such as zeolites, synthetic polymeric resins, activated
carbon, silica gel, and activated alumina have been extensively used commercially.
Recently, graphene oxide derivatives (Huang et al. 2019), magnetic nanoparticles
(Zhao et al. 2019), and metal-organic framework (Yin et al. 2020) are widely utilized
to synthesize novel adsorbents. The adsorption process can be made cost-efficient by
employing naturally abundant biomass (e.g., seaweeds) or waste biomass from other
industries (agriculture, food industry, or biotechnology) as an adsorbent. Accord-
ingly, a number of different biological materials have been explored as bio-adsorbent
for removal of heavy metals and dyes. This may be broadly categorized as follows
(Murnane et al. 2019):

(a) Agricultural residue: Cellulose and lignin-based agricultural residues such as
rice husk, corn straw, fruit peels, and other similar materials contain oxygen,
nitrogen, and sulfur-containing functional groups which impart them an affinity
to bind metals. The waste material can be used in raw form or after a
pretreatment.

(b) Biochar: This is the carbonaceous material obtained from the thermal conver-
sion (gasification, pyrolysis) of biomass (wood type waste, agricultural waste,
and sludge from biological treatment of wastewater). The biochar may further be
“activated” by physical (steam) or chemical agents (acid/alkali).

(c) Microbial biomass: The outermost layer of various dead or inactive microbial
biomass (bacteria, fungi, yeast, algae) contains a number of functional groups
(carboxyl, hydroxyl, amine, amide) which can sequester the dissolved metal
ions even from a dilute solution. The microbial biomass may be immobilized
within suitable matrix to be used in a fixed-bed reactor.

The following table (Table 2) summarizes recent studies to find novel adsorbents
for resource recoveries.
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3 Biorefinery

Biorefinery usually aims at conversion of different biomass types (such as oil or
lignocellulosic-based crops and residues) into useful biobased product and biofuels.
Similarly, wastewater biorefineries focus on treatment of wastewater with simulta-
neous recovery of other products or energy to build up a sustainable system. This
concept works as a closed-loop system with simultaneous recovery of resources and
reuse of water that can lead toward circular economy (Pott et al. 2018). The potential
for biorefinery concept in any wastewater or resources can be evaluated by calculat-
ing the biorefinery complexity index (BCI) which in turn is governed by the major
factors such as feedstock, platform/cell factory, process, and corresponding product
(Chandra et al. 2018). Among them, the most significant factor is the type of
wastewater to be processed through biorefinery or the feedstock. To employ
biorefinery, the selected wastewater should have relatively high volumes, less
complexity, and high concentration of major nutrients or compounds of interest.
For instance, wastewater from sugar, dairy, food, paper, and brewery industries
usually contain high concentrations of nutrients and organic compounds with high-
volume outputs. Accordingly, this type of wastewater can be utilized directly for
biorefinery. The second important factor is the product that can be obtained from the
specific wastewater type. There are several products that are usually considered
under biorefinery which predominantly involves the energy, biochemicals, enzymes,
pigments, organic acids, volatile fatty acids, and polymer production utilizing the

Table 2 Adsorption-based resource recovery

Adsorbent Adsorbate
Maximum capacity
(mg g�1) References

Ni0.6Fe2.4O4 Au(III) 283.9 Zhao et al. (2019)

Rice husk silica Nitrate 94.49 Suzaimi et al. (2019)

Mg-Fe LDHs Uranium 710.0 Li et al. (2019)

Magnetic graphene
oxide

Tetracycline 252.0 Huang et al. (2019)

Magnetic graphene
oxide

Cd(II) 234 .0 Huang et al. (2019)

Magnetic graphene
oxide

As(V) 14.0 Huang et al. (2019)

MIL-101(Cr) Uranium 27.99 De Decker et al. (2017)

Micrococcus luteus Cu(II) 408.0 Puyen et al. (2012)

Spirulina platensis Cu(II) 817.7 Gunasundari and Senthil
(2017)

Rhizopus sp. Cr(VI) 9.95 Espinoza-Sánchez et al.
(2019)

Pig manure Methylene
blue

48.30 Lonappan et al. (2016)

Zeolite A Cu(II) 170.0 Hong et al. (2019)
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resources from wastewater. The major product outcomes that could be expected
from biorefinery concept are categorized into three: (a) molecules that are derived
from the complex molecules such as organic acids, volatile fatty acids, etc.;
(b) molecules such as bioflocculants, surfactants, fertilizers, etc., which are in
general a mixture of complex macromolecules; and (c) bioenergy molecules. The
selection of a particular product will be based on whether the economic and energy
goal of biorefinery concept is met or not, with a decent biorefinery complexity index.
The third important factor is the cell factory or the platform that will be employed to
execute the biorefinery process. The cell factory may be the photosynthetic
organisms, microbes (bacteria or fungi), or phytoplanktons which are involved in
the utilization of nutrients and resources available in the wastewater to produce
biomass which can be further converted/valorized to produce value-added chemicals
or bioproducts (Pott et al. 2018). In some cases, instead of living organisms, a
physicochemical process such as liquefaction may be employed for the synthesis
of energy products. Finally the process to be employed decides the feasibility of the
wastewater biorefinery. The process chosen has to be economical and should not
generate additional hazardous chemicals as wastes (Chandra et al. 2018). Figure 3
represents the schematic view of a potential wastewater biorefinery concept that may
be designed for maximal utilization with various microbial systems and photosyn-
thetic organisms. Such biorefinery model can be achieved by coupling the various

Fig. 3 Schematic representation of a potential wastewater biorefinery system. The green boxes
represent the probable products, and the blue dotted lines represent the process flow in which output
from one process acts as one of the inputs of the other processes. The red lines represent the main
process flow toward biorefinery. The picture has been modified from Pott et al. (2018)
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resource recovery technologies such as membrane-based operations,
bioelectrochemical systems, ZLD technology, adsorption, etc.

A potential biorefinery model was proposed by Chandra et al. (2018) for the
resource recovery from dairy wastes. This study proposed different strategies for
utilization of whey proteins and the cattle excreta which are the major waste products
in a dairy industry with concomitant revenue generation. The cattle excreta was
shown to be utilized directly as a fertilizer attributed to their high content of
ammonia (Tsai and Liu 2015) and rich organic carbon contents. On the other
hand, the cattle dung is directly used in the biogas production through anaerobic
digestion in which the rich organic carbon is converted into methane and carbon
dioxide, thereby yielding revenue. There are novel technologies through which the
methane is filtered out from the mixture of biogas comprising CO2 and CO to
produce methane as fuel for transportation (Chandra et al. 2018). The whey waste
obtained from dairy industries is known to contain rich amounts of proteins, lactose,
lipids, salts, and antibiotics with high biological oxygen demand and chemical
oxygen demand. The high lactose content in whey supports the growth of various
cell factories that can metabolize lactose, thereby paving way for production of lactic
acid, polylactic acid, galacto-oligosaccharides, polysaccharides, polymers, and
bioenergy molecules such as bioethanol, biobutanol, biodiesel, hydrogen, and meth-
ane (Chandra et al. 2018). The main protein content of the whey is recovered in the
form of whey powder. The major issues are with the antibiotics that are present in the
whey liquid which might inhibit the growth of the industrially important microbes,
thereby reducing the yield potentials. The study also estimated the biorefinery
complexity index to be 20 which ensures that the resource recovery through a
closed-loop biorefinery process will be sustainable and economically feasible with
multiproduct paradigm as output (Chandra et al. 2018).

Cultivation of microalgae in high BOD wastewater followed by its conversion
into value-added products has been widely studied (Javed et al. 2019). In an
integrated wastewater treatment system in a photobioreactor, algae act as the source
of oxygen for bacterial culture while the bacterial culture supplies the carbon dioxide
and nutrient (N and P through breakdown of organic matter) required for photosyn-
thesis of microalgae.

Different types of cultivation (photoautotrophic, heterotrophic, mixotrophic)
system have been developed for this purpose. Microalgae can be harvested through
chemical, mechanical, electrical, and biological treatment. Harvested microalgae can
be converted into biofuel or may be utilized on other various nonfuel applications
such as food, pharmaceuticals, and nutraceuticals (Tang et al. 2020). Wang et al.
(2019) have studied biotransformation of tofu wastewater by cultivating filamentous
microalgae Tribonema minus mixotrophically to generate biorefinery feedstock.
Highest biomass concentration was found to be 8.7 g L�1 using 100% tofu waste-
water. Productivity of neutral lipid and palmitoleic acid was comparable to that in
BG-11 control medium.

In another study (Shahid et al. 2019), primary treatment of city wastewater was
done by mixed cultivation of Chlorella sp. and Bracteacoccus sp. (12 g L�1of
biomass) with simultaneous removal of nitrate (68%) and phosphate (75%). In a
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phytoremediation study (Khan et al. 2019), the consortium of microalgae Chlorella
minutissima, Scenedesmus spp., and Nostoc muscorum was found to remove NH4

+-
N (92%), NO3

�-N (87%), PO4
3�-P (85%), TDS (96%), BOD5 (90%), and COD

(81%) from sewage wastewater appreciably along with lipid production. Lipid
production was highest for Scenedesmus (81.23 � 4.5 mg L�1) followed by Nostoc
muscorum (14.29 � 8.7 mg L�1) and C. minutissima (11.33 � 5.6 mg L�1). A
feasibility analysis has shown that using this biomass as manure can save 5584 USD
worth of chemical fertilizer. In another wastewater biorefinery study (Bhowmick
et al. 2019), three different sources of wastewater (kitchen waste, ethanol distillery
waste, dairy waste) was evaluated to grow Chlorella minutissima with extraction of
lutein (a healthcare product) and biodiesel. It was found that acidic pH, extremely
high BOD and COD of distillery, and dairy wastewater were not suitable for the
growth of this algae. The study was then continued with kitchen waste to evaluate
the effect of different process parameters such as CO2% supply, acetate concentra-
tion, poultry litter waste concentration, and light intensity on biomass cultivation.
Guldhe et al. (2017) have treated aquaculture wastewater using Chlorella
sorokiniana with high removal efficiency of COD, ammonium, nitrate, and phos-
phate with simultaneous production of biomass, lipid, carbohydrate, and protein. It
was found that sodium nitrate can increase the metabolite yield.

Anaerobic treatment with biogas production has been proved to be economical
compared to aerobic treatment (activated sludge process) for high strength wastewa-
ter. Secondary treatment of food processing wastewater (dairy, slaughterhouse,
distillery, olive mill) is often done via anaerobic digestion (AD) as it contains a
high amount of biodegradable organic carbon (carbohydrate, protein, and lipid). A
significant number of research articles are available focusing on reactor stability
(Shamurad et al. 2020) and optimization of different process parameters to maximize
biogas recovery and COD removal in different types of reactors. Recently, environ-
mental impact of VOC gases generated from AD plant has been studied by Zhang
et al. (2019). However, AD effluent often needs tertiary treatment for nutrient (N and
P) removal. Accordingly, Gupta et al. (2018) took an integrated approach for
treatment of snacks processing industrial wastewater. Here effluent after anaerobic
digestion (nutrient rich, carbon deficient) was mixed with raw wastewater (carbon
rich) to produce microalgal biodiesel with simultaneous removal of total nitrogen,
total phosphorus, and COD to regulatory standard. Similarly, piggery wastewater in
China was found to contain high amount of nutrient after AD (Zheng et al. 2018). It
was also found to have low yield of algal biomass for wastewater-based algal
cultivation system due to low C:N ratio. Zheng et al. (2018) worked on this issue
and found promising results by mixing piggery wastewater with brewery wastewater
in 1:5 ratio.
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4 Future Prospects

The manuscript critically reviews the major technical alternatives to integrate
resource recovery with wastewater treatment. The current research trend shows
that various types of resources (water, energy, nutrients such as nitrogen and
phosphorus, other commodity chemicals, chemicals having pharmaceutical impor-
tance) from wastewater can be recovered through bioelectrochemical system,
membrane-based minimal/zero liquid discharge system, and adsorption-based
technologies in a sustainable manner. Finally a “biorefinery tree” has been devel-
oped for easy identification of various resource recovery tracts by utilizing those
technologies. This “big picture” will be helpful to explore the different resource
recovery routes almost exhaustively. Commercial success, however, requires devel-
opment of systemic methodologies to identify the most sustainable solution in a
given context. It needs to analyze the technical, economic, social, and environmental
aspects on a case-by-case basis. The technology readiness level metric system,
originally developed by NASA (Udugama et al. 2020), can be utilized to determine
whether a technology is matured enough to be implemented under a given industrial
setting. Similarly, life cycle analysis tools will be helpful to compare the environ-
mental impact of a given technical solution. Overall, research in resource recovery
from wastewater needs to be directed toward full-scale industrialization of existing
methodologies.
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Accumulation and Detoxification of Metals
by Plants and Microbes

Soma Nag and Swarup Biswas

Abstract

People and natural ecosystem deserve clean water and environment. Increased
industrial and a number of anthropogenic activities have substantially increased
the content of toxic metals and other pollutants in the wastewater. Approx.
132 lakh m3 industrial effluents are generated per day in India. The contaminated
water could cause harm to the aquatic animals and also pollute the soils affecting
the agricultural crops and thus causing danger to the food security. In current
years, bioremediation is treated as an efficient and eco-friendly biological method
for detoxification of wastewater by researchers. The method has flexibility of use
of adsorbents, and various kinds of waste biomass are used for the detoxification
purpose. Agricultural wastes, residues of crops after processing, fruit peels and
seeds, green plants, algae, fungi, bacteria, and a variety of modified biomass are
preferred. Use of industrial biomass or seaweed plants may also be beneficial.
Microbial degradation, bioremediation, biosorption, and bioaccumulation are
new methods for biodegradation of toxic metal ions and are an effective technol-
ogy for reducing the concentrations to a very low level. The negative charges of
the surface functional groups of the microbes are often support the reclamation
process. The modern biotechnology improves the ability of the microbial
enzymes to decompose the toxins more rapidly. Microbial remediation and
phytoremediation are the future techniques of bioremediation. In this chapter,
the role of plants and microbes for degradation of the heavy metals from aqueous
system has been discussed.
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1 Introduction

Water is a treasure resource on the earth for sustainability of life on earth. Getting
clean water to the human population is the highest priority to the modern world.
Millions of people die every year due several waterborne diseases, and a United
Nations report discloses that more than a billion of people have no right to use safe
drinking water in the third world countries (GLAAS 2012). Extension of industrial
activity as well as population outburst has resulted serious degradation of surface,
ground, and drinking water by contaminating it with a number of industrial
chemicals, pharmaceuticals, pesticides, surfactants, and various personal care
products. There are many endocrine disrupting compounds, food additives, etc.
(Richardson and Ternes 2014) which are very difficult to eliminate. Expansion and
development of nanotechnology and growth of chemical and pharmaceutical indus-
try have raised the content of heavy metals, nanomaterials in the effluents. An
estimated average industrial wastewater generation would be approximately
132 � 106 m3 per day by 2050 in India (Kaur et al. 2012). The contaminated
water has damaging effects to the human and aquatic life and is also a great concern
for the soils. The affected crops are causing a danger to the food security. As a whole,
water pollution is the major reason for drinking water crisis and for death and
diseases throughout the globe (WWDR4 2012).

It is understood that this wastewater is 99% water with 1% toxicity and may be
reusable by retrieval of contaminants. Among the toxic elements, heavy metals are
viewed as most harmful, non-degradable pollutants which carry on for a prolonged
period within the environment and cause serious hazards to mankind (Mehmet et al.
2007).

Lead, cadmium, chromium, mercury, uranium, zinc, silver, arsenic, nickel, and
many other metals and heavy metals are potential contaminants to any life on earth.
They are even toxic at low concentrations and carcinogenic in many occasions. So,
the United States Environmental Protection Agency and World Health Organization
have restricted the disposal of the heavy metals in the environment and laid down
ceilings for each one.

In search of technological answers to this burning issue, a combination of
physical, chemical, and biological processes are usually considered as the most
effective solution. Bioremediation is useful to clean the infected environments,
including soils, groundwater, and marine surroundings. In bioremediation, biomass,
both dead and alive, is used to accumulate the contaminants for resolving the
environmental issues (Vidali 2001). The bioaccumulation and bioremediation are
treated as efficient and eco-friendly biological methods for detoxification of waste-
water nowadays to have sustainable solution of the problem by using various kinds
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of waste biomass, bacteria, fungi, microbes, algae, and other plant materials.
Researchers recommend the preferential use of microbes to degrade the
contaminants and clean up the environment. The use of waste biomass can cover
up the needs of the small scale industries in the developing countries, in a cheap and
sustainable way. The key advantages of these methods are minimum production of
secondary wastes thus less harmful to the environment. Microbial degradation,
bioremediation, etc. are treated as the new methods for biodegradation and an
effective technology for reducing the toxicity at a very low level. The modern
biotechnology applies technique for the genetic changes of the microorganisms
and modifies microbial enzymes to break down the pollutants quickly. Microbial
remediation and phytoremediation, phytoextraction, etc. are the future paths of
bioremediation.

2 Analysis of Metals in Wastewater

A number of metal ions such as Cr, Pb, Cu, Co, Hg, Cd, As, Fe, Se, V, Ni, and Zn are
found in wastewater, and they have hazardous effects on living beings. The metals
are mainly discharged from various industries like mining, fertilizer, pesticides, and
other chemical manufacturing units. They are polluting the surface and ground
water. The elimination of these pollutants at source is required to restrict their mixing
with surface water. Arsenic pollution in ground water has become an alarming issue
in different parts of the world due to its carcinogenic and other health issues.
Common people, especially villagers, are mostly getting affected by the arsenic
toxicity, and it is the need of the day to come up with a cheap and simple solution for
its removal from drinking water. Here also, bioaccumulation and bioremediation
using plant wastes and a variety of microbes may play an important role in a cost-
effective way. Newer adsorbents are synthesized from the bio-waste materials by
chemical, thermal, and enzymatic treatment to have better adsorption capacity and
reusability.

2.1 Toxic Behavior of Heavy Metals

Chromium has two oxidation states in aqueous medium, and Cr(VI) is considered
more harmful than Cr(III) by way of producing lung tumors, allergic dermatitis, and
even mutation of genes. Cd (II) causes lung fibrosis, liver and kidney diseases,
weight loss, hypertension, and many more. Copper is used in household application,
but its long exposure even may be harmful. As(III) brings out skin and gastrointesti-
nal effects, liver tumors, and cancer. Lead is very toxic and suspected carcinogen and
is the root cause of various diseases like, kidney disease, joint pain, loss of appetite
and sterility, etc. Nickel troubles chronic bronchitis and lung and nasal functions.
Mercury harms nerve cells, kidney, pulmonary functions, etc. (Ahmad et al. 2005;
Saner 1980; Bojes and Pope 2007; Ponder et al. 2000; Uzu et al. 2011; Baum 1982;
Kadirvelu 1998; Krishnan and Anirudhan 2002).
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3 Removal Techniques

Several methods are available for sequestration of the heavy metals. Among them
physical, chemical, and biological treatment processes are mostly in use. The
physicochemical treatment methods include reduction and precipitation, coagula-
tion, floatation, electrochemical treatment, ion exchange, cementation, etc., and the
physical methods are mainly reverse osmosis, filtration, membrane technology, and
adsorption.

3.1 Biological Treatment

Effective trimming down of toxic metal ions by microbial degradation, bioremedia-
tion, biosorption, biotransformation, etc. is done using living or dead biomaterials. In
this process, inexpensive native materials of biological source, i.e., bacteria, fungi,
yeast, algae, and a variety of plant materials, are used as adsorbents, and this can
bring down the concentration of toxic elements at a very low level compared to other
techniques (Basso et al. 2002). The degrading performance of the microorganisms
depends on their growth and metabolism conditions in the toxic effluent and pH;
temperature and level of toxicity are the main controlling factors. In bioremediation
process, pH plays a major role by changing the solubility of the pollutants. The
suitable pH also helps the microorganisms to deliver their optimum performances.
The technology is supported by redox reactions which modify the behavior of the
toxic pollutants to less harmful and less mobile compound (Tandon and Singh
2016). The mobility and toxicity of Cr(VI), Pb(II), As(III), Ni(II), Cd(II), and
some other metal ions depend upon their oxidation states and managed by redox
methods. The industrial biomass is also helpful for the degradation process, and
seaweed processing plant can be easily cultivated. Simple fermentation process
helps the growth of biomass. However, there are certain limitations of biological
methods for its commercial use, and researchers are trying to improve it and solve
the issues by using hybrid technology (Wang and Chen 2009).

4 Mechanism of Bioremediation Process

The high potential of this process toward metal ion elimination has attracted the
researchers to investigate the mechanism of this process so that it becomes a true
alternative technology for metal removal from water and wastewater. It is a complex
process which combines chemisorptions, complexation, ion exchange, adsorption on
surface and within the pores, microprecipitation and condensation, etc. The biomass
materials contain mostly lignin, cellulose, and some other constituents like, hemi-
cellulose, lipid, hydrocarbon, sugar, starch, protein, etc. The lingo-cellulosic
materials have affinity toward water and thus water infuses through the cell wall
and comes in contact with large surface area of the biomass. The amorphous
structure of the cellulose further helps in transport across the cell (Demirbas
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2008). A large number of different functional groups are present on the cell wall of
biomass which helps in metal binding process. Carbonyl, alcoholic, phenolic, amino,
amido, and carboxyl group esters are found in the biomass, and their natural
attraction for metal ions results metal complexation (Gupta and Ali 2000). To
comprehend the method, these functional groups are to be ascertained in each
case. Spectroscopic techniques are generally used for identification of the functional
groups and to find out their involvement in the metal binding process. Some of the
materials are non-selective regarding the metals and can attach a variety of metal
ions, whereas some others are found choosy about the metals. The metal adsorption
performance may be improved by modification of the functional groups by grafting
or exchange (Sud et al. 2008).

4.1 Use of Plant Materials

Materials obtained from various agricultural sources, natural wastes, and residues
after processing of crops and fruit wastes are considered as adsorbents due to their
natural metal adsorption capacity. These materials can be pre-treated to enhance their
adsorption capacity, known as green adsorbents. Though they have less adsorption
capacity compared to the commercial adsorbents, their easy availability in large
quantities and cost analysis makes them competitive (Kyzas and Kostoglou 2014). In
recent years, researchers have tried use of various plant materials to eliminate heavy
metals from wastewater. Leaves of different plants were used by Nag et al. for
effective remediation of Cr(VI) and Cd(II) (Nag et al. 2016, 2017, 2018a, b). Other
agricultural materials such as sugarcane bagasse, rice husk, sawdust, coconut husk,
rice mill wastes, neem leaves, fruit seed, and shell and plant roots were studied by
researchers (Mohan and Singh 2002; Ajmal et al. 2003; Kadirvelu et al. 2003; Tan
et al. 1993; Singha and Das 2012). Sud and her group examined the application
agriculture-based unused substances for the treatment of metals from contaminated
solutions and reported the potential of the agricultural biomasses (Sud et al. 2008).
Rice bran could remove above 80% was of copper, zinc, lead, and cadmium ions
(Montanher et al. 2005). Rubber wood sawdust was tried by someothers for Cr
(VI) and recorded 60–70% removal (Karthikeyan et al. 2005). Compared to other
methods, bioremediation using plant materials produces minimum biological or
chemical sludge and has the potential of metal recovery. The metal loaded
adsorbents when burnt at high temperature, metal oxides are formed, and these
oxides are non-toxic, and metals don’t leach out. So, they are safe for disposal in
the environment and may be used as fuel or for land filling (Nag et al. 2017).

Biosorption capacities of natural materials are generally low, but the chemical or
thermal treatment increases its sorption capacity. When it is treated with acids, such
as nitric, hydrochloric, sulfuric, or formic acid, the chemical changes take place, and
the functional groups, structure, and pores of the biomass are altered. Different base
solutions and metal salts are also used by researchers for activation of adsorbent, and
these modifications yield better adsorption capacity. Hydrochloric acid-treated oak
sawdust was utilized for the removal of Cu(II), Cr(VI), and Ni(II) by Argun and his
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team (Argun et al. 2007). Peanut husk was modified by sulfuric acid and was used
for copper, chromium, and lead removal (Li et al. 2007). Some researchers used
nitric acid for modification of banana pith (Low et al. 1995). The metal removal
capacities of some of the bio-waste materials are shown in Table 1.

4.2 Use of Green Plants

In this case, the green plants are utilized for cleanup, and the process is called
phytoremediation. This method is mostly used to attract heavy metals present in the
contaminated soil. To get rid of toxic elements from soil near industrial belts, special
species of plants which can live on contaminated soils are chosen. In case of
phytoextraction, metals are accumulated in the biomass of these plants, and the
plant roots remove the pollutants from aqueous medium by the process of
rhizofiltration. The phytoremediation encourages the use of some genetically
modified plants in case of heavily polluted soils. It is even possible to recover
metal ions from the plant tissues (Meagher 2000). It is a cheap method as it requires

Table 1 Adsorption capacities of different plant-based adsorbents

Adsorbent Cr(VI) Zn(II) Cu(II) Cd(II) Pb(II) Source

Sugar cane bagasse 13.4 Sharma and
Forster (1994)

Activated carbon
from sugarcane
bagasse

31.11 38.03 Mohan and
Singh (2002)

Bagasse fly ash
modified with
hydrogen peroxide

4.35 2.50 Gupta and Ali
(2004)

Modified
sugarcane Bagasse

114 196 189 Karnitz et al.
(2007)

Neem leaf 7.43 Venkateswarlu
et al. (2007)

Custard apple peel
powder

7.87 Krishna and
Sree (2013)

Mango leaf 35.70 16.35 Nag et al.
(2017, 2018a)

EDTA treated
bagasse (EB)

66.7 Junior et al.
(2009)

EDTA treated
mercerized
cellulose (EMC)

66.7 112.0 232.0

EDTA treated
twice-mercerized
bagasse (EMMB)

92.6 149.0 333.0

Castor leaf powder 38.08 Martins et al.
(2013)

Coffee residue 63.00 Boudrahem
et al. (2009)
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only the cost of plantation. Brassica spp., Silene vulgaris, Arabidopsis halleri,
Thlaspi caerulescens, Alyssum lesbiacum, etc. are some of the metal tolerant plant
species which can survive and accumulate high levels of heavy metals. They are
capable to digest copper, aluminum, iron, zinc, cadmium, lead, mercury, etc.
(Clemens et al. 2002). Chelating compounds have special roles in metal binding,
and the contact of root cells to the heavy metals promotes their production (Cobbett
2000). It is a very slow process and requires several years to eradicate the heavy
metals. Researchers are working on its improvement to enhance the natural metal
removal capacity (McGrath and Zhao 2003). However, their uses are becoming
restricted in several countries due to some other related environmental factors.

4.3 Use of Microbes

The beauty of bioremediation process is that most of the remediates are found in
nature with natural metal reduction capacity. In cases, where use of waste is not
feasible, microbes are helpful, and the microbial culture seems to be economical
(Wang and Chen 2009). The selected natural species, like various kinds of algae,
fungi, and bacteria have important metal eradication properties. They can be used to
mitigate heavy metals from soil, aquatic, or marine environments. The selected
microbes find their importance in case of contaminated industrial wastewater for
treatment of radioactive wastes. Microbes pull off the metals by the general biore-
mediation pathways, i.e., by following one or more of the activities of biosorption,
complexation, and bio-assimilation. The surfaces of the microbes are mostly nega-
tive due the presence of functional groups and supports in metal binding. The
enzymatic transformation has shown its superiority in case of toxic elements.
Development of lab-scale bioreactors and their successful capture of metals have
shown the possibility of commercial application of the microbes in near future by
upscaling the bioreactors. “Oilzapper,” a patented consortium of bacteria, was
successful to clear out the oils in Mumbai oil spill in 2010 (Sukumaran et al. 2014).

4.4 Use of Bacteria

Present-day researchers are trying a number of living and nonliving bacteria to
combat the pollution. Bacillus cereus, Streptomyces, Citrobactos, Escherichia coli,
etc. are some of them which are preferred for the treatment of metal-tainted effluents
(Pan et al. 2007; Jacob et al. 2018). They are mainly collected from the wastes of
fermentation process and have a great affinity toward heavy metals. The self-
protection mechanism of bacteria helps to change the surface and agglomeration
of the cells to capture the pollutants. This was explained and shown by microscopic
images by Bacillus cereus for Cr(VI) capture. Carboxyl, sulfonate, hydroxyl, amide,
etc. are some of the functional groups present in bacteria that take part in metal
binding. In case of low level of contaminants, the bacterial biomass works better.
Table 2 displays the metal biosorption capacity of various bacterial species.
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4.5 Use of Fungi

Use of fungal biomass is considered economic with higher metal-binding
efficiencies for the treatment of hazardous metals. Literature studies showing the
commendable performances of variety of fungi are abridged in Table 3. Penicillium
chrysogenum, Rhizopus oryzae, Penicillium spp., Aspergillus niger (live), Penicil-
lium chrysogenum, and Aspergillus terreus are some of the fungi tried by scientists.
Existence of metals dictates the metabolic activities of fungi.

4.6 Use of Algae

Algae can prepare food by the process of photosynthesis and have faster growth rate
compared to the other members of this group. Its huge availability and potency for
detoxification of metal ions encouraged researchers to investigate further. A number
of metabolic processes are carried by algae for the bioaccumulation of metals, and
modification of cell wall is one of them. This modification helps to increase the metal
uptake capacity. Brown and red algae are the two highly capable variety employed
for metal attachment (Flores-Chaparro et al. 2017). Deng and his team studied
removal of Pb(II) by green algae (Deng et al. 2007). Others tried dried marine
green algae for the trimming down copper and zinc (Ajjabi and Chouba 2009).
Another group studied cyanobacteria prepared from rice fields of Vietnam for the
elimination of Cu(II), Cd(II), and Pb(II) from water and reported the reusability of
the bacteria (Tran et al. 2016). Algae find dual use in the field of waste treatment and
biofuel production. Its performance may be enhanced by genetically alternations and

Table 2 Performance of some bacterial biomass-based adsorbents

Adsorbent

Adsorption capacity in mg/g of adsorbent

SourceCr(VI) Zn(II) Cu(II) Cd(II) Pb(II)

Bacillus firmus 418.2 381.03 467.0 Salehizadeh and
Shojaosadati
(2003)

Kocuria rhizophila 14.4 9.07 Haq et al. (2016)

Bacillus coagulans 39.9 Srinath et al.
(2002)

Alcaligenes sp. 56.8 Jin et al. (2017)

Lactobacillus sp. 0.046 Schut et al. (2011)

Enterobacter sp. J1 46.2 Lu et al. (2006)

Desulfovibrio
desulfuricans

99.8 98.2 Kim et al. (2015)

Micrococcus luteus 408.0 1965.0 Puyen et al. (2012)

Bacillus
licheniformis

62.0 142.7 Zouboulis et al.
(2004)

Enterobacter
cloacae

2.3 Kang et al. (2015)
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other treatments (Favara and Gamlin 2017). The importance of algae is depicted in
Table 4 in the field of bioremediation.

5 Conclusion

Environmental contamination is a worldwide problem, and researchers are trying all
sorts of cheap and easy to operate technology to come out of the situation. A number
of conventional methods were adapted since long, and out of them, biosorption is
considered as an innovative and economic technique for the elimination of heavy
metals. Some of the waste biomass and microbial agents are considered as good
adsorbent because of their effortless accessibility and cost-effectiveness. Wood
sawdust, leaves, bacteria, algae, and fungi were utilized for treatment of metal
tainted effluent. Microbes are treated as superior members due to their robust growth
and multiple chemisorptions sites with potential for redox reactions. Very often,
acid, alkali, thermal, or other types of treatment are done to increase the adsorption
capacity of these naturally occurring materials. Chemical treatment enhances the
surface area and also the efficiency of the active pores. In addition, treatment

Table 3 Bioremediation performance of fungi

Adsorbent

Metal uptake (mg/g) of adsorbent

SourceCr(VI)
Cu
(II)

Cd
(II) Pb(II) Others

Aspergillus niger 11.80 Mondal et al.
(2017)

Rhizopus oryzae 34.05 Fu et al.
(2012)

Aspergillus niger,
Aspergillus flavus

Not
mentioned

Not
mentioned

Dwivedi et al.
(2012)

Aspergillus niger 34.4 Dursun et al.
(2003)

Lepiota hystrix 8.50 3.89 Kariuki et al.
(2017)

Pleurotus platypus 46.7
[Ag
(II)]

Das et al.
(2010)

Pleurotus sapidus 127.0 287.0
[Hg
(II)]

Yalcinkaya
et al. (2002)

Aspergillus niger 6.6 Dursun et al.
(2003)

Mucor rouxii 0.36
[Ni(II)]

Magyarosy
et al. (2002)

Saccharomyces
cerevisiae

22.5
[Mn
(II)]

Fadel et al.
(2017)
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enhances the strength of the material and its reusability. Enzymatic treatment has
also proved its usefulness in many occasions. Literature study reveals enormous uses
of plants and microbes for the metal remediation, and the study is still on for the
future researchers for their safe and commercial applications.
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Enzymatic Degradation of Industrial
Wastewater Pollutants
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Abstract

Enzymes are biocatalysts which intend to accelerate any biochemical reaction.
The mutual principle of different enzymes is to form an enzyme-substrate com-
plex. Some enzymes need activators with the intention to become active, while
others do not. A decreasing or termination of enzymes activities can be occurred
by competitive, noncompetitive, or uncompetitive inhibitions. In the last two
decades, enzymes gained various advantages over microorganisms with the
purpose of treating different forms of pollutants in different types of wastewater.
In addition, the recovery of effective and beneficial compounds from industrial
wastewater particularly is another advantage offered by enzymes. The develop-
ment of competent and suitable solutions is a significant research area for
degrading specific compounds in industrial wastewaters. Enzymatic degradation,
which is a process of decomposing natural and synthetic polymers, is one of the
approaches in order to treat or recover different types of pollutants. Different
configurations of enzymatic reactors can be operated with the purpose of
conducting the enzymatic degradation process to achieve a promising treatment
of industrial wastewater.
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1 Introduction

Enzymes are biocatalysts which intend to accelerate any biochemical reaction. The
mutual principle of different enzymes is to form an enzyme-substrate complex. In
the last two decades, enzymes gained various advantages over microorganisms with
the purpose of treating different forms of pollutants in wastewater. Enzymes as
biocatalysts are stereospecific, nontoxic, environment-friendly, energy-conserving
alternatives and the most proficient catalysts, offering much more competitive
processes compared to chemical catalysts (Deng et al. 2019). Enzymes have good
resistance properties for a wide range of operational conditions (e.g., temperature,
ionic strength, and pH) which they can still be activated (Eibes et al. 2007; Pandey
et al. 2017). Furthermore, the enzymes differ from microorganisms when microbial
growth is not necessary which leads to shortening the required operational time. The
reusability of enzymes is another advantage. The enzymatic system never produces
the waste sludge (Eibes et al. 2007). Enzymes are highly selective and efficient
biocatalysts as they can treat particular pollutants with no side effects on the other
compounds by precipitating them or converting them to new products (Pandey et al.
2017).

Enzymatic degradation is a decomposing process of natural and synthetic
compounds and is an alternative way in order to treat or remove the different types
of pollutants. The specific enzymatic reactors can be designed with the purpose of
sustainable enzymatic degradation to achieve a promising treatment of industrial
wastewater. By using different types of enzymatic reactors, enzymes are hard to be
inhibited when a high concentration of pollutants is subjected. Selecting the most
appropriate reactor depends on the characteristics of the enzyme-specific reaction
kinetics, operation mode, and flow characteristics. The main factors associated with
the choice of the type of reactor to be used are summarized in Fig. 1.

This chapter has some important theoretical and technical aspects involving the
enzyme working mechanism and reactor design in the enzymatic treatment of
industrial pollutants, showing the present status and the future prospects of their
applications. In the theoretical part, the interactions between enzyme and substrate
(as pollutants) will be given with the functionality of enzymes and analysis of main
parameters influencing enzyme activity. For the technology part, the feasibility and
applicability of enzymes in industrial sectors will be discussed with different reactor
types and operation modes.
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2 How Do Enzymes Work?

The most powerful catalysts known are enzymes (Voet and Voet 1996). Enzymes
are high- efficiency catalysts that operate within the mild conditions of room
temperature, mostly at neutral pH, and carry out reactions at a high rate. The catalytic
powers of enzymes have made them useful structures in many fields such as applied
science, medicine, and industry. Every biological conversion is catalyzed by an
enzyme. Enzymes are specific, widely used, and highly effective biocatalysts and
react much faster than chemical catalysts. There are more than two thousand known
enzymes according to an investigation in the 1980s (Straathof and Adlercreutz
2000). Enzymes are called by adding the suffix “-ase” at the end of the substrate
or functions in the reaction they catalyze such as alcohol dehydrogenase, urease, etc.
Enzymes can have simply clustered proteins or complex proteins containing more
than one subunit. Some enzymes contain nonprotein groups such as NAD, FAD,
CoA, Mg, Zn, and Fe. These groups are called cofactors, the protein part is
apoenzyme, and the entire molecule is called holoenzyme which is comprised of
apoenzyme and cofactor. Some enzymes are in different molecular forms but
catalyze the same reaction, and these enzymes are called isoenzymes. Enzymes
that can be divided into different groups according to their functions are summarized
in Table 1 (Dugas 1996).

2.1 Enzyme-Catalyzed Reactions

Generally, the enzymes bind to the substrate and reduce the activation energy of the
reaction and catalyze and increase the reaction rate. It does not affect the change of
free energy or the equilibrium constant of the reaction. The studies with X-rays and
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Raman spectroscopy have shown that the enzyme-substrate (ES) complex is formed.
The bonds in the ES complex are weak van der Waals forces and hydrogen bonds,
and the ES complex is unstable (Yang et al. 2017). The substrate binds to a specific
unit of the enzyme called the active site. This interaction can be explained by the
key-lock model as shown in the reaction below (Fischer 1894):

Some enzymes can bind more than one substrate (allosteric regulation of
enzymes). Binding of the substrate can change the three-dimensional structure of
the enzyme. Binding of other molecules to the enzyme can change the active part
properties and decrease or stop the enzymatic reaction rate.

Kinetics of enzymatic reactions are known as Michaelis-Menten or saturation
kinetics (Michaelis and Menten 1913). The substrate binds to the enzyme molecule
to form the enzyme-substrate (ES) complex. This complex decomposes to yield
products (P) and the enzyme (E) which turns into its native state at the end of the
reaction. The general reaction of the enzyme and substrate is given in Eq. (1):

E þ SÐk1
k�1

ES !kp E þ P ð1Þ

There are a certain number of substrate binding sites (active sites) on the enzyme.
In the low substrate concentrations, the active sites of the enzyme are empty, and the
reaction rate increases with the increasing substrate concentration. At high substrate
concentrations, the active sites of the enzyme are fully filled, and the reaction rate is
constant (saturation state). The transformation reaction of ES to product is consid-
ered unidirectional, and this aspect is only valid for initial rates of reaction where the
product concentration is low. The product formation rate in enzymatic reactions is
given in the following expression (Eq. 2):

Table 1 The classifications of enzymes according to their functions

Oxidoreductases They are effective in –CH–OH, –C¼O, –CH–NH2, –CH–NH–, NADH
groups

Transferases They provide the transfer of groups containing aldehyde/ketone, acyl,
glucosyl, phosphate, and S-

Hydrolases They are effective in ester, glucoside, peptide, C–N bonds

Lyases They are often forming a new double bond or a new ring structure such as –
C¼C–, –C¼O, –C¼N–

Isomerases They are enzymes that provide structural rearrangement of isomers

Ligases An enzyme that combines them by creating a chemical bond between two
large molecules. They form the –C–O–, –C–S–, –C–N–, and –C–C– bonds
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V ¼ dP
dt

¼ � dS
dt

¼ kp ð2Þ

V (mole/L s) is the rate of product formation, and it is equal to (kp � ES).
The rate of change of the ES complex and conservation of the enzyme are given

by Eqs. (3) and (4), respectively:

d ESð Þ
dt

¼ k1 Eð Þ Sð Þ � k�1 ESð Þ � kP ESð Þ ð3Þ

E0 ¼ E þ ES ð4Þ
The ES complex is an unstable molecule and is quickly converted to P + E. In

particular, d(ES)/dt ¼ 0 when enzyme concentration is quite smaller than substrate
concentration ((E0) � (S0)). This is called a quasi-steady-state approach.

For ES, if d(ES)/dt¼ 0 is placed in Eq. (3), the expression is converted to Eq. (5):

ES ¼ k1 � E0 � ESð Þ � S
k�1 þ kp

ð5Þ

Km ¼ k�1 þ kp
k1

ð6Þ

ES ¼ E0 � ESð Þ � S
Km

ð7Þ

ES� Km ¼ E0 � Sð Þ � ES� Sð Þ ð8Þ
ES� Km þ Sð Þ ¼ E0 � S ð9Þ

If both sides of this equation are multiplied by kp,

kp � ES� Km þ Sð Þ ¼ kp � E0 � S ð10Þ

V ¼ Vm � S
Km þ S

ð11Þ

Equation (11) is known as Michaelis-Menten equation. Here, Vm is the maximum
reaction rate (Vm ¼ kpE0). The variation of the reaction rate versus the substrate
concentration is shown below. At low substrate concentrations (S � Km), the
reaction is of the first order and turns to V ¼ (Vm/Km)S. In high substrate
concentrations (S � Km), the reaction is of the zero-order (V ¼ Vm). Km is the
Michaelis constant defined as the decomposition constant of ES complex. Higher Km

values indicate the easily decomposed ES complex, while lower Km indicates the
more stable ES complex. Since the Michaelis constant is equal to the substrate
concentration (S ¼ Km) when V ¼ 1/2Vm, Km is also known as the half-saturation
constant. Although the curve shown below can be used to calculate the rate constants
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(Vm and Km), the precise determination of those is made from the linear graph
constructed by using plots of 1/V versus 1/S:

1
V
¼ Km

Vm
� 1
S
þ 1
Vm

ð12Þ

Another approach of the enzymatic reaction kinetics is Briggs-Haldane (Briggs
and Haldane 1925). In this approach, E, S, and ES will not reach equilibrium or
accumulate to an equilibrium value if the disintegration rate of ES into the product is
greater than the decomposition rate of the ES complex to E + S. However, if the
enzyme is used in a catalytic quantity (S� Etotal), a continuous state will be reached
in which the ES concentration remains constant very shortly after mixing the enzyme
and the substrate. The same kind of rate equation is achieved in both approaches
(Eq. 11).

2.2 Activation of Enzyme Reactions

Chemical compounds that increase the enzymatic reaction rate are called enzyme
activators, and their effects are opposite to the action of enzyme inhibitors. Examples
of activators are small organic molecules, ions, proteins, peptides, and lipids (Lopina
2017). Small inorganic molecules effect on many enzymes and directly activate
them. For example, Ca2+ cation is a small inorganic molecule that activates enzymes
such as protein kinases C, adenylyl cyclases, phospholipases II, etc. In general, there
is a special site for the binding of Ca2+ in enzymes. The binding of Ca2+ leads to a
conformational change in enzyme, and then catalytic activity increases (Villarroel
et al. 2014). Cations can also bind to the substrate and increase the substrate affinity
to the enzyme for enzyme activation. Some enzyme activation processes also occur
through the elimination of enzyme inhibitors. A variety of enzymes are inhibited by
some of the cations such as heavy metal. Small organic compounds such as chelating
agents ethylene glycol-bis(β-aminoethyl ether)-N,N,N0,N0-tetraacetic acid (EGTA)
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and ethylenediaminetetraacetic acid (EDTA) bind these inhibitory cations and, thus,
eliminate their inhibitory effects (Lopina 2017).

The process of regulating the enzyme by binding effectors (activators or
inhibitors) to another location from the active site of the enzyme is called allosteric
modulators. The site where effectors bind is named the allosteric site. Allosteric sites
allow the effectors to bind to the protein and often lead to conformational change
involving protein dynamics. Effectors that increase and decrease the activity of the
protein are called allosteric activators and allosteric inhibitors, respectively (Nelson
et al. 2005).

2.3 Inhibition of Enzyme-Catalyzed Reactions

All types of materials which decrease an enzyme-catalyzed reaction rate are called an
inhibitor. Inhibition studies give insight into the specificity of the enzyme, the
physical/chemical architecture of its active site, and the kinetic mechanisms of the
reaction. Enzyme inhibitors are divided into two classes, reversible and irreversible.
A reversible inhibitor binds to enzyme reversibly, and its inhibition effects are
eliminated by dialysis and simple dilution, to regenerate the enzyme activity,
whereas an irreversible inhibitor cannot be removed from the enzyme by dialysis.
Reversible inhibitors constitute a balance system with enzyme quickly to show a
significant degree of inhibition based on enzyme, substrate, and inhibitor
concentrations. This system remains steady for as long as initial speed studies are
normally performed, whereas the inhibition degree of the irreversible inhibitors may
increase during this time (Segel 1975).

2.3.1 Competitive Inhibition
A competitive inhibitor interacts with the free enzyme to prevent substrate binding.
In brief, it competes with the substrate to bind the active center of the enzyme. It can
be an analogue of the real substrate which cannot be metabolized, an alternative
substrate, and a reaction product. Its other inhibition effect is the substrate binding to
the enzyme because of inhibitor’s steric hindrance effect which creates a stearic
effect on enzyme’s active center and competing with the real substrate. In the
competitive inhibition, if the substrate concentration is low at a definite inhibitor
and enzyme concentration, the competition with substrate realizes easily and inhibi-
tion degree will be high. On the contrary, when the substrate concentration is high,
the competition is less successful and the inhibition degree will be lower. In this
scenario, the inhibitory effect is neglected in excessive substrate concentrations.
Therefore, while the Vm value does not change, the Km value will increase (Segel
1968). Apparent velocity of the enzymatic reaction in the competitive inhibition is
expressed as
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V i ¼ Vm � S

Km � 1þ I
Ki

� �
þ S

ð13Þ

In the reaction catalyzed by an enzyme with a single substrate and a single
binding site, the reaction scheme in the presence of a competitive inhibitor is
presented below:

E: Enzyme 
S: Substrate 
I: Inhibitor

ES: Enzyme-substrate complex 
EI: Enzyme-inhibitor complex

ESI: Enzyme-substrate-inhibitor complex

2.3.2 Noncompetitive Inhibition
A noncompetitive inhibitor does not affect the binding of the substrate to the active
site of the enzyme. Likewise, the substrate has no effect on inhibitor binding. In this
type of inhibition, the inhibitor and the substrate are reversible, incidentally and
independently bound to the enzyme in different regions. That is, the inhibitor can be
bound to E and ES, and S can be bound to E and EI. In contrast, the resulting ESI
complex is inactive, that is, it does not turn into a product. The reaction scheme in the
presence of a noncompetitive inhibitor is presented below:

It is clear that even a high substrate concentration at any inhibitor concentration
cannot convert the enzyme into a productive ES complex. It will remain the
nonproductive ESI complex of the enzyme at any inhibitor concentration. Therefore,
in the presence of a noncompetitive inhibitor, the Vm value (Vm app) will be smaller
than the Vm value observed in the absence of the inhibitor. Km value does not change
since E and EI complex can combine with S with the same affinity. The effect of the
noncompetitive inhibitor is to reduce the amount of enzyme that causes product
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formation (Segel 1968, 1975). Apparent velocity of the enzymatic reaction in the
noncompetitive inhibition is expressed as

V i ¼ Vm � S

Km � 1þ I
K i

� �
þ 1þ S

K i

� � ð14Þ

2.3.3 Uncompetitive Inhibition
An uncompetitive inhibitor binds to ES complex reversibly to produce ESI complex.
The inhibitor cannot bind to the native enzyme. Since both the ESI complex formed
by the effect of the inhibitor and some of the ES remain unproductive, both the Vm

and Km values of the enzyme decrease in uncompetitive inhibition. The inhibitor and
the substrate do not compete with each other to bind to the same site on the enzyme.
Therefore, increasing the substrate concentration does not prevent inhibition. The
reaction scheme in the presence of an uncompetitive inhibitor and apparent velocity
of the enzymatic reaction is shown below:

V i ¼

Vm

1þ I
Ki

� �� S

Km

1þ I
Ki

� �þ S
ð15Þ

Identification of the classical types of inhibition from their effects on the plots of
velocity versus substrate concentration or 1/velocity versus 1/substrate concentration
is given in Fig. 2 (Bhagavan and Ha 2011).

Enzymatic Degradation of Industrial Wastewater Pollutants 381



Fig. 2 Substrate concentration versus velocity and Lineweaver-Burk diagrams of competitive (a),
noncompetitive (b), and uncompetitive (c) inhibition
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3 Factors Influencing Enzyme Activity

3.1 pH Dependence

The pH of a solution plays a vital role in the enzyme. As the pH changes, the charge
state of the ionizable groups in an enzyme or the charge of the substrate molecule
changes. This can lead to denaturation in the enzyme, non-denaturing structural
changes, degradation of oligomers, and/or changes in activity (Grahame et al. 2015).
The most intracellular enzymes exhibit optimal activity in a pH range of 5–9. This is
due to the fact that proteins function in an environment that reflects this pH. The
reason for this narrow pH range is variety of amino acid residues, and the carboxyl
and amide termini of proteins have a pKa range in the range of intracellular pH. As a
result, a change in pH can protonate or deprotonate a side group, thereby changing
its chemical features. This conformation can cause a decrease in substrate affinity. A
dramatic change of pH can change the protein folding, thereby completely
deactivating the enzyme or causing irreversible proteolysis (Berg et al. 2007).

3.2 Temperature Dependence

The rate of most chemical reactions increases with increasing temperature. As the
increase in temperature provides more kinetic energy to the molecules, more pro-
ductive collisions are observed per unit time. The enzyme-catalyzed reactions
behave similarly. In maintaining the tertiary structure of an enzyme, primarily
non-covalent interactions are effective. In practical terms, the enzyme molecule is
very fragile. If the enzyme absorbs a lot of energy, the tertiary structure is disrupted
and undergoes denaturation; as a result of this, the enzyme loses its catalytic activity.
Consequently, the increase in the reaction rate as a result of the increase in the
number of collisions of enzyme and substrate molecules with the increase in
temperature will not be at the desired level due to the increase in denaturation rate
(Segel 1968, 1975). Therefore, the curve obtained by marking the reaction rate
versus temperature shows a peak defined as the optimum temperature.

3.3 Substrate Concentration

In an enzyme-catalyzed reaction, if the amount of the enzyme is kept constant and
the initial substrate concentration is then gradually increased, the reaction velocity
increases until reaching a maximum value (Vm). After this point, increasing substrate
concentration does not affect the reaction rate. It is theorized that when this maxi-
mum velocity had been reached, all of the available enzymes have been converted to
ES. Km is defined as the substrate concentration at which the reaction rate is half of
Vm. A Km value is an indicator for several things about a particular enzyme: low Km

indicates that the enzyme requires only a low substrate concentration to become
saturated. Hence, the Vm is reached at relatively low substrate concentrations, while
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high Km indicates that the reaching to Vm is achieved by high substrate
concentrations. The lowest Km value is known to belong to the natural substrate of
the enzyme, though this is not true for all enzymes.

The initial rate may sometimes be lower than Vm at excess substrate
concentrations. This condition is called substrate inhibition. In substrate inhibition,
one substrate molecule binds to one region of the enzyme, while the other substrate
molecule binds to another region of the enzyme to form a dead-end complex. This
suggests uncompetitive inhibition. The extra substrate molecule binds to the ES
complex like an uncompetitive inhibitor.

3.4 Enzyme Concentration

Each enzyme needs time to produce one unit of product. More enzymes are required
to generate more products in the same reaction time. If more enzyme molecules are
available in the reaction, the substrate can be converted to the product more quickly
by assuming that all other factors are constant. Two enzyme molecules produce two
units of product in the same reaction time. Thus, increasing enzyme concentration
leads to a linear increase in reaction rate in a definite time period. However, if the
longer reaction time is selected, it is not possible to maintain linearity at initial rates.
Therefore, the first thing to do in the kinetic examination of an enzyme should be to
determine the limits of this linearity. In this way, the time required to measure the
initial rates that will be used in kinetic studies is determined.

4 Enzymatic Reactors

The decision-making on configurations, designs, and operating strategies of the
enzymatic reactors follows various considerations such as enzyme characteristics,
restriction of enzyme purifications, proper kinetics, immobilization appropriateness,
support materials for immobilization, and operation and materials cost (Eibes et al.
2007; Maria 2012; Arca-Ramos et al. 2017). Furthermore, different factors should be
controlled during the operation of enzymatic reactors including enzyme selection,
catalytic cycle, operational conditions (e.g., loading rate, hydraulic retention time
(HRT), pH, temperature), modeling of enzymatic reactors, and enzyme retaining in
the reactor (Eibes et al. 2007).

Two main operational types of reactors are used for different enzymatic
applications which are batch and continuous enzymatic reactors (Arca-Ramos
et al. 2017; Illanes and Altamirano 2008). In addition, for each operational type of
enzymatic reactors, the enzyme can be present as a free enzyme (i.e., soluble
enzyme) or being immobilized on a specific support such as alumina, carboxymethyl
cellulose, ceramic, clay, ion exchange resins, polymers, silica, starch, and titanium
(Maria 2012; Mohamad et al. 2015). Some considerations should be followed in
order to find the most appropriate support material for different enzymes and various
applications. From those considerations, the support materials should have a high
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tendency for protein binding, the ability to react with a functional group, regenera-
tion possibilities, biodegradability, nontoxicity, mechanical stability, and rigidity
properties.

Enzyme immobilization on specific support can be achieved by four main
techniques which are adsorption, entrapment, covalent, and cross-linking (Mohamad
et al. 2015). For industrial applications, the covalent method for immobilization
purposes is favorable from other methods. Using a covalent technique can provide a
strong bond in order to link the enzyme to its support properly and reduce the
probability of losing the enzyme by providing a strong bond. This immobilization
efficiency increases the possibility of different types and a high amount of pollutants
to be degraded (De Cazes et al. 2014).

4.1 Batch Reactors

Enzymatic batch reactors or commonly used as stirred tank reactors (STR) contain
the biocatalyst (i.e., enzyme) and the substrates (i.e., pollutants) at the same tank
when they are usually added at the beginning of the process. The influent and
effluent streams are absent in the batch reactor which is leading to the stabilization
of concentration inside the reactor (Woodley 2015; Arca-Ramos et al. 2017). Using
the batch reactors allows the researchers to evaluate mechanisms of different
reactions in addition to the determination of various kinetic parameters. Further-
more, batch reactors help to investigate the suitability of different technologies for
wastewater treatment (Gasser et al. 2014; Arca-Ramos et al. 2017). In contrast, high
operating costs can be considered as a drawback for batch reactors compared to
continuous reactors (Arca-Ramos et al. 2017).

4.1.1 Free Enzyme Reactors
Free enzymes (i.e., soluble enzymes) are commonly used in batch reactors or also
called batch stirred tank reactors (BSTR) which can be used for various applications.
BSTR is a simple reactor and mostly used for the substrates with higher viscosity
(Moo-Young 2019). However, many drawbacks can arise as the enzymes are not
stable in such reactors as well as some difficulties can be faced during the enzymes
recovering from the reactors (Illanes and Altamirano 2008). Furthermore, the free
enzymes at the end of each process should be separated from the treated wastewater
as well from the products obtained from the enzymatic reaction which can be
considered as a costly process (De Cazes et al. 2014; Robinson 2015). Various
processes can be used in order to eliminate the enzyme such as ammonium sulfate
precipitation, ultrafiltration, and thermal denaturation when the products are thermo-
stable (Robinson 2015).

Numerous researches had been done in order to investigate the removal of
recalcitrant contaminants by using a free enzyme batch reactor. In Nguyen et al.’s
(2014) study, laccase enzyme purified from Aspergillus oryzae was used to remove
four trace organic contaminants with an initial activity of 90 μM/min. The removal
efficiencies of carbamazepine, diclofenac, sulfamethoxazole, and atrazine were
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achieved as 10%, 21%, 9%, and 14%, respectively, after 24 h by using a batch
enzymatic reactor with the free enzyme.

In Al-Kassim et al.’s (1994) study, two different types of peroxidase enzyme
(Coprinus macrorhizus peroxidase (CMP) and horseradish peroxidase (HRP)) were
used in a batch reactor with different time intervals to remove six types of aromatic
compounds. Using the HRP enzyme, high removal efficiencies were reached for
phenol (99.7%), 2-chlorophenol (96.6%), 3-chlorophenol (98%), and
4-chlorophenol (98.6%), while the removal efficiency was 83% for both
2,4-dichlorophenol and 4-methylphenol. On the other hand, by using CMP enzyme,
the removal efficiencies were obtained for phenol as 98.2%, 2-chlorophenol as
94.3%, 3-chlorophenol as 90.9%, 4-chlorophenol as 98%, and 4-methylphenol as
88.3%, while the removal efficiency was 58.4% for 2,4-dichlorophenol which is
considerably low (Al-Kassim et al. 1994).

4.1.2 Immobilized Enzyme Reactors
Enzyme immobilization on different supports has different advantages compared to
the free enzymes. Using the immobilized enzymes in the reactors helps to enhance
the enzyme stability, recover and reuse the enzymes, reduce the possibility of
contaminating the products, and reduce the operational costs (Illanes and Altamirano
2008; Pandey et al. 2017). However, one of the disadvantages of using immobilized
enzymes is their complexity. On the other hand, the membrane technologies play an
effective role with an immobilized enzyme that can be used for recovering the
enzymes as well as membranes with different materials that can be used as a support
for enzymes to be immobilized (Arca-Ramos et al. 2017).

Batch Immobilized Enzyme Reactors
Immobilized enzyme technique in a batch reactor allows the enzymes to be recov-
ered easily with the conventional processes as the immobilized enzymes have a high
stability property (Illanes et al. 2013). After recovering the enzyme, it can be used
several times in the other batch reactors (Illanes et al. 2013; Robinson 2015);
however, the enzyme should be replaced when a considerable decrease in its activity
had been observed. For those reasons, immobilized enzymes are commercially
preferred compared to the free enzymes. In addition, immobilization techniques
have an ability to improve the stability of different biocatalysts which can lead to
enhance catalysis rate, extend the catalysis period, and improve the stability of
enzymes to harsh operating conditions such as temperature and pH (Robinson 2015).

Ansari and Husain (2012) investigated two scenarios of Aspergillus oryzae
β-galactosidase immobilization for lactose hydrolysis in milk and whey. At first sce-
nario, β-galactosidase enzyme was adsorbed on concanavalin A-celite 545 support
(AβG) and, secondly, the adsorbed β-galactosidase on concanavalin A-celite
545 support was cross-linked by using glutaraldehyde (CβG). After 10 h in a
batch reactor, lactose hydrolysis in the milk was observed as 67% and 72% by
using AβG and CβG, respectively. On the other hand, Ansari and Husain (2012)
found that the lactose hydrolysis in whey was higher than in milk with the hydrolysis
of 75% and 89% by using AβG and CβG, respectively.
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Another study had been done byWarburton et al. (1973) in order to hydrolyze the
benzylpenicillin by using free and immobilized penicillin amidase obtained from
E. coli. The experiment was conducted in a batch reactor with a pH of 8.0 and at
37oC temperature for both free and immobilized enzymes. They found that by using
the immobilized enzyme, 50 mM benzylpenicillin can be converted with a percent-
age of 90%. In addition, that conversion percentage was reached with less time
compared to the free enzyme by using the same enzyme activity.

Recirculation Batch Reactors (RBRs)
The main application of recirculation batch reactors (RBRs) is to be used when the
compounds (i.e., substrates) pass in the enzymatic reactor where the pH should be
adjusted (Illanes et al. 2013). The use of RBR allows good temperature control,
precise analysis, and ease of determination of reaction rates (Park et al. 1982). The
RBR can be used in the form of a packed bed reactor where the biocatalysts have
been packed then the solution will be circulated to achieve the required conversion
(Illanes and Altamirano 2008). Furthermore, the recirculation rate should be
optimized for different compounds as it has a direct effect on hydrolysis efficiency
(Sudhakaran et al. 1992).

Penicillin G acylase (PGA) from E. coli had been used in recirculated packed bed
batch reactor in Sudhakaran et al.’s (1992) study, and glycidyl copolymer was used
as support for enzyme immobilization. They investigated the effect of recirculation
rate on the hydrolysis of penicillin G. The maximum hydrolysis was obtained (more
than 95%) when a maximum recirculation rate was applied (3.0 L/min). Using this
configuration, extend the activity of the immobilized penicillin G acylase by
preventing it from alkali contact. Furthermore, the reaction rate in the recirculated
packed bed batch reactor had been enhanced as a higher concentration of enzymes
can be used. Last but not the least, losing the enzyme and possibility of contamina-
tion had been reduced as the enzyme is far from the reaction system (Sudhakaran
et al. 1992).

Another application can be used with RBR which is to investigate the effect of
external mass transfer of penicillin amidase as a change in pH value is widely
happening, and it needs to be controlled. In Park et al. (1982), RBRs with
immobilized penicillin amidase from E. coli were used to investigate the external
mass transfer resistance effect on the reaction rate. They observed that the mass
transfer coefficient was higher with the higher flow rate whatever the substrate
concentration is. They achieved the maximum mass transfer coefficient with a
16 mL/min flow rate.

4.2 Continuous Reactors

The enzymatic continuous reactors are common configuration to be applied for
large-scale processes (Illanes and Altamirano 2008). There are three commonly
used continuous reactors which are continuous stirred tank reactors (CSTR), contin-
uous packed bed reactors (CPBR), and continuous fluidized bed reactors (CFBR)
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could be considered in between (Arca-Ramos et al. 2017). Generally, continuous
reactors have lower operational costs compared to their counterparts of the batch
reactors (Robinson 2015). The continuous reactor should be applied with high
performance in order to maintain the enzymes inside the reactors so as to avoid
the high cost that can happen with the frequent addition of enzymes to the reactor as
most of the enzymes are expensive (Bódalo et al. 1995; Arca-Ramos et al. 2017). In
addition, one of the successful parameters for the continuous reactors is using
enzymes with high stability that means the immobilized enzymes are more favorable
in those types of reactors (Bódalo et al. 1995; Illanes and Altamirano 2008).

The types of enzymes play an important role in selecting a proper reactor
configuration. For instance, CPBR is not suitable for the enzymes with a low
resistance to compression as the enzymes would be packed in the reactor. On the
other hand, enzymes with poor resistance to shear forces are not appropriate to be
used in CSTR configuration. In addition, the characteristics of the substrate solution
have a direct effect on the choosing of reactor configuration. The solution with low
suspended solids is preferable to be used in CPBR. The productivity might be
declined as the operation can be negatively affected by the presence of high
suspended materials in the feed solution which will make the regular cleaning crucial
(Illanes and Altamirano 2008). Reusing the enzyme for several times is one of the
advantages of continuous reactors. Reusing period can be reached to 4 months
before it needs to be substituted in case of immobilized glucose isomerase that has
been used in syrup production with a high level of fructose (Robinson 2015).

4.2.1 Continuous Stirred Tank Reactors (CSTR)
Enzymes are present in a suspended state inside a flustered tank called a reactor. The
operation of CSTR is conducted by flowing the feeding solution having the substrate
continuously with a constant flow rate to the reactor which contains the immobilized
enzymes in order to generate the targeted products (Illanes and Altamirano 2008;
Robinson 2015). The solution inside the reactor should be well mixed in order to
allow the enzymes to be linked to the same molar concentration of the substrate
(Illanes and Altamirano 2008). Using this type of reactor enables the production
costs to be reduced by well controlling the reactor. Furthermore, the improvement of
the stirred tank reactor to the continuous-flow stirred tank reactor can be easily
accomplished (Robinson 2015).

In Gómez et al.’s (2008) study, the removal of phenol was investigated by using a
continuous tank reactor with immobilized soybean peroxidase. The enzyme activity
was 108 IU/mg, and the enzyme had been immobilized on a glass support. They
optimized different operational parameters such as flow rate, enzyme concentration,
and substrate concentration. The removal efficiency of the phenol was achieved as
80% under the optimum operational conditions (Gómez et al. 2008).

4.2.2 Continuous Packed Bed Reactors (CPBR)
The operation of CPBR is conducted by flowing the feeding solution having the
substrate continuously with a constant flow rate to the reactor where the immobilized
enzymes are packed in order to generate a submerged bed (Illanes and Altamirano
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2008). In addition, the stirring process is not necessary in case of using a packed bed
reactor as the immobilized enzymes are packed in the reactor (Robinson 2015). One
of the challenges with using CPBR is that the operational conditions such as
temperature and pH are difficult to be controlled (Illanes and Altamirano 2008).

The flow of the feeding solution can be applied upward or downward inside the
reactor. However, the upward direction of the feeding solution is more applicable in
lab-scale experiments in order to control the level of the solution beyond the enzyme
bed inside the reactor as well as to prevent the bed to be pressed. On the other hand,
the downward direction of the feeding solution is more appropriate in pilot- or real-
scale applications as the energy used for pumping is less which leads to reduce costs.
In addition, the flow can be returned regularly in order to wash the enzymes, and the
bed compaction can be managed (Illanes and Altamirano 2008).

In Lloret et al.’s (2012b) study, removal of estrone (E1), 17β-estradiol (E2), and
17α-ethinylestradiol (EE2) by using a continuous packed bed reactor was
investigated. The laccase enzyme from Myceliophthora thermophila with the activ-
ity of 9.7 U/g was immobilized on Eupergit. The experiment had been conducted for
8 h. within room temperature. The removal efficiency of E1 was achieved as 65%
while it was around 80% for both E2 and EE2 when the feed concentration for each
compound was 5 mg/L.

4.2.3 Continuous Fluidized Bed Reactors (CFBR)
The operation of CFBR is conducted by flowing the feeding solution (with substrate)
from the bottom side of the reactor. Flowing the feeding solution in an upward
direction provides a hydrodynamic equilibrium state between drag force and gravity
which allows the enzymes to be held inside the reactor (Illanes and Altamirano
2008). Furthermore, the flow rate should be controlled properly in order to provide a
suitable bed expansion of the enzymes inside the reactor as the high flow rate might
cause enzymes escaping out of the reactor (Allen et al. 1979). Similar to the CPBR,
the stirring process is not a must in case of using the fluidized bed reactor (Bódalo
et al. 1995).

There are various advantages of fluidized bed reactors such as their appropriate-
ness to the substrates having particulate or viscous properties. In addition, the
fluidized bed reactors provide a harmonized spreading of the flow inside the reactor
as well as decrease the opportunity of pressure loss to occur. Some obstacles can be
faced when the CFBR is used in industrial sectors as some factors need to be
controlled such as inhibition, diffusion problems, and the ability of reactions to be
reversed (Bódalo et al. 1995).

Lloret et al. (2012a) studied the removal of estrogens (estrone (E1), estradiol
(E2) and ethinylestradiol (EE2)) by using continuous fluidized bed reactor with
immobilized laccase enzyme on Eupergit. The activity of the used laccase was
25 U/g, and the temperature during the experiment was 26 �C. The feed solution
containing the different estrogens was entering the reactor from its bottom side. They
found that the removal efficiencies of estrogens were between 92% and 100% when
the addition rate was high (6 mg/L h for E1 and EE2 and 6.6 mg/L h for E2) at a
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hydraulic retention time of 50 min (Lloret et al. 2012a). As a summary of batch and
continuous reactors, Fig. 3 showed different configurations of enzymatic reactors.

4.3 Innovative Enzymatic Reactors

In order to enhance the removal efficiency of different pollutants or compounds,
from different wastewaters, some enzymatic reactors should be modified. Different
processes or technologies can be incorporated internally or externally to the enzy-
matic reactors. Some types of adsorptive materials such as granular activated carbon
(GAC) can be added, or different types of membranes might be attached to the
reactor with the intention of improving the performance of the enzymatic reactor. In
the study of Nguyen et al. (2014), they investigated the effect of adding GAC in a
batch reactor containing laccase enzyme from Aspergillus oryzae in order to remove
different types of trace organic contaminants. They observed that the removal
efficiencies of trace organic contaminants were higher in GAC + enzyme reactor
compared to a reactor with enzyme or GAC alone. The removal efficiencies for
carbamazepine, diclofenac, sulfamethoxazole, and atrazine were achieved as 49%,
60%, 53%, and 57%, respectively, when only the GAC was used in a batch reactor.
However, the removal efficiencies of carbamazepine, diclofenac, sulfamethoxazole,
and atrazine were increased to 52%, 63%, 58%, and 75%, respectively, when the
reactor had both GAC and enzyme (Nguyen et al. 2014).
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OutletOutletOutlet

Immobilized
Enzyme

Inlet
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CPBR

CSTR

Inlet
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Fig. 3 Enzymatic reactor configurations for batch and continuous reactors
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A term of the hybrid system had arisen for the treatment of emerging compounds
from different types of wastewater. Ba et al. (2018) applied a hybrid system
consisting of two series of treatments starting with continuous stirred tank reactor
(CSTR) and followed by a hollow fiber microfiltration (MF) membrane made of
polysulfone. The feeding solution mixture contains the wastewater having the
pharmaceutical compounds and combined cross-linked tyrosinase and laccase
aggregates. The feeding solution flows to the CSTR with 1 h as a hydraulic retention
time (HRT). They investigate the performance of the hybrid system to remove three
groups of pharmaceutical products which are nonsteroidal anti-inflammatory drugs
(NSAIDs), antibiotics, and other pharmaceutical products. The effluent from CSTR
is considered as influent of MF membrane while the permeate stream of MF is
collected to evaluate the performance of the hybrid system. They achieved almost
100% removal efficiency for the three groups of pharmaceuticals after 120 h by
using the hybrid bioreactor (Ba et al. 2018).

Different configurations of membrane bioreactors have been developed with
various enzymes in order to improve the performance of wastewater treatment
such as extractive membrane bioreactor (EMBR), immobilized enzyme membrane
reactor (IEMR), and direct contact membrane reactor (DCMR) (Pandey et al. 2017).
The EMBR is a promising configuration for removing toxic compounds from harsh
conditions wastewater. Referring to the EMBR term, the membrane used in this
reactor is used as an extractor to remove a target compound from the wastewater
(Wenten et al. 2020). On the other hand, IEMR is used when the membrane
is considered as a support for enzyme immobilization.

5 Feasibility and Applicability of Enzymes in Industrial
Sectors

The efficient development of new enzymes provides important tools for recent
advances in biotechnology, especially in protein engineering. Since the biocatalyst
was first released many centuries ago, a number of enzyme-based processes were
commercialized to produce several valuable products. Despite the advantages of
enzymes, industrial applications could not reach the desired level mainly due to
undesirable properties in terms of stability, catalytic efficiency, and specificity (Deng
et al. 2019). In addition, the economic feasibility should be analyzed as the produc-
tion costs of the enzyme are considerably high (Eibes et al. 2007).

In the industrial sector, there are a variety of enzymes that can be used for
treatment and/or recovery of different compounds available in the industrial waste-
water as illustrated in Table 2.
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Table 2 Types of enzymes used in different industrial applications

Group Enzyme Source Applications Reference

Oxidoreductases Laccase Trametes
versicolor

Degradation of
diclofenac,
trimethoprim,
carbamazepine,
and
sulfamethoxazole

Alharbi
et al.
(2019)

Laccase Trametes
versicolor

Degradation of
phenol
compounds

Alver and
Metin
(2017)

Manganese
peroxidase

Anthracophyllum
discolor

Degradation of
polycyclic
aromatic
hydrocarbons

Acevedo
et al.
(2010

Transferases Cyclodextrin
glycosyltransferase

Komagataella
phaffii

Production of
high purity α-, β-,
or γ-cyclodextrin
for different
industries (e.g.,
chemical,
pharmaceutical,
food, etc.)

Zhang
et al. 2019

Hydrolases α-amylase Bacillus
licheniformis

Degradation of
starch of bread to
oligosaccharides

Demirci
et al.
(2017)

Glucoamylase Aspergillus niger Saccharification
process for
glucose
production from
dextrins

Riaukaite
et al.
(2019)

Lipases Candida
cylindracea

Hydrolysis of
olive oil

Hoq et al.
(1985)

Keratinases – Hydrolysis of hair
keratin and
epidermis and
break down of the
disulfide bonds in
the leather
industry

de Souza
and
Gutteres
(2012)

Lyases Acetolactate
dDecarboxylase

Bacillus subtilis α-Aacetolactate
conversion to
acetoin.

Choi et al.
(2015)

Decreasing the
content of diacetyl
in beer

Isomerases Glucose isomerase Streptomyces
murinus

Isomerization of
glucose to
fructose

Gaily
et al.
(2010)
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6 Enzymes for Recovery Applications in Industry

Enzymes play an important role not for only treatment but for recovery of the
valuable compounds from wastewater. Vasileva et al. (2016) studied the possibility
of producing glucose-galactose syrup from waste whey by hydrolyzing the lactose
with β-galactosidase enzyme from Escherichia coli. First, they investigate the effect
of operational conditions (e.g., enzyme activity, pH, and temperature) on the perfor-
mance of lactose hydrolysis by using free and immobilized β-galactosidase enzyme
on the polypropylene membrane in a batch reactor. Under different operational
conditions, they realized that the immobilized enzyme performance was more
advantageous than free enzyme in terms of lactose hydrolysis. Afterward, they
conducted another experiment under the optimum conditions (pH 6.8, temperature
40 �C, and flow rate 1.0 mL/min) by using a continuous spirally wound membrane
reactor with the immobilized β-galactosidase enzyme. The hydrolysis of lactose was
achieved as 91% after 10 h of the experiment. Furthermore, the possibility of reusing
the enzyme had been studied as well. They were able to use β-galactosidase enzyme
20 times in 20 days with an operational period of 10 h in each day. It was possible to
achieve 69.7% of yield bioreactor at the end of 20 days (Vasileva et al. 2016).

Another study was done by Ghosh et al. (2017) when they were trying to apply
another application of enzymes rather than recovery. They investigate protein and
lactose hydrolysis in series with the purpose of enhancing the nutritional value in
whey to use it for healthy beverages. For protein hydrolysis, they used different
concentrations of Flavourzyme enzyme from Aspergillus oryzae. The whey
containing the enzyme was kept for 30 min in a water bath with 50 �C, and then
the pH was adjusted at pH 7 followed by heating for 6–7 min at 85 �C so as to
inactivate the enzyme. The higher Flavourzyme enzyme concentration showed
maximum protein hydrolysis with an average of 15.11%. Afterward, the lactose in
whey with hydrolyzed protein had been hydrolyzed by using different percentages of
β-galactosidase enzyme obtained from Aspergillus oryzae at 30 �C and pH 5.5 in a
batch reactor. In order to inactivate the β-galactosidase enzyme, the hydrolyzed
whey had been heated for 5–6 min at 85 �C. The lactose was hydrolyzed with an
average of 60.88% at the maximum concentration of β-galactosidase enzyme (Ghosh
et al. 2017).

7 Enzymes for Treatment Applications in Industry

Enzymes gain a prestigious reputation in recent years for their applicability to treat or
degrade different pollutants in industrial wastewater particularly the recalcitrant
compounds. Numerous studies have been conducted in terms of that purpose.
Arca-Ramos et al. (2015) studied the applicability of enzymes to remove bisphenol
A (BPA) from synthetic wastewater and real treated wastewater with biological
treatment. For evaluating pH and enzyme activity, first, they used a batch reactor
with laccase enzyme from Trametes versicolor and M. thermophila. BPA oxidation
had been achieved with both types of laccase enzyme. However, they found that the
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use of laccase from Trametes versicolor performed better in terms of BPA conver-
sion with a percentage of 96% after 8 h, while it was only 64% when laccase from
M. thermophila was used. In addition, the optimum operational condition was
achieved with pH 6 and enzyme activity of 1000 U/L. Subsequently, a continuous
enzymatic membrane reactor (EMR) was examined, consisting of a stirred tank
reactor having a free laccase followed by a ceramic titanium membrane having a
high hydrophilic properties, to be able to separate and recycle the laccase enzyme to
the stirred tank reactor. For both configurations, the removal efficiency of BPA was
achieved as more than 94.5% for the synthetic wastewater. However, the removal
efficiency of BPA was considerable with real Wastewater; the enzyme activity had
been affected by the availability of particles and ions (Arca-Ramos et al. 2015).

In Shaheen et al.’s (2017) study, the decolorization efficiency was investigated
with the free and immobilized enzyme. Free lignin peroxidase from Ganoderma
lucidum was used, and it had been immobilized on Ca-alginate beads to compare
their efficiencies for decolorization of Sandal-fix reactive textile dyes. The batch
system was applied by using inoculated flasks, and they were kept at 30oC for 3 days
on an orbital shaker with 120 rpm. Decolorization efficiency was achieved with a
range of 40–66% by using a free enzyme. On the other hand, by using an
immobilized enzyme, the decolorization efficiency had been increased to the range
of 70–93% (Shaheen et al. 2017).

Another study had been done in order to evaluate heterocyclic aromatics which is
a type of recalcitrant compound. Mashhadi et al. (2019) conducted an experiment by
using soybean peroxidase enzyme to remove 3-hydroxyquinoline and
3-aminoquinoline that had been detected in water bodies. A batch reactor had been
used in order to conduct this experiment. They achieved a removal efficiency of
more than 94% for 3-hydroxy and 3-aminoquinoline at an optimum pH of 8.6 and
5.6, respectively. In the leather industry, proteases hydrolyze the protein fraction of
dermatan sulfate, making the collagen more accessible to water and reducing the
attachment of the basal layer. Also, they remove globular proteins. Lipases hydro-
lyze fats, oils, and greases present in the hypoderm. Keratinases hydrolyze the
keratin of hair and epidermis and break down the disulfide bonds of this molecule
(de Souza and Gutteres 2012).

8 Conclusion

An overview of the enzymes’ role in this book chapter led to various conclusions.
Enzymes are the most powerful catalysts that have been used in industrial compound
applications to treat, recover, or generate new compounds. The effectiveness of
enzymes was widely explored in different industrial sectors such as the food
industry, pharmaceutical industry, leather industry, etc. Furthermore, the reusability
of the enzyme several times makes it an interesting biocatalyst in terms of
sustainability and cost minimization. Although a promising performance of enzyme
applications was achieved, different parameters could inhibit the enzyme activity.
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From different kinds of literature, it was observed that reactor configurations had
a great impact on achieving the required enzyme performance. For that reason,
proper design of reactors by choosing suitable parameters should be done according
to the type of compounds to be treated or recovered as well as the type of enzymes to
be used. Additionally, the state of the enzyme during the degradation processes
whether it was free (soluble) enzyme or immobilized enzyme had a significant effect
during the treatment or recovery. Generally, it was found from different studies that
the immobilized enzymes showed a higher efficiency compared to free enzymes in
terms of treatment or recovery application in many industrial sectors. Moreover,
choosing the support material for enzyme immobilization purposes is another issue
to be controlled. In terms of enzyme applications, a wide range of pollutants or
compounds in different industrial sectors can be treated, recovered, or enhanced with
various types of enzymes from different sources. A considerable elimination had
been achieved of different emerging compounds with the aid of enzyme processes.
Due to enzyme selectivity, it helps to target a particular compound to be treated.

Last but not the least, a variety of studies might be conducted with the intention of
developing and improving the enzymatic applications for treating or recovering
different compounds. Different configurations of enzymatic reactors can be
improved by integrating new processes or modules together with the enzymatic
reactor. Furthermore, applying new materials (i.e., green materials) for enzyme
immobilization purposes is another area to be researched. There are limited studies
of enzyme applications in advanced degradation of plastics particularly nanoplastics
and microplastics that need more investigation.
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Exploring the Use of Biomixtures
for the Removal of Structurally Different
Pesticides

J. M. Saez, A. L. Bigliardo, E. E. Raimondo, G. E. Briceño,
M. A. Polti, and C. S. Benimeli

Abstract

Pesticides are among the most employed compounds worldwide and play an
important role in modern agriculture. However, their inadequate management can
lead to contamination of the environment. When pesticides enter soils and water
bodies, they produce negative impacts on ecosystems through diffuse or point
source contamination. The last comprises processes like improper handling or
leaks of spraying liquid, remnants, and washes of the spraying equipment, and
they can be controlled by agricultural good practices.

In the last decades, with the objectives of reducing pesticides’ point source
pollution, biobeds or biopurification systems (BPS) were developed as promising
and low-cost technologies. They consist of three main components: a clay layer at
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the bottom; a biomixture; and a grass layer at the surface. The biomixture is the
biologically active core of a BPS, and it is composed of three elements which play
important roles in the adsorption and degradation of pesticides: a lignocellulosic
substrate, a humic rich component, and soil. Since half of the biomixture consists
of lignocellulosic substrates, several studies have evaluated the bioaugmentation
of biomixtures with ligninolytic fungi obtaining satisfactory results on pesticide
removal. Also, the bioaugmentation of BPS with pesticide-degrading bacteria
represents a promising approach in the design and optimization of these systems.

This chapter is a short compilation regarding the application of BPS as
biotechnological tools for the removal of pesticides. A special emphasis is put
on the bioaugmentation of biomixtures with ligninolytic fungi and/or pesticide-
degrading bacteria to obtain optimal biodegradation of structurally diverse
pesticides.

Keywords

Pesticides · Biopurification systems · Biomixtures · Bioaugmentation

1 Introduction

Pesticides are a class of biocide, responsible for killing, repelling, or controlling any
form of plant or animal life that is considered to be a pest. They cover a wide range of
products including insecticides, fungicides, and weed killers for agricultural (plant-
protection products) and non-agricultural applications (Harrison 2014).

Pesticides play an important role in the success of modern agriculture and food
production. However, their inadequate management can cause serious problems of
environmental contamination (Diez et al. 2013).

Pollution of the environment can be classified according to its extension and
source. Point source pollution appears in areas where there is a direct relationship
with the source of the contamination. It is generally associated with localized
situations and is produced as a result of inappropriate procedures during filling and
cleaning of spray equipment, accidental spillages at farm level, or improper disposal
of residues from pesticide applications (Chin-Pampillo et al. 2016). These practices
can pose a risk to both soil and water (Saez et al. 2018). On the other hand, diffuse
pollution is usually caused by the transport of polluting substances, both soluble and
particulate, over large areas often far from the source of origin, through atmospheric
deposition, runoff, and leaching, among other forms. Moreover, in certain areas,
pollution can be high (in urban areas and industrial complexes), caused both by
diffuse and point sources (Harrison 2014).

Diffuse pollution is more difficult to control and eliminate because the sources are
not located in space. Several studies have shown that point sources contribute
predominantly to the contamination of basic resources such as water and soil
(Aparicio et al. 2018; Fuentes et al. 2010). Therefore, it would be more efficient to
avoid diffuse contamination by treating the contamination at its point of origin.
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Historically, organochlorine pesticides (OPs) have been the most used
insecticides; however, since most of them were banned in the 1970s, the use of
other types of pesticides, such as organophosphates, triazines, and pyrethroids, has
increased dramatically worldwide. These pesticides are relatively more water-
soluble, less persistent, and less bioaccumulative than most OPs; however, many
of them have demonstrated large-scale atmospheric transport potential under certain
conditions (Saez et al. 2018).

In recent years, agricultural producers had to adapt to the standards of interna-
tional markets, which include requirements related to the quality of products and
international agreements signed within the framework of sustainable agriculture and
care for the environment. This has led to the important challenge of globalizing
markets in the primary food production sector, certifying standards of Good Agri-
cultural Practices (GAP), so that the requirements demanded by the consumer are
answered by producers around the world, with a responsible approach regarding the
welfare of the worker and the care of the environment.

In this context, in compliance with GAP, point source contamination by
pesticides has been rigorously addressed in the last decade, through the evaluation
and implementation of biopurification systems or biobeds (Diez et al. 2013; Saez
et al. 2018; Urrutia et al. 2013). This technology responds to the need for simple and
effective methods to minimize environmental pollution due to the use of pesticides.
Biopurification systems were designed to retain and degrade pesticides, during the
early stages of preparation and application, avoiding point pollution, and, therefore,
it is considered a bioprophylaxis method.

A biopurification system consists of three main components: a layer of clay in the
lower part, a biomixture, and a layer of grass covering the surface. Biomixture is the
main component of the system, and, therefore, the adequate selection of organic
materials for its preparation is a crucial factor for the removal and degradation of
pesticides (Diez et al. 2013). It is composed of a lignocellulosic substrate, a humic
rich component, and soil. Each component of the biomixture plays an important role
in the removal of pesticides, in stimulating the growth of ligninolytic
microorganisms, in providing high water retention and adsorption capacity of
pesticides, and as an important source of microbiota that can synergistically degrade
them (Saez et al. 2018).

Recently, bioaugmentation of biopurification systems with pesticide-degrading
microorganisms has been shown to increase the efficiency of these systems (Murillo-
Zamora et al. 2017; Saez et al. 2018). Besides, the ability of different
microorganisms to degrade or mineralize various pesticides has been demonstrated
(Benimeli et al. 2003; Briceño et al. 2012; Fuentes et al. 2013a, b; Karn et al. 2011;
Polti et al. 2014; Saez et al. 2012).

In this context, the main objective of this chapter is to compile the state of the art
regarding the use of biopurification systems and their bioaugmentation with specific-
degrading microorganisms to obtain optimum results about degradation of pesticides
of diverse chemical structures, either pure or as mixtures.
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2 Pesticides

The constant technological advances have caused the development of an
industrialized society. Thus, during the twentieth century, the improvement of
chemical industries allowed the production of a large variety of compounds that
led to the modernization of the quality of life. However, the growth of the world
population and global industrialization have exerted an important pressure on the
environment, putting its sustainability at risk, due to the great amount of chemical
pollutants that were introduced into the environment, especially in soils and
sediments (Iwamoto and Nasu 2001).

The agricultural sector represents an important part of the world economy and
provides not only food resources but also commodities necessary to achieve sustain-
able development. To improve its production, this sector uses diverse resources such
as chemical substances, machinery, and specific equipment. Among the chemical
compounds widely used are pesticides, so these compounds are ubiquitous in
environmental matrices (Kumari et al. 2007).

The International Code of Conduct on the Distribution and Use of Pesticides
defines pesticide in Article No 2 as:

any substance or mixture of substances intended to prevent, destroy, or control any pest,
including human or animal disease vectors, undesirable plant or animal species that cause
harm or interfere with production, processing, storage, transport or marketing of food,
agricultural products, wood and wood products or animal feed, or that can be administered
to animals to fight insects, arachnids or other pests in or on their bodies. The term includes
substances intended to be used as regulators of plant growth, defoliants, desiccants, agents to
reduce the density of fruits, or agents to prevent premature fruit drop, and substances applied
to crops before or after harvest to protect the product against deterioration during storage and
transport. (FAO 2006)

Since 1940, the pesticide systematic use has undoubtedly produced a great
improvement in the quality of people’s life by allowing a greater and better produc-
tion of food and raw materials. Despite the spectacular results obtained by using
these compounds in a massive way, their application led to adverse effects on
human, animal, and environmental health (Mokarizadeh et al. 2015).

2.1 Classification of Pesticides

Pesticide is a common term that includes a wide range of chemical compounds,
which differ in their physical and chemical properties from one class to other.
Therefore, it is necessary to classify them based on their properties and
characteristics and to study them under their respective groups. There are different
criteria for pesticide classification; some of the most popular methods comprise the
following: (1) classification based on the chemical composition of the pesticide;
(2) classification of pesticides by hazard; (3) classification based on the mode of
action; (4) classification based on their target, i.e., the pest they kill; (5) classification
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based on their method of application; and (6) classification based on their persistence
in environment, among others (Yadav and Devi 2017).

2.1.1 Classification Based on Chemical Composition of Pesticides
Classification of pesticides based on their chemical composition and nature of its
active ingredients is one of the most useful methods for grouping them. This kind of
classification gives information about the efficacy and physical and chemical
properties of the different pesticides and brings data such as its application modes,
rates, and precautions that need to be taken during its application (Yadav and Devi
2017).

Based on chemical composition, pesticides are classified into two main groups,
namely, inorganics and organics. Inorganic pesticides are those that do not contain
carbon in their chemical structure. In general, they are salts or mineral elements that
are mined from the earth and ground into a fine powder. Inorganic pesticides are the
simplest compounds. They have a crystalline, salt-like appearance, are environmen-
tally stable, and usually dissolve readily in water. The earliest chemical pesticides
used by man were inorganics. One of the most important inorganic pesticides is
sulfur that can be used finely milled (micronized) or as a colloidal solution, to kill
plant-feeding mites. Among fungicides, there are various compounds of copper,
mainly copper sulfate, which are widely used alone or mixed with organic
compounds to control plant diseases. Other inorganics include compounds as arse-
nic, copper, lead and tin salts, borates, and diatomaceous earths (Eldridge 2008).

Organic pesticides are chemicals having carbon as the basis of their molecular
structure, with C–C and C–H bonds. The chemical structure of organic pesticides is
more complex than those of inorganic ones and usually does not dissolve easily in
water. The vast majority of modern pesticides contain an organic chemical. There are
hundreds of pesticides that have been developed based on organic chemicals, often
with oxygen, phosphorus, sulfur, or halogens in their molecules, in addition to their
basic carbon structure (Eldridge 2008).

Organic pesticides can be subdivided into two additional groups: the natural
organics and the synthetic organics. The natural organic pesticides (sometimes just
called “organics”) are derived from naturally occurring sources such as plants.
Rotenone and pyrethrum are examples of natural organic pesticides. Synthetic
organic pesticides (usually just called “synthetics”) are produced artificially by
chemical synthesis. This group comprises the most “modern” pesticides (i.e., dis-
covered or used as insecticides post-World War II) and includes DDT, permethrin,
malathion, 2,4-D, glyphosphate, and many others (Eldridge 2008).

3 Biopurification Systems

An important environmental issue is the deterioration of different environmental
compartments quality as a consequence of pesticide pollution through diffuse or
point-source (Sniegowski et al. 2011). Recently, several studies reported that
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point-source contamination is the main cause of pesticide accumulation in surface
water, groundwater, and large soil volumes (Castillo et al. 2008).

The application of pesticides to crops usually involves three critical steps:
(1) dumping and dilution of pesticide concentrates into the spray tank, (2) pesticide
spraying on the fields, and (3) handling of pesticide residues that may be retained in
the interior and exterior walls of the spray tank. When pesticides are applied in the
recommended doses through modern techniques in accordance with good agricul-
tural practices, the risks of environmental contamination from field spraying is small
(step 2). In contrast, the risk is higher in steps 1 and 3, which can lead to point-source
pollution. Small spills with high pesticide concentrations may occur during step
1 because at this stage it is common to work with concentrated formulas. Meanwhile,
step 3 provides higher volumes but with lower pesticide concentrations than step
1, due to the washing and subsequent dilution of the pesticides remaining in the tank
(Castillo et al. 2008).

Several physicochemical or biological treatments have been developed for reduc-
ing the pesticide contamination effects; however, most of them are expensive or
require the implementation of complex technology, hindering their use in farms. In
this context, and with the aim of mitigating the point-source contamination produced
by improper pesticide handling before or after their field application, biopurification
systems (BPS) were developed as a biological technology to collect and treat
pesticide polluted wastewater produced during agricultural activities (Chin-Pampillo
et al. 2016). BPS are low-cost, simple design, easy to operate, and practical systems,
employed by farmers for the accelerated degradation of pesticides (Sniegowski et al.
2011). In addition, they can be adapted to local climatic conditions and legislation
(Karanasios et al. 2012). High sorption capacity, active microbial communities to
degrade pesticides, and organic carbon sources to support microbial activity are the
three main characteristics that BPS should have to work properly.

The first BPS, initially called biobed, was implemented in the 1990s in Sweden
by Torstensson and Castillo (1997), and then it spread to some countries in Europe
and America. The BPS original design consisted of a pit in the ground (60 cm deep)
containing an impermeable clay layer (10 cm) at the base. A solid matrix, called
biomixture, was used to fill the remaining volume to provide sorption capacity for
pesticide immobilization and microbial activity for degrading these chemical
compounds. A grass layer was used to cover the biobed and to regulate the moisture
contents of the system (Castillo and Torstensson 2007). Furthermore, the system
contained a ramp needed to drive and park the sprayer over the BPS (Fig. 1).

Over the years, different modifications to the original design were made with the
intention of meeting the regional requirements (Castillo et al. 2008). Approximately,
more than 1500 BPS are being developed in Sweden and similar or modified BPS
were formulated in more than 25 countries, with the form of excavations or
containers filled with the right components (Karanasios et al. 2012)

Indistinctly its composition, the biomixture represents the biologically active core
of the BPS, where pesticides are removed from the wastewater by biodegradation
and/or sorption (Castro-Gutiérrez et al. 2018). This filter matrix receives wastewater
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containing a mixture of several pesticides at high concentrations. Due to the fact that
these concentrated residues are collected in a confined space, it is expected that the
pesticide concentration be much higher in BPS (in the order of mg kg–1) than in
agricultural soil after pesticide application (Castro-Gutiérrez et al. 2018; Chin-
Pampillo et al. 2016). For this reason, BPS can act as an optimal microcosm for
the development of microorganisms that can metabolize pesticide residues from
wastewater (Dunon et al. 2013).

3.1 Components of Biopurification Systems

3.1.1 The Clay Layer
The clay layer, located at the BPS bottom part, acts as an impermeable base to reduce
water drainage and increase the pesticide retention time in the matrix, since clay
particles present high sorption capacity and low permeability. It is essential that the
clay material is moist and swollen, thus avoiding the formation of cracks and
preferential flow processes (Castillo et al. 2008).

3.1.2 The Biomixture
The biomixture is the fundamental component of a BPS since the retention and
accelerated removal of pesticides occurs in this matrix, so it must have a good
capacity of adsorption and high microbial activity (Castro-Gutiérrez et al. 2018).
These properties are affected by different factors, such as composition, homogeneity,
age, humidity, and temperature (Castillo et al. 2008); however, its composition is the
most important factor in BPS performance (Karanasios et al. 2012).

Grass layer 

Biomixture 

Clay and drainage layer 
Impermeable layer 

Ramp 

Fig. 1 The BPS original design (Adapted from Castillo et al. 2008)
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The original Sweden biomixture consisted of straw (lignocellulosic substrate),
peat (humic component), and soil, in proportions of 50:25:25 vol%, respectively
(Gao et al. 2015). Currently, this composition has been modified to optimize the
efficiency of the system. Therefore, in general terms, biomixtures are constituted by
three components: a lignocellulosic substrate, a humic component, and soil, each one
playing a key role in the capacity of pesticide retention and degradation of the system
(Gao et al. 2015; Ruiz-Hidalgo et al. 2016).

The soil, which can be pre-exposed to the pesticides to be treated, provides the
sorption capacity and the active edaphic microbiota for pesticide degradation. The
soil must be rich in humus and have an adequate clay content to promote microbial
activity, without reducing the contaminant bioavailability or hampering the system
homogeneity (Castillo et al. 2008). Possibly, the physicochemical characteristics of
different soil types would not have a significant effect in a BPS efficiency, due to the
destructive mixing process and the inclusion of other components during the
biomixture formulation (Saez et al. 2018). In this sense, Fogg et al. (2004) evaluated
the use of three soil types (sandy loam, clayey, and clay silty) in BPS performance at
laboratory scale and concluded that there were not significant differences between
the systems formulated with the different soils. However, clayey soils are not
recommended for BPS formulation because the high clay content presents practical
management problems and decreases the pesticides availability (Castillo et al. 2008).
Considering that the soil type appears to have no significant effect on the removal
efficiency of the contaminants in BPS, the modifications in the biomixture formula-
tion mainly focus on the replacement of the lignocellulosic and humic substrates to
adapt the system to local agricultural and environmental conditions (Karanasios et al.
2012)

The lignocellulosic substrate aims to promote microbial activity and establish-
ment in the biomixture, especially the colonization and activity of lignin-degrading
fungi (like white-rot fungi), which produce phenoloxidases, such as peroxidases and
laccases, involved in pesticide degradation (Gao et al. 2015). Although the original
lignocellulosic substrate was straw, the existence of other inexpensive lignocellu-
losic materials in different regions led to its total or partial replacement. The type of
substrate used in the biomixture formulation varies according to regional availabil-
ity; in this sense, by-products such as wood chips, olive leaves, grape stalks, barley
husk, coconut fibers, corn cobs, and sunflower residues were used for this purpose,
among others (Chin-Pampillo et al. 2015a, 2016; Karanasios et al. 2010b; Urrutia
et al. 2013). In Tucumán, Argentina, by-products from the sugar production industry
like bagasse are produced in large amounts, so they are considered as adequate
substitutes for straw, due to their high availability. This was confirmed by Saez et al.
(2018) who observed that laboratory-scale biomixtures containing sugarcane
bagasse significantly promoted lindane removal.

Lignocellulosic materials present several advantages such as high availability in
farms, high persistence, and low rate of degradation. Thus, they continuously supply
carbon, energy, and nutrients for the microbial development (Castillo et al. 2008).

The peat was the original humic component used in the biomixture formulation,
and it plays numerous functions: increases sorption capacity, enhances system
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porosity, controls the moisture content as a consequence of its water retention ability,
regulates the pH, and contributes to abiotic degradation of pesticides (Gao et al.
2015). Furthermore, it was shown that high contents of this component confer a low
pH that is favorable for the development and activity of fungi. However, too high
peat levels (50 vol% or more) reduce microbial activity, possibly due to a significant
decrease in pH and water availability. Because of this, 25 vol% of peat is adequate
for the formulation of the matrix, because it provides a final pH of 5.9, approxi-
mately, suitable to stimulate the development of lignin-degrading fungi (Castillo
et al. 2008).

Although peat is very beneficial for BPS, in some regions like Southern Europe, it
was necessary to replace this component with alternative materials, due to its high
cost and low availability, and also it is not considered adequate for a sustainable
agricultural activity (Karanasios et al. 2012). In this context, compost represents a
promising alternative to replace the peat, as different compost types are widely
available in different geographical regions, in addition to the fact that compost-
based biomixtures presented comparable or even better performance than traditional
ones based on peat (Chin-Pampillo et al. 2015a; Karanasios et al. 2010b). Composts
and peat present different physicochemical characteristics, nutrient contents, and
biological activity. These differences may reflect variability in the overall perfor-
mance of the BPS (Karanasios et al. 2012). Composts provide macronutrients (K, P,
N) and extra carbon sources, which can accelerate the pesticide degradation (Ren
et al. 2018). Unlike peat, which generally has acidic pH, compost has neutral to basic
pH (Karanasios et al. 2012). In addition, composts are known to host several
microorganisms with pesticide catabolic activity and to have a good sorption ability
for different pesticides, with a retention capacity of over 90% (Monaci et al. 2009).
Olive leaves, cotton seed, and cotton crop residue composts are examples of
different compost types that significantly promoted pesticide degradation compared
to peat-based biomixtures (Karanasios et al. 2010a).

3.1.3 The Grass Layer
In the top part, a grass layer is used to cover the BPS. This layer increases the BPS
efficiency, especially that of the upper parts where most of the pesticides are retained
and degraded since it regulates moisture content through upward water transport by
plant roots, sustains adequate oxygen levels for microorganisms, and produces root
exudates that contribute with the co-metabolic processes (Castillo et al. 2008;
Coppola et al. 2012). The absence of the grass layer decreases the evapotranspira-
tion, leading to a hydrophobic surface, reducing the microbial activity, and increas-
ing the pesticide lixiviation by promoting the water drainage to the bottom of the
BPS (Fogg et al. 2004; Spanoghe et al. 2004). The survival of the grass cover is often
used also as an indicator of pesticide spills (Coppola et al. 2012).
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4 Application of Biomixtures for the Removal of Different
Pesticides

The BPS are being widely studied for their versatile degrading ability to remove
different active ingredients (Huete-Soto et al. 2017). Diverse parameters have been
studied and optimized for specific uses. The introduction of an SBP in a new country
implies intensive research to adapt it to the conditions, practices, and needs of a
particular place (Castillo et al. 2008). In this sense, laboratory, pilot, and field studies
have been carried out to evaluate the efficiency of different BPS by modifying not
only the components of the BPS such as soil type (Fogg et al. 2004; Saez et al. 2018),
the lignocellulosic substrate (Chin-Pampillo et al. 2015b, 2016), and the peat (Diez
et al. 2013) but also operational parameters such as the use of different hydraulic
flows (Diez et al. 2015), temperatures, and doses of pesticides (Karanasios et al.
2012), among others. For instance, moisture is a parameter of great importance in a
BPS since it affects the availability of oxygen and microbial activity. However, the
saturation of the BPS can lead to the leaching of the pesticide. Therefore, the system
must not be located in a low part of the farm to prevent runoff from a large area
around the SBP (Castillo et al. 2008). Levels of 60% WHC have been shown to be
optimum for the dissipation of most pesticides and are suitable for lignin-degrading
fungi (Fernández-Alberti et al. 2012).

Besides, it has been demonstrated that the aging of the biomixture affected the
degradation of the pesticides in a BPS. In this sense, the periodic substitution of the
biomixture or regular provision of easily degradable organic substrates in BPS
should be considered to maintain an adequate depuration capacity on this system
(Castro-Gutiérrez et al. 2017).

4.1 Simultaneous Removal of Different Pesticides Using
Biomixtures

Taking into account that pesticide application programs include the use of several
compounds through the crop production cycle, biobeds may receive high
concentrations of relatively complex mixtures of pesticides. So, the optimization
of biomixtures should be performed to minimize the residual toxicity of the process
and to guarantee the simultaneous elimination of specific pesticide combinations
(Huete-Soto et al. 2017). Recent studies evaluated the efficiency of biobed
biomixtures for the removal and/or degradation of pesticide mixtures, even those
containing structurally diverse compounds. Diez et al. (2017) reported the simulta-
neous dissipation of atrazine, chlorpyrifos, and iprodione (5 mg kg�1) in a
biopurification system, reaching removal yields around 74% and 89%.

Also, some studies have shown evidence that the persistence of pesticides may
change when they are used in combination with others (Urrutia et al. 2013). The
effects of the concentration and pesticide interaction on degradation rate were
investigated by Fogg et al. (2003), demonstrating that at concentrations ranging
from half to 20 times the maximum recommended application rate for isoproturon
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and chlorothalonil, the degradation rate decreased with increasing concentration.
Also, they showed that interactions between pesticides are possible. In soil, the time
required to degrade 50% of isoproturon increased from 18.5 to 71.5 days in the
presence of chlorothalonil, whereas in a biomixture the degradation of each pesticide
was unaffected by the presence of the other. These authors suggested that biobeds
appear capable of treating high concentrations of more than one pesticide.

Murillo-Zamora et al. (2017) evaluated the simultaneous removal of fungicides
belonging to different chemical groups. They found that a biomixture containing
coconut fiber, compost, and soil at a volumetric composition of 45:13:42 failed to
remove triazole fungicides under the assayed conditions, but it was efficient to
eliminate other fungicides such as carbendazim, edifenphos, and metalaxyl. This
suggests that the use of different biomixtures for the treatment of different pesticides
should be assayed in each case. Similarly, Huete-Soto et al. (2017) assayed the
simultaneous removal of structurally diverse pesticides in a biomixture and
concluded that the system was highly efficient in the elimination of the herbicides
atrazine, linuron, and ametryn (>97% total removal) and some fungicides
(metalaxyl and carbendazim) but failed to remove triazole fungicides or
neonicotinoid insecticides. In this sense, Ruiz-Hidalgo et al. (2016) remarked the
necessity to evaluate new biomixture formulations according to specific pesticide
application schemes. Also, it is expected that the use of soil previously exposed to
pesticides or successive applications of specific pesticides in the biomixture during
the continuous use of the matrices could enhance the removal of such compounds
(Lizano-Fallas et al. 2017).

4.2 Bioaugmentation of Biomixtures

The main objective of these inexpensive and simple design systems consists in the
sorption and complete mineralization of the toxic compounds. However, incomplete
mineralization is common in some cases, which can lead to the formation of even
more toxic or recalcitrant metabolites than the parent compound (Coppola et al.
2010). In addition, pesticide degradation is deficient during the initial stages of the
process because appropriate microorganisms have to adapt and proliferate in the
biomixture before reaching high biodegradation rates (Fogg et al. 2004). In this
context, strategies such as biostimulation and bioaugmentation have been explored
to enhance pesticides degradation processes in the BPS. For instance, Tortella et al.
(2010) proposed that short and fast biostimulation of the microbial population
present in a biomixture with an inorganic fertilizer had a significant effect on
chlorpyrifos degradation. Later, they demonstrated that the addition of natural
wastes rich in terpenes in a peat-based biomixture of a BPS enhanced the biodegra-
dation of atrazine (Tortella et al. 2013).

Meanwhile, a rapid and complete pesticide degradation could be get through
bioaugmentation of the biomixture with microorganisms that contain metabolic
pathways necessary to complete the pesticide mineralization. Furthermore, the
bioaugmentation for enhancing pesticide bioremediation would avoid the toxic
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metabolite production (Castro-Gutiérrez et al. 2018). The microorganisms
inoculated in a biomixture play a key role in the degradation of the pesticides.
Microbial communities possess increased metabolic capabilities, allowing members
of communities the division of labor and survival to perturbations (Hays et al. 2015).

Genetically modified strains might constitute an efficient strategy for this purpose
(Nikel et al. 2014). However, legal restrictions make this solution unfeasible over the
short term. In contrast, native organisms pre-exposed to high pesticide concentration
are more adequate because they possibly acquired the capability of degrading these
toxic substances (Sniegowski et al. 2011). The use of mixed microbial consortia has
shown to be more advantageous for improving the degradation capacity of pesticides
in BPS compared to pure cultures (Sniegowski and Springael 2015).

Most of the studies have evaluated the bioaugmentation of BPS biomixtures with
ligninolytic fungi, considering that half of the biomixture content consists of ligno-
cellulosic substrates. Thus, the biotransformation of lignocellulosic wastes can be
attributed to these microorganisms, especially white-rot fungi, due to their extracel-
lular ligninolytic enzymes, such as laccases, lignin peroxidases, and manganese
peroxidases, able to attack and transform lignin and thus provide additional sources
of nutrients and energy. Besides, these fungi are known to degrade a wide range of
organic complex molecules as pollutants, including pesticides (Camacho-Morales
et al. 2017; Purnomo et al. 2017). The inoculation of a biomixture with the white-rot
fungus Anthracophyllum discolor immobilized on an uncoated pelletized support
improved atrazine degradation capability of a BPS in 20% and thus could be used to
reduce the pesticide migration to surface and groundwater (Elgueta et al. 2016). The
use of the ligninolytic white-rot fungus Trametes versicolor has been more deeply
explored for the bioaugmentation of biomixtures, both as single cultures and
co-cultures, for the removal of structurally different pesticides, such as the
insecticides carbofuran and lindane, the herbicides atrazine and diuron, and diverse
fungicides such as tebuconazole, carbendazim, edifenphos, and metalaxyl (Bending
et al. 2002; Madrigal-Zúñiga et al. 2016; Murillo-Zamora et al. 2017; Saez et al.
2018).

Ruiz-Hidalgo et al. (2015) proposed the use of this fungus grown in rice husk as
an option of lignocellulosic bioaugmented substrate for its potential application in
biomixtures. The lignocellulosic material supported the growth and laccase activity
of the fungus. Later, Madrigal-Zúñiga et al. (2016) evaluated the use of this
pre-colonized substrate for the removal of carbofuran in two biomixtures of different
compositions. They demonstrated that the bioaugmentation improved the perfor-
mance of the peat-based biomixture rather than the compost-based biomixture, thus
highlighting the importance of careful design and evaluation of biomixtures before
their large-scale use. In contrast, Murillo-Zamora et al. (2017) found that the
bioaugmentation of the biomixture containing coconut fiber, compost, and soil at a
volumetric composition of 45:13:42 with Trametes versicolor failed to enhance the
removal capacity of the matrix, even after biomass re-inoculation. The fungus did
not achieve long-term colonization of the biomixture. Similarly, fungal
bioaugmentation did not improve the removal of carbofuran in a biomixture com-
posed of rice husk, compost, and soil pre-exposed to this pesticide; however, it
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favored a lower production of transformation products and hence allowed a decrease
in the toxicity of the matrix (Rodríguez-Rodríguez et al. 2017). Lizano-Fallas et al.
(2017) hypothesized that the autochthonous microbiota or physicochemical factors
of the matrices could have inhibited the proper colonization of the matrices by the
fungus, thus minimizing its degrading capacity. Also, the addition of the fungal
biomass and/or the production of antagonist compounds could have altered the
microbial degrading populations. In this connection, the addition of pesticide-
degrading microorganisms can modify the microbial community in contaminated
biomixtures to the point that exogenous microorganisms become the main
populations in some cases, while in others, it generates undetectable variations in
the microbial communities (Castro-Gutiérrez et al. 2018). Verhagen et al. (2013)
reported that the bioaugmentation of biomixtures with a mixed culture increased
chloropropham removal; however, they found a 65� 5% similarity when comparing
the DGGE profiles between the inoculated and the non-inoculated biomixtures,
which indicated important changes in the microbial populations. Likewise, Castillo
Diaz et al. (2016), through DGGE analysis, found that bands corresponding to the
inoculated strains were the main components of the microbial community after
bioaugmentation of vermicompost-based biomixtures to accelerate different pesti-
cide removal. Castro-Gutiérrez et al. (2018) informed that bioaugmentation with a
carbofuran-degrading bacterial consortium did not affect the pesticide removal
performance or microbial community structure, according the DGGE analysis.
Instead, biomixture aging was due to the microbial population shifts.

Besides fungi, recent studies have also evaluated the bioaugmentation of
biomixtures with bacterial cultures, either single strains or consortia (Briceño et al.
2017; Campos et al. 2017; Karas et al. 2016) or even fungal-bacterial co-cultures
(Saez et al. 2018). Verhagen et al. (2013) demonstrated that bioaugmentation of a
BPS with a pesticide-degrading bacterial consortium showed an improvement in the
BPS functionality for the removal of chlorinated compounds such as chloropropham
and 3-chloroaniline, compared to the systems inoculated with a single pesticide-
degrading strain or non-inoculated BPS. The efficiency of bioaugmentation to
maximize their depuration performance of biobeds may depend on the persistence
of the compound to be removed. Generally, the indigenous microbial community of
biobeds presents a nonspecific degrading capacity for recalcitrant compounds
(Campos et al. 2017). Karas et al. (2016) suggested that the indigenous microbial
community of biobeds has, or develops rapidly, the ability to degrade biodegradable
compounds such as ortho-phenylphenol and diphenylamine, whereas it showed a
lower capacity to transform the persistent fungicide thiabendazole (TBZ). Thus, the
bioaugmentation of biobeds with TBZ-degrading bacterial inocula resulted in
ameliorating the depuration performance against TBZ.

Among bacteria, actinobacteria exhibit a wide ability to grow and degrade several
chemical families of pesticides, including organochlorine, triazines, carbamates,
organophosphorus, pyrethroids, ureas, and chloroacetanilides (Alvarez et al. 2017;
Benimeli et al. 2008; Briceño et al. 2016; Fuentes et al. 2013b). Moreover, Briceño
et al. (2017) demonstrated that a Streptomyces mixed culture was able to colonize
efficiently a biobed biomixture contaminated with diazinon and chlorpyrifos,
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exhibiting an increase in population, and also increased the dissipation of the
pesticides, mainly diazinon, reducing its half-life to 11 days. Based on the capacity
of the actinobacteria Arthrobacter sp. strain C1 to metabolize iprodione, Campos
et al. (2017) evaluated the use of two combined strategies, bioaugmentation with
specific degrading bacteria and rhizosphere-assisted biodegradation, to maximize the
dissipation capacity of biobeds. The dissipation of the fungicide was accelerated by
the bioaugmentation and was further enhanced in the bioaugmented rhizosphere-
assisted treatment compared to the non-bioaugmented and non-rhizosphere-assisted
controls.

Recently, Saez et al. (2018) demonstrated that the cooperative use of a lindane-
degrading actinobacteria mixed culture and the white-rot fungus Trametes versicolor
SGNG1 improved the pesticide dissipation in different biomixtures, achieving
81–87% of removal at 66 days of incubation and decreased lindane half-life to an
average of 24 days, i.e., sixfold less than t1/2 of lindane in soils.

5 Concluding Remarks

Biomixtures are the biological core of biopurification systems, initially called
biobeds, created for the treatment of pesticide-containing wastewater, to reduce or
avoid point-source contamination. The original biomixture of the biobeds consisted
of straw, peat, and soil, in proportions of 50:25:25 vol%, respectively. However,
several studies and modifications have been performed to optimize the efficiency of
the system and to adapt this non-expensive and easy technology to diverse regions,
according to the necessities and availabilities of each country.

Different biomixtures have been explored for the treatment of different pesticides,
and successful results have been reported, even with complex mixtures containing
different groups of pesticides with diverse chemical structures. However, it is
necessary to evaluate new biomixture formulations according to specific
pesticide uses.

Besides, bioaugmentation of the biomixtures has been proposed as a complemen-
tary strategy for improving the efficiency of the BPS on the removal of the
pesticides. The bioaugmentation consists of the inoculation of microorganisms,
either single cultures or consortia, with specific abilities to degrade pesticides.
Based on the fact that the main component of the biomixture is the lignocellulosic
substrate, bioaugmentation with ligninolytic fungi has been more deeply studied,
mostly with white-rot fungi such as Anthracophyllum discolor and Trametes
versicolor. Moreover, recent studies performed with bacteria, specifically
actinobacteria such as Arthrobacter and Streptomyces, also reported very promising
results to maximize the pesticide removal capacity of BPS.
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Novel Approach for Bioremediation
of Perfluorochemicals (PFCs) Using
Megasonic Sonochemical Reactor

Vitthal L. Gole, Jyoti, and Rajesh Kumar Yadav

Abstract

With changing lifestyle and facets of life demand of personal care products,
drugs, household items, pesticides, surfactants, and intermediate products are
increasing on multi-fold basis. Presence of perfluorochemicals (PFC) in products
is major challenge for bioremediation. PFCs remain in environment for many
centuries and cannot be easily biodegradable results as plastic debris in environ-
ment. PFCs are broadly classified base on chain length, long-chain compounds
such as perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA)
and traces of fluorotelomers. The long-chain compounds remain in environment
for longer duration and cannot be treated with conventional biological routes.
Advanced oxidation processes are required for breaking of long fluoro-
compounds to smaller-chain compounds. We have addressed the issues of persis-
tence nature of long PFCs by breaking long-chain fluorinated compounds using
megasonic sonochemical reactor. It has been observed that megasonic frequency
(1 MHz) breaks long-chained PFOS to smaller-chain molecules. Bioremediation
of fluorinated carbon is related with half-life, smaller chain compounds have very
short half life in mintues to few hours compare to years/centuries of long-chain
fluorinated carbon. Novel approach presented in work has given the useful
insights on enhancing bioremediation aspects of environmentally persistent
long-chain fluorinated carbon.
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1 Introduction

Perfluorochemicals (PFCs) are thermally and chemically stable and have wide
application in polymer, lubricants, adhesives, repellents, paper coatings, as well as
personal care products and pharmaceuticals (Hughes et al. 2011; Houde et al. 2006;
Conder et al. 2008). Electrochemical fluorination and telomerization are main routes
for synthesis of PFCs. In electrochemical method, electric current replaced hydrogen
by fluoride in –C–H– chain. This method is useful for production of mixture of
branched and isomers products of PFCs. Telomerization involves reaction between
pentafluoroiodoethane and tetrafluoroethylene to yield mixture of perfluoroalkyl
iodides; mostly fluorotelomers are produced via this route (Houde et al. 2006).
Bond strength of fluorinated carbon is much higher than –C–H, –C–C–, and other
bonds. Breaking the bond required huge quantum of energy, and conventional
biological or chemical route is not effective for treatment of PFCs. Due to very
strength of fluorinated carbon, it remains in environment for centuries (Conder et al.
2008). There are many studies deals with bioaccumulation of PFCs in water, fish,
birds, mammals, and humans. These studies reported that PFOS and PFOA are
highly persistent in nature (Li et al. 2019; Jian et al. 2017; Kwon et al. 2014; Kim
et al. 2015).

Understanding the environmental fate and effects assessment of PFCs and
perfluorinated acids such as PFCAs and PFSAs are mostly commonly studied
(Kwon et al. 2014; Kim et al. 2015). These organic acids have fluorinated carbon
with carboxylate or sulfonate functional group and remain in anionic form in
environment due to low acid dissociation (pKa) values in range of 2–3, fluorinated
carbon length in range of 4–13 with number of structures of linear configuration, and
branched isomers (Kwon et al. 2014; Kim et al. 2015). Linear branched configura-
tion observed in biota has very slower degradation rate (Lowe et al. 1998). J. M.
Conder et al. (2008) reviewed the detail understanding of bioaccumulation of PFCs
based on bond strength, chain length, ionic behavior, pKa value, hydrophilic, and
hydrophobic properties (Conder et al. 2008; Rodriguez-Freire et al. 2015). This
analysis gives useful insights on understanding of sink and source of these
compounds and potential of bioaccumulation and biomagnification of PFCAs and
PFSAs.

Based on the analysis and understanding of literature, the mechanism of
bioaccumulation of PFCs and persistency of lipophilic compound has direct relation
with fluorinated carbon chain length and hydrophobicity of the compounds
(Rodriguez-Freire et al. 2015). Fluorinated chain lengths less than seven are consid-
ered as bioaccumulative. Another important parameter that contributes on the nature
of bioaccumulation is tale compound of fluorinated carbon. Compounds with
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sulfonate tale are highly environmentally persistent in nature compared to
compounds with carboxyl tale (Conder et al. 2008). Biomagnification of PFCs
study analysis shows that PFCAs did not pose the accumulation behavior of
PFCAs and PFSAs for shorter chain compounds of length less than seven (Li et al.
2019; Jian et al. 2017). Half-life of different PFCs shown in Table 1 clearly indicates
that technology is needed for breaking long-chain to small-chain compound. Con-
ventional biological routes are not suitable to address the issues of PFCs due to
longer processing time, and specific microbes are required for conversion of PFCs.
There are good reviews available on biological treatment of PFCs, and most studies
have been reported to milligram or gram scale (Houde et al. 2006; Conder et al.
2008; Li et al. 2019). Deposition of PFCs on the solid additives has been explored,
but the major shortfall associated with this technique generation of secondary waste
and disposal of solid waste itself is a great challenge for the environment (Kim et al.
2015; Lowe et al. 1998; Rodriguez-Freire et al. 2015, 2016; Campbell and Hoffmann
2015). Advanced oxidation process such as sonochemical reactor can be one of the
alternatives for treatment of PFCs.

Sonochemical reactors have wide applications for treatment of environmentally
persistence and bioaccumulative compounds like (per)fluorochemicals (PFCs) due
to its spectacular effects of bubble formation during acoustic cycles of compression
and rarefactions. Collapsing acoustic bubble conditions of higher temperature and
pressure produced effects of “hot spot.” These conditions are highly useful for
degradation of pollutants and chemical processing applications (Rodriguez-Freire
et al. 2015, 2016). Fluoride ions are liberated from sonochemical treatment of PFCs.
Surface cavitation enhances the rate of liberation fluoride ion and further increases
with saturation concentration of carbon-fluoride ring on the surface or near vicinity
of bubble and life span of the cavitation bubble. It depends on stable cavitational

Table 1 Environmental phersistence of PFC (measured in terms of half-life)

Perfluorochemicals
Number of F
ion

Number of S
ion

Half-life

Unit Value
PFHxA Perfluorohexanoic acid 11 0 h 0.38

PFHpA Perfluoroheptanoic acid 13 0 H 0.05–0.1

PFOA Perfluorooctanoic acid 15 0 year 2.5–3

PFNA Perfluorononanoic acid 17 0 year 4–5

PFDA Perfluorohexanoic acid 15 0 year >4

PFUnDA Perfluoroundecanoic acid 21 0 year 7–8

PFDoDA Perfluorodecanoic acid 23 0 year 3–4

PFBS Perfluorobutanesulfonic acid 9 1 month >1

PFPeS Perfluoropentane sulfonate 11 1 year 4–5

PFHxS Perfluorohexane sulfonate 13 1 year 4–5

PFHpS Perfluoroheptane sulfonate 15 1 year 2–3

PFOS Perfluorooctane sulfonate 17 1 year 2–3

6:2FTS 6:2 Fluorotelomer sulfonate 13 2 days 30–45

8:2FTS 6:2 Fluorotelomer sulfonate 17 2 days 8–10
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activity in sonochemical reactor. The formation of hydroxyl radicals after the
transient collapse of bubble useful for degradation of hydrophilic hydrocarbon and
sulfate compounds present in bulk of liquid. Complete mineralization of PFCs
depends on the number of stable cavitational bubble events produced per unit
volume in sonochemical reactor, uniform pressure field, and microstreaming
activities in sonochemical reactor (Rodriguez-Freire et al. 2015, 2016; Campbell
and Hoffmann 2015; Fernandez et al. 2016). Frequency of operation, power density,
physicochemical properties of liquid medium, and saturation concentration of gas
inside bubble are the important parameters for enhancing cavitational efficiency of
sonochemical reactor/cavitational activity (Balachandran et al. 2015, 2016). Stable
cavitational activity and microstreaming are increased with frequency of operation
and power density. It is reported that these activities increase with frequency of
operation, maximum effects obtained at megasonic frequency (Keswani et al. 2013,
2014). Monoatomic gases such as argon (saturated aqueous liquid) produced stable
cavitation compared to air or oxygen due to higher polytrophic index of argon.
Higher power density increased the stable cavitational event due to better nucleation,
and growth of bubbles (rectified diffusion or Bjerknes forces), maximum bubble size
before collapse, may increase in bubble wall velocity and higher oscillation of
amplitude of stable bubble activities (Zhao et al. 2015). Most of studies dealing
with sonochemical method are limited to understanding the liberation of fluoride or
sulfate ions; bioremediation aspect is lacking.

Present study investigates effect of different sonochemical frequencies on biore-
mediation of PFCs. The progress of degradation of PFCs was monitored in terms of
released concentration of fluoride and sulfate ion and removal of total organic carbon
(TOC). Effect of frequency of 1 MHz, 500 kHz, and dual frequency of 1 MHz and
500 kHz was investigated. Bioremediation aspects of PFCs were monitored in terms
of breaking of long-chain compound to small-chain compound by monitoring the
concentration of different range of PFCs.

2 Materials and Methods

2.1 Materials

Potassium salt of (per)-fluorooctanesulfonic acid (CAS #2795-39-3) purchased from
S D Fine Chemicals, India. Distilled water was used preparation of aqueous solution.
Hydrochloric acid, sodium hydroxide, total ionic strength adjustment buffer
(TISAB-II), sodium fluoride, sodium sulfate, and potassium hydrogen phthalate
are required for pH adjustments and analysis, and these chemicals were procured
from Merck India Ltd. Nitrogen (ultrapure) required for continuous cooling of
transducers and electronic circuits of sonochemical reactor and compressed argon
(polytropic index of 1.67) was supplied by local supplier.
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2.2 Sonochemical Reactor

Customized dual-frequency sonochemical reactor is used in present work made by
Dakshin, Mumbai. It is consisting of two transducers (each having dimensions of
11.8 cm � 9.3 cm) with 1 MHz and 500 kHz operating frequencies placed on
opposite side walls at of the reactor. Power supplied was 1.1 and 0.7 kW for 1 MHz
and 500 kHz frequency transducer, respectively. Maximum distance between
transducers is 26 cm. All the internal parts of sonochemical reactor are made of
stainless steel (SS 316). Degradation studies were performed by keeping the pollut-
ant sample in glass tube at center location of transducer at distance of 1.5 cm from
surface of transducer. Glass tube was supported by stand and clamp arrangement and
covered with cap (gas sealed) with opening on top for bubbling argon. Liquid level
which corresponds to the height of transducer (10.4 cm) was maintained in all glass
tubes. Side walls of reactor were provided with cooling coils through which cooling
water was circulated to maintain constant temperature in reactor. Wave interference
due to the samples tubes was neglected. Samples at various intervals of time were
taken from all sample tubes.

2.3 Experimental Methodology

All experiments were performed using 2.6 mM concentration of PFOS solutions.
Initial solution pH of 4 was maintained for all experiments (Gole et al. 2018b).
Aqueous solutions of PFOS were prepared using distilled water. The pH of the
solutions was adjusted using 1 M HCl. Initially, the tubes were filled with aqueous
solutions of PFOS followed by bubbling the argon gas (polytropic index of 1.67) for
20 min prior to the experiment and maintaining a blanket of this gas during the entire
course of experiment. Samples were taken at 30, 60, 150, and 210 min to monitor
degradation. To evaluate progress of degradation, the concentration of fluoride ion
released (F�), concentration of sulfate ion (SO4

2�) released, and total organic carbon
(TOC) removal were measured as a function of time. Temperature of reactor was
maintained at 20 � 1 �C by circulating cooling water through cooling coils.

2.4 Analysis

Progress of degradation was monitored by measuring concentration of fluoride ion
released (F�) measured by ion-selective electrode (Model 9609BNWP, Thermo
Scientific Inc.), concentration of sulfate ion released measured ion chromatography
with a Dionex IC-3000 system fitted with a Dionex IonPac AS18 analytical column
(4 � 250 mm) and AG18 guard column (4 � 50 mm), and TOC removal measured
using a Shimadzu total carbon analyzer VCSH (Columbia, MD, USA). Procedure
for measurement of fluoride ion, sulfate ion, and TOC is described by Lucia and
coworkers (Rodriguez-Freire et al. 2015, 2016). Optimized result samples were
analyzed using ultra-high-performance liquid chromatography to determine the
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concentration of individual PFCs. Detailed procedure for analysis has been reported
in our earlier work (Gole et al. 2018a).

3 Results and Discussion

PFCs act as surfactants due to presence of long-chain carbon-fluoride ring. During
the sonochemical degradation of PFCs, cleavage of sulfate group occurred; it
occupies the bulk of solution. Due to hydrophobic nature of carbon-fluoride ring,
it occupies on gas-liquid interface or close vicinity of bubble. When bubble col-
lapsed high-temperature and high-pressure conditions generated, pollutants near the
vicinity of bubble quickly evaporated or break into the smaller chain (Rodriguez-
Freire et al. 2015, 2016; Campbell and Hoffmann 2015). Efficiency of sonochemical
degradation of PFCs mainly depends on the saturation concentration of pollutants
near the vicinity of bubble, life span of bubble (stable cavitational), and cavitational
events occurring per unit volume (number of active bubble formation). Cavitational
events are classified as stable or transient, and high-temperature elevation can be
attained in both cases. Intensity of cavitational event depends on the amplitude and
frequency of acoustic wave. The frequency of operation relates with life span of
cavity and maximum size of expansion of bubble. Lower frequency of operation is
useful for reaction dominated with physical limitation due its nature of longer
expansion period, higher cavitational shock waves, and proneness to more violent
transient cavitation, whereas higher frequencies of operation produce smaller
cavitational events which consider as stable cavitation. During stable cavitation
activity, bubble does not collapse but grows and shrinks periodically (Keswani
et al. 2014; Zhao et al. 2015; Gole et al. 2018a, b; Sutkar and Gogate 2010; Sutkar
et al. 2010). Cavitational effects generated during stable cavitational activity are
useful for degradation of hydrophobic nature of PFCs. Significant advantages of
cavitational activity at higher frequencies are less bubble coalescence and longer
span of life of cavity, and activity exists distant from the surface of transducer. We
have investigated effect of two frequencies of 1 MHz and 500 kHz and combination
of 500 kHz and 1 MHz on degradation of PFCs (Balachandran et al. 2016; Keswani
et al. 2013).

3.1 Effect of 1 MHz Frequency

Results of the effect of 1 MHz frequency on concentration of fluoride ion released
during degradation of PFOS is shown in Fig. 1. Fluoride ion released concentration
was linearly increasing with time and maximum fluoride ion released was observed
at 210 min with further increase in time shown marginal increase in released of
fluoride ion. At 1 MHz frequency, maximum concentration of fluoride ion released
after 210 min treatment was 506.3 � 21.1 μM. Similar trends were observed for
release of corrected concentration of sulfate ion and moles of TOC removal.
Maximum concentration of TOC removal for degradation of PFOS was
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25.5� 2.8 μM, and corrected concentration of sulfate ion released for degradation of
PFOS was 2.5 � 0.05 μM. Fluoride or other ion concentration released/removed is
dependent on the cavitational activities. This activity depends on the serval parame-
ter, and some activities may have null effect on degradation due to the interference
between incident wave and reflected waves (Sutkar and Gogate 2010; Sutkar et al.
2010). Collapsing condition of bubble or maximum temperature inside the bubble is
useful for breaking carbon-fluoride chain; these conditions play the significant role
for breaking of bond between hydrogen and hydroxyl radicals. Results are closely
related with experimental findings; rate formation of hydroxyl radicals (cavitational
activity) increased from 0.14 to 0.63 μM min�1 with increase in frequency from
37 kHz to 1 MHz, and they also reported higher degradation of p-cresol achieved for
1 MHz frequency sonication (85%) compared to 37 kHz frequency (10%)
(Fernandez et al. 2016). Megasonic frequency (1.6 MHz, 145 W L�1) is found to
be more energy-efficient for degradation of non-polar pollutant DDT dispersed in
water compared to lower frequency of 20 kHz (375 W L�1) (Thangavadivel et al.
2009). Cavitational activity decreased with increase in distance away from the
transducer surface; the work on theoretical measurement in terms of pressure and
liberation of iodine reported that (694 kHz) the liberation of iodine was 7.8, 3.0, 2.9,
3.4, and 2.7 mg/L and pressure field was 0.78, 0.86, 0.61, and 0.62 atm for distances
4, 8, 16, and 20 cm away from transducer surface, respectively. The interference of
incident and reflected wave results in net loss of cavitational activites and thus
decrease in liberation of iodine concentration (Sutkar and Gogate 2010). Pressure
amplitude of ultrasonic horn decrease from 4 � 105 to 0.5 � 105 Pa with increase in
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Fig. 1 Effect of 1 MHz frequency on concentration of fluoride ion released from degradation of
PFOS at a distance 1:1.5 cm away from transducer surface; pH of solution, 4; initial concentration
of PFOS, 2.6 mM

Novel Approach for Bioremediation of Perfluorochemicals (PFCs) Using Megasonic. . . 425



distance from very near to irradiating surface to 0.02 m away from surface (Sutkar
et al. 2010).

3.2 Effect of 500 kHz Frequency

Concentration of fluoride ions was released during degradation of PFOS as a
function of time at frequency of 500 kHz for sample placed at 1.5 cm away from
transducer surface. It has been observed that concentration of fluoride released,
concentration of TOC removal, and corrected concentration of sulfate released
increase linearly with time. Results have been shown in Fig. 2. Maximum concen-
tration of fluoride released, concentration of TOC removal, and corrected concentra-
tion of sulfate released after 210 min were 504.8, 38.6, and 0.4 μM, respectively.

Decrease in removal efficiency (cavitational intensity) observed at 500 kHz was
compared to 1 MHz. Difference in cavitational activity may be due to the higher
power supplied to transducer surface or may be due to the spatial and temporal
difference in cavitational activity at different frequencies. Spatial difference
correlated with frequency of operation; at higher frequency the acoustic wave
pressure field is more uniform with distance away from irradiating source with
marginal loss of removal efficiency due smaller bubble size (Entezari and Kruus
1996). Findings of present work are closely related with the reported work, degra-
dation of atrazine at 500 kHz is 7.8 times greater than at 20 kHz, and similar trends
were observed for degradation of pentachlorophenol which increased 4.8 times for
increase in frequency from 20 to 500 kHz (Petrier et al. 1996). Another work
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Fig. 2 Effect of 500 kHz frequency on concentration of fluoride ion released from degradation of
PFOS at a distance 1:1.5 cm away from transducer surface; pH of solution, 4; initial concentration
of PFOS, 2.6 mM

426 V. L. Gole et al.



reported that complete mineralization of carbon tetrachloride was observed in 1 h for
500 kHz and 2 h for 20 kHz frequency (Francony and Petrier 1996). Sonochemical
efficiency measured in terms of liberated of I3

� at 500 kHz was 1.3 � 0.1 times
lower with increase height liquid, while the acoustic yield increased 1.2 � 0.1 with
increase in distance away from transducer surface increase from 29 to 252 mm
(de La Rochebrochard et al. 2012). The study of sonochemical degradation of
potassium iodine at 291 kHz frequency reported that as the liquid height/volume
was increased, calorimetric power and energy conversion efficiency increase with
power input up to 400 W/L (Lim et al. 2014).

3.3 Dual-Frequency Operation of 1 MHz and 500 kHz

Combination of frequencies enhanced interaction between bubble sound field and
bubble-bubble interactions, and these interactions result in more bubble fragmenta-
tion due to the waves induced on bubble by surrounding bubbles. Lower- and
higher-frequency combination can produce new nuclei or increase the number of
nuclei production due to combined effects of two frequencies. Dual-frequency sound
field formed the wider range of cavitation bubble radii compared to single-frequency
operation. Significant effects of dual-frequency operation give more efficient mass
transfer effects than individual irradiation which results in enhanced cavitational
yield or hydroxyl radical formation. Synergic of frequencies may result in possible
increased cavitational yield and saving in terms of energy and time (Wang et al.
2006; Tiong et al. 2017; Rahimi et al. 2014). Results for released of fluoride ion
concentration for dual-frequency operations of 1 MHz and 500 kHz are shown in
Fig. 3. It has been observed that the released concentration of fluoride ion after
210 min for degradation was 254.7 � 18.2 μM. Similar trend observed moles of
removal of TOC and corrected concentration of sulfate released. Moles of TOC
removal were 36.8 � 2.3 μM, and corrected concentration of sulfate released was
44.0 � 1.3 μM. Synergic combination of frequency of operation showed higher
released of concentration of fluoride ion than single effect of 1 MHz and 500 kHz of
operation.

Degradation studies have shown that 1 MHz frequency operation shows the
higher released/removal rate compared to 500 kHz operation; it will be interesting
to check the results of synergic effects of combination of two frequencies. Results
show that synergic combination did not show additive effect on the rate of removal
of pollutants. Study on degradation of pentachlorophenol reported that pseudo-first-
order kinetic rate constants were 1.74, 12.69, and 32.93 min�1 for frequency of
20, 500 kHz, and combination of 20 and 500 kHz frequencies, respectively and
synergistic coefficient was 2.282 (Wang et al. 2006). A study of combined effects
multiple frequencies (20, 40 and 70 kHz) arranged in hexagonal geometeries
observed that uniform temperature distribution/increment for single, and multiple
frequencies. Another study on degradation of rhodamine B observed that
sonochemiluminescence effects was not uniform in reactor, certain area in reactor
has hot spot. Combination of dual and triple frequencies reduced the production of
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hydroxyl radicals due to the wave-cancelling effect (Tiong et al. 2017). Study on
degradation of perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid
(PFOA) reported that degradation kinetic increased with power density and combi-
nation of dual frequencies of 20 and 202 kHz (power density 250 W L�1); 12% and
23% enhancement in degradation rate was observed for PFOS and PFOA, respec-
tively (Rahimi et al. 2014). Removal efficiency of ammonia from aqueous solution
reduced by 10% for dual frequency of 1.7 MHz and 24 kHz compared to individual
effects of frequency (Rahimi et al. 2014).

Synergic combination of 1 MHz and 500 kHz shows the lower efficiency for
removal of pollutants compared to individual effect of frequency 1 MHz frequency
and shows the better efficiency of removal of pollutant compared to 500 kHz
(Table 2). Dual-frequency, 1 MHz and 500 kHz, operation operates on different
power inputs, so results should be analyzed based on cavitational yield (moles of
pollutant removed/amount of energy utilized). Results of cavitational yield (sum of
total moles of fluoride ion released, corrected sulfate ion release, and moles of TOC
removed) observed that cavitational yield for 500 kHz was maximum, least for
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Fig. 3 Effect of dual frequency of 1 MHz and 500 kHz frequency on concentration of fluoride ion
released from degradation of PFOS at a distance 1:1.5 cm away from transducer surface; pH of
solution, 4; initial concentration of PFOS, 2.6 mM

Table 2 Summary of results

Parameter

Frequency of operation

500 kHz 1 MHz Dual frequency

Fluoride, μM 254.2 � 3.6 506.3 � 21.1 254.7 � 18.2

Sulfate, μM 7.6 � 0.5 8.1 � 0.9 4.3 � 0.02

% TOC removal 19.5 � 0.2 24.1 � 0.9 18.6 � 0.4

TOC removal, μM 38.6 � 0.9 48.0 � 3.4 36.8 � 2.3
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dual-frequency operation and 1 MHz frequency of operation. Cavitational yield was
30.8 � 0.9 � 10�3, 17.3 � 1.6 � 10�3, 11.2 � 0.08 � 10�3 μM/kJ for 500 kHz,
1 MHz, and dual frequencies of 500 kHz and 1MHz frequencies. Higher cavitational
yield confirms that 500 kHz frequency operation may be useful for treatment of
PFOS. Dual frequency of operation may not be found suitable for treatment of PFOS
in terms of liberation of fluoride ions and cavitational yield (Gogate et al. 2002;
Kobayashi et al. 2011). This may be due to the wave cancellation effects of dual-
frequency operation (Asakura et al. 2008; Kumar et al. 2007). Combination of
different frequencies results in lower cavitational activities.

3.4 Bioremediation Aspects of PFOS

Bioremediation of perfluorochemicals including perfluorinated acids such
perfluorinated carboxyl acid (PFCAs) and perfluorinated sulfonate (PFASs) is of
great concern, and these are highly persistent compounds (Li et al. 2019). Many
global studies confirm the persistency of these compounds for several decades in
earth crust which contaminated the groundwater. Understanding bioaccumulation
pathways of long-chain PFCs of carboxyl or sulfonate chains is difficult due to
differences between partition behaviors of PFCs (Jian et al. 2017; Kwon et al. 2014).
In order to understand the partition behavior of these compounds, environmental
protection agencies (EPA) and several environmental protection agencies suggested
the following guidelines (Conder et al. 2008):

(a) Bioconcentration and bioremediation of PFCs depend on chain length of
carbon-fluorine or fluorinated carbon chain.

(b) Carboxyl acid tale length compounds are more bioaccumulative compared to
sulfonate tale length compounds.

(c) Carboxyl acid tale length compounds with fluorinated carbon chain length less
than 7 can be considered as less bioaccumulative or more potential of
bioremediation.

Based on regulatory criteria, it can be considered as fluorinated compounds with
chain length less than 7 are bioaccumulative. We did the ultra-high liquid chroma-
tography analysis of sample treated at 1 MHz frequency for 210 min duration (at this
condition high liberation of fluoride ion was observed) and detected the concentra-
tion of 16 fluorinated compounds such as PFHxA, PFHpA, PFOA, PFNA, PFDA,
PFUnDA, PFDoDA, PFBS, PFPeS, PFHxS, PFHpS, PFOS, PFNS, PFDS, 6:2 FTS,
and 8:2 FTS from degradation of PFOS, and results have been shown in Table 3.
Concentration of PFSA is grouped into the following five categories based on the
chained length of compounds (base on regulatory guidelines discussed above):

(a) PFCA � 6: fluorinated compounds with carbon-fluoride chain length less than
or equal to 6 and PFHxA and PFHpA compounds with carboxylic tail were
detected.
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(b) PFCA > 6: fluorinated compounds with carbon-fluoride chain length greater
than 6 and PFOA, PFNA, PFDA, PFUnDA, and PFDoDA compounds with
carboxylic tail were detected.

(c) PFSA� 6: fluorinated compounds with carbon-fluoride chain length less than or
equal to 6 and PFBS, PFPeS PFHxS, and PFHpS compounds with sulfonated
tail were detected.

(d) PFSA > 6: fluorinated compounds with carbon-fluoride chain length greater
than 6 and PFOS, PFNS, and PFDS compounds with sulfonated tail were
detected.

(e) FTS: 6:2 marginal concentration of fluorotelomer thioether amino sulfonate and
8:2 fluorotelomer thioether amino sulfonate were detected.

The results confirm that maximum concentration of PFCA � 6, followed by the
concentration of PFSA � 6. Initial concentration of PFCA > 6 and PFSA > 6 was
converted into the smaller-chain compounds of PFCA � 6 and PFSA � 6. Half-life
of smaller-chain compounds is mintues to few hours compare to long-chain
compounds in year or centuries. Thus, it confirms that bioremediation of PFOS
increased after sonochemical treatment. Temperature and pressure effects of
cavitational activities are useful to break down the long-chain compound to
smaller-chain compounds. Bond energy of –C–F– and C–C– are –C–H– 485, 346,
and 413 kJ/mol (Rodriguez-Freire et al. 2015, 2016). More amount of energy is
required for breaking –C–F bond compared to other bond. Most of –C–F compounds
are hydrophobic nature and easily saturated on cavitating bubble. At collapsing stage
temperature inside bubble is 5000–6000 K, whereas at bubble-liquid interface
1200–1500 K (Rahimi et al. 2014; Gogate et al. 2002; Kobayashi et al. 2011;
Asakura et al. 2008; Kumar et al. 2007). Temperature at bubble is sufficient for
breaking the –C–F bond and useful for converting the longer chain C–F to smaller-
chain compounds.

Table 3 Concentration of PFC from sonochemical degradation PFOS at MHz frequency for
210-min treatment

Group PFC Concentration (%)

PFCA � 6 PFHxA and PFHpA 77.5

PFCA > 6 PFOA, PFNA, PFDA, PFUnDA, PFDoDA 6.6

PFSA � 6 PFBS, PFPeS, PFHxS, and PFHpS 10.2

PFSA > 6 PFOS, PFNS, and PFDS 5.2

FTS 6:2FTS, and 8:2FTS1 M 0.5
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4 Concluding Remarks

Present investigation confirms that the degradation efficiency of PFCs using
sonochemical reactor is highly dependent on the frequency of operation. Removal
efficiency of PFCs increased with increasing the frequency of operation. Dual
frequency has shown increasing removal efficiency, but synergic effects were
much lesser than the algebraic sum of effects of individual frequency. Megasonic
frequencies have shown more uniformity of cavitational activity, due to uniform
acoustic wave distribution at megasonic frequencies. Present work has given useful
insights on degradation of PFCs at megasonic scale which will be highly useful for
development of megasonic scale of operation. Work has given the useful insights on
the bioremediation of PFCs; sonochemical-treated aqueous solution of PFOS was
broken down to smaller-chain compound which has higher biodegradability com-
pared to long-chain PFCs such as PFOS. Time required for bioremediation is
reduced from years to hours.

Nomenclatures

6:2 FTS 6:2 Fluorotelomer thioether amino sulfonate
8:2 FTS 8:2 Fluorotelomer thioether amino sulfonate
AFFF Aqueous film forming foams
PFBS Perfluorobutanesulfonic acid
PFCA Perfluorocarboxylic acid
PFCs Perfluorochemicals
PFDA Perfluorooctanoic acid
PFDoDA Perfluorodecanoic acid
PFDS Perfluorodecane sulfonate
PFHpA Perfluoroheptanoic acid
PFHpS Perfluoroheptane sulfonate
PFHxA Perfluorohexanoic acid
PFHxS Perfluorohexane sulfonate
PFNA Perfluorononanoic acid
PFNS Perfluorononane sulfonate
PFOA Perfluorooctanoic acid
PFOS Perfluorooctane sulfonate
PFPeS Perfluoropentane sulfonate
PFSA Perfluorosulfonic acid
PFUnDA Perfluoroundecanoic acid
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Macrophyte Importance in Contaminant
Treatment and Biomonitoring

H. R. Hadad, M. A. Maine, M. M. Mufarrege, G. A. Di Luca,
G. C. Sanchez, and E. Nocetti

Abstract

Constructed wetlands are systems based on nature, in which macrophytes are the
main biological community. According to the diversity of wastewaters that these
systems can treat, its use has expanded all over the world. Treatment wetlands are
successfully used in the removal of emerging contaminants. However, the knowl-
edge of the removal mechanisms is still scarce. The use of macrophytes as
biomonitors should be considered as a useful tool for the management of aquatic
systems contaminated by different sources. In macrophyte ecotoxicological stud-
ies, not only the measurement of antioxidant enzymes but also other basic
biological parameters, such as changes in different biomass compartments and
the internal morphology, should be considered. This chapter discusses the impor-
tance of macrophytes in wetlands constructed for the treatment of different
effluents, their use as biomonitors in natural wetlands that receive urban
pollutants, and some ecotoxicological aspects applied to phytoremediation.
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1 Introduction

Macrophytes present a high diversity explained by different life forms and morpho-
logical and physiological characteristics. They have evolutionary adaptations that
allow them to grow in strictly aquatic environments, in aquatic/terrestrial transition
environments, and even in terrestrial environments in periods of low waters (Hadad
and Mufarrege 2017).

As a key biological community in natural wetlands, macrophytes produce the
highest biomass influencing the system dynamics (Esteves 1988). Similarly, in
wetlands constructed for wastewater treatment, the macrophytes are essential
components because they accumulate contaminants in their tissues, influence the
sediment biogeochemistry, and enhance chemical and biochemical reactions in the
root zone improving the contaminant removal (Jenssen et al. 1993). In general, they
show fast growth and high tolerance when exposed to different pollutants. The
treatment of sewage, agricultural and urban runoff wastewaters using constructed
wetlands, has the advantage that nutrients are the main contaminants being
assimilated by plants in high proportions. In the case of the treatment of metallurgi-
cal effluents, metals affect the biological plant responses to the environmental
conditions of the system (Hadad et al. 2010; Maine et al. 2013).

Having into account the diversity of wastewaters that constructed wetlands can
treat, its use has expanded all over the world (Avila et al. 2017; Kadlec and Wallace
2009; Maine et al. 2017, 2019; Nivala et al. 2019; Zhang et al. 2020). Because
treatment wetlands are subjected to plant biological cycles and environmental
changes, they are dynamic systems that should be monitored for a long time during
the treatment. Besides, plant role should be studied deeper. More studies focused on
the plant tolerance to different contaminants and new emerging contaminants and the
search for species that are not commonly used in treatment wetlands should be
carried out.

The analysis of the plant functions and their responses in wetland systems are
necessary to improve phytoremediation techniques (Fig. 1). This chapter discusses
the importance of macrophytes in wetlands constructed for the treatment of different
effluents, their use as biomonitors in natural wetlands that receive pollutants, and
some ecotoxicological aspects applied to phytoremediation.

2 Constructed Wetlands for Effluent Treatment

Constructed wetlands are wastewater treatment systems based on nature, in which
macrophytes are the main biological community. These systems try to reproduce
what happens in natural ecosystems, but under controlled conditions to optimize
contaminant removal processes. Microorganisms and substrate are involved, in
addition to the macrophytes. These interactions are key mechanisms to understand
wetland functioning (Ahmed et al. 2017). The selection of the wetland type, the
macrophytes, and substrates to be used for the treatment of a specific effluent should
be the result of previous studies conducted carefully.
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The different life forms of aquatic plants acquire great importance with respect to
their functions in treatment wetlands. In a natural wetland, a sequence of life forms
can be found along a gradient that extends from the coast to the deepest zones. In
treatment wetlands, this gradient is attempted to be represented by planting the
different types of macrophytes in the areas corresponding to their form of growth.
For example, at the edges of a free-surface flow wetland, it would be convenient to
plant emergent species, while in the deeper central areas, free-floating species would
develop. In order to achieve a higher cover of emergent plants, a strategy to be
applied could be the decrease of water depth by the construction of mounds of land
(Maine et al. 2009).

On the other hand, since in subsurface flow wetlands emergent species are always
used, plants should be capable to grow in the substrate used. Examples of emergent
macrophytes commonly used in treatment wetlands are Typha spp., Arundo donax,
and Phragmites australis (Kadlec and Wallace 2009). The different macrophytes
that inhabit a region can be used in constructed wetlands since they have the
advantage of being adapted to the climate and the prevailing water and edaphic
conditions. However, not all species have the same efficiency in the removal of
contaminants. The plant species used in the treatment will imply differences in
removal efficiency (Brisson 2013; Gersberg et al. 1986). It is necessary to find
local plant species that have the ability to survive the potentially toxic effects of
the effluent to be treated and its variability. During a sanitary effluent treatment
where the contaminants to be treated are nutrients, plant growth is assured. However,
during the treatment of industrial effluents, the plants not only should achieve a good
efficiency in the removal of pollutants but also survive the physical and chemical
matrix of the effluent (Hadad et al. 2006; Maine et al. 2009, 2013).

Fig. 1 Macrophyte importance in phytoremediation techniques
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Besides, the basis of wastewater treatment using constructed wetlands is the
cooperative growth of plants and microorganisms. It has been thought that most of
the responsibility for biodegradation is carried out by microorganisms that live on
the plant roots. Once these microorganisms are established in the roots, they generate
a symbiotic relationship with the macrophytes. This relationship has a synergistic
effect that results in an increase in the rate of degradation and removal of pollutants
in the root zone.

For the treatment of effluents containing metals, it is important to highlight that
constructed wetlands are final treatments (secondary or tertiary treatments). There-
fore, the metal concentrations in the effluents are relatively low. Commonly, free-
water surface wetlands are used to treat effluents containing metals. In Argentina,
our research group has gained experience during the last decades studying free-water
surface wetlands for the treatment of effluents from different metallurgical industries
(Hadad et al. 2006, 2018; Maine et al. 2006, 2007, 2009, 2013, 2017, 2019). All the
studied parameters in the effluent decreased their variabilities and mean values after
the treatment. Metal removal efficiencies were high, and therefore, metal water
concentrations were found under the Argentinian law limits for discharge. Due to
the chemical composition of the effluent (high pH, alkalinity, Fe, Ca, and ionic
concentrations), metals were mainly accumulated in the sediment of the inlet zone
and in the roots of the macrophytes (Hadad et al. 2006; Maine et al. 2009, 2017). Di
Luca et al. (2011) proposed that if the effluent chemical composition and the
environmental conditions of the system are maintained, metals will remain bound
to sediment and will not release into the water column. During the long-term study in
one of the treatment wetlands, changes in vegetation dominance were observed
(Maine et al. 2009). Several macrophytes were transplanted to this wetland initially.
Brisson (2013) proposed that a high diversity of plants has advantages, such as a
higher efficiency in contaminant removal, disturbance resilience, better habitat, etc.
Eicchornia crassipes was the dominant species for 2 years. But then, Typha
domingensis became the dominant species for the last 15 years (Maine et al.
2017). High pH and salinity but not metal concentrations were the cause of disap-
pearance of E. crassipes (Hadad et al. 2006). We could see that plant diversity is not
easy to maintain for a long time due to the fact that one plant species becomes
dominant. pH and salinity are key factors for plant tolerance.

The changes in the dominant plant species determined different contaminant
retention mechanisms. Table 1 shows a mass balance of the studied contaminants.
During the dominance of E. crassipes, metals and P were mainly accumulated in the

Table 1 Contaminant accumulation (%) in plants and sediment during three different stages of
macrophyte dominance in a constructed wetland for the treatment of a metallurgical effluent
(extracted from Maine et al. 2017)

Dominant
species

Cr Ni Zn TP

Sediment Tissues Sediment Tissues Sediment Tissues Sediment Tissues

E. crassipes 11 89 7 93 5 95 2 98

T. domingensis 73 27 87 13 71 29 62 38
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plant tissues. Therefore, the plant harvest could remove the metals and P from the
system. Contrarily, during the dominance period of the emergent T. domingensis,
metals were accumulated and phytostabilized in the sediment within the wetland
(Hadad et al. 2018).

During the long-term studies, a remarkable fact was that the free-water flow
wetlands suffered accidental metal dumps or animal depredation. Since the macro-
phyte T. domingensis showed to be resilient after these events, the systems were
capable of recovering their performance, demonstrating its robustness (Maine et al.
2013, 2017).

Among recent works, Xu et al. (2019) who studied a free-water surface wetland
which is constructed to remove Cu and Zn from storm runoff water in the Savannah
River Site (USA) can be mentioned. Metal removals were 64 and 71% for Cu and
Zn, respectively, being their concentrations under the legal limits. Zhang et al.
(2020) compared the efficiency of three different substrates in hybrid treatment
wetlands planted with Canna indica. These wetlands were constructed for the
treatment of mixed domestic-industrial effluents discharged into peri-urban water
bodies. The wetland systems were satisfactorily efficient in the removal of Pb, Cd,
Cu, and Zn, reaching values higher than 85% during the first 24 h of the treatment.
The most efficient substrates were gravel and lava rock.

Constructed wetlands can be used for the treatment of different wastewaters, such
as municipal, sewage, and domestic effluents. In these cases, macrophyte growth is
favored because the wastewaters to be treated contain nutrients in large proportions.
García-Ávila et al. (2019) compared the efficiency of two vertical flow wetlands
planted with different macrophytes. The wetlands receive municipal wastewater
with primary treatment and were planted with Cyperus papyrus and Phragmites
australis. The wetlands planted with the first one showed significantly higher
removals of biochemical oxygen demand (81%), chemical oxygen demand (70%),
ammoniacal nitrogen (70%), total phosphorus (50%), total coliforms (98%), and
fecal coliforms (96%). Contrarily, the wetland planted with P. australis showed
significantly higher retention of solids. Nivala et al. (2019) compared the removal
efficiency of 15 subsurface flow pilot-scale wetlands with different designs. The
wetlands were used to treat domestic wastewaters and were planted with P. australis.
The macrophyte importance on the removal efficiencies was also assessed by using
wetlands without plants. There were observed differences among the different
wetland designs for the removal efficiencies of the parameter measured. Therefore,
it was concluded that design complexity enhanced treatment efficiency. The pres-
ence of macrophytes enhanced the contaminant removals in the wetlands.

Landfill leachate treatment is one of the most difficult environmental problems
due to its great variability in its composition and in the expected volume that depends
on the age of the landfill, the climatic conditions, and the degradation rate of solid
wastes. High concentrations of ammonia, recalcitrant COD, and the presence of
metals in low concentrations are the main characteristics of leachate
(Wojciechowska et al. 2016). Ammonium concentration found in landfill leachate
is 0.01–1900 mg L�1 NH4

+-N (Kadlec and Wallace 2009). Clarke and Baldwin
(2002) proposed that the toxic ammonium concentration for plants is above
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200 mg L�1 N. Natural wetlands were often the landfill leachate fate because they
were located on land adjacent to them. It was observed that the chemical quality of
the leachate improved after crossing them (Higgins and Lugowski 1996; La Forge
1997). Based on these results, the use of constructed wetlands for the treatment of
this type of wastewater began to develop (Kadlec and Wallace 2009). Vertical flow
wetlands have proven effective and are the most commonly used for the treatment of
leachate (Kadlec and Zmarthie 2010; Stefanakis et al. 2014). Yalcuk and Ugurlu
(2009) compared vertical flow and horizontal flow wetlands for the treatment of
landfill leachate and obtained better ammonium removals in the first one. A et al.
(2017) studied at laboratory scale a vertical flow wetland for the treatment of
synthetic leachate and found ammonium removals of 44–73% in systems planted
with Juncus effusus and 46–76% in systems planted with P. australis. Lavrova
(2016) studied the treatment efficiency of leachate through two laboratory-scale
vertical flow wetlands with and without additional carbon source. The significant
removal efficiency of chemical and biochemical oxygen demand was achieved: 95%
and 96%, respectively. Camaño Silvestrini et al. (2019) compared the system
performance of wetlands constructed for the treatment of landfill leachate at
mesocosms scale using the species T. domingensis and C. indica. There were no
observed differences for COD, ammonia, nitrate, and TN removals between the
systems planted with the two macrophytes. Although both species were tolerant to
the wastewater studied, T. domingensis presented a significantly higher growth rate
in comparison with C. indica.

3 Constructed Wetlands for the Treatment of Emerging
Contaminants

Emerging contaminants are a current concern related to the quality of water bodies.
Among others, these contaminants can be organic compounds such as
agrochemicals, medicines, antibiotics, hormones, drugs, and personal care products
(Galindo-Miranda et al. 2019). Emerging contaminants are commonly found at trace
concentrations in waters, ranging in a scale magnitude from ng L�1 to μg L�1 (Luo
et al. 2014). From an ecological point of view, wildlife and flora are in potential risk
due to emerging contaminants that could negatively affect their metabolism and
behavior. Treatment wetlands have demonstrated high efficiency in reducing not
only common contaminants, such as nitrogen, phosphorus, and metals, but also
emerging pollutants (Avila et al. 2017; Carvalho et al. 2014; Chaves-Barquero et al.
2018; Chen et al. 2016, 2019; Pei et al. 2019; Vymazal 2005; Yi et al. 2017).
However, the knowledge of the removal mechanisms of emerging contaminants in
treatment wetlands is still scarce. As it occurs in different types of treatment wetlands
during the treatment of different wastewaters, operation and design factors, such as
the types of wetlands, substrates, plant species, hydraulic retention time, hydraulic
loading, solar irradiation, and temperature, could affect the performance of the
treatment. Further studies should be carried out in order to gain knowledge to
optimize the efficiency and operation of the treatment wetlands.
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During the last years, the study of the treatment of emerging contaminants has
increased significantly. Avila et al. (2015) studied a hybrid wetland system
constructed for the treatment of wastewater and reuse in small communities. The
hybrid system was composed of a vertical flow, a horizontal flow, and a free-water
surface flow wetland. These authors reported a removal of above 80% of endocrine-
disrupting compounds and pharmaceuticals and personal care products, which was
explained by photodegradation, biodegradation, sorption, volatilization, and hydro-
lysis. The treatment wetland operation should be taken into account to obtain high
removal efficiencies. Regarding hydraulic and carbon loading rates, Sharif et al.
(2014) concluded that to obtain a high contaminant removal, the carbon loading rates
should be changed without increasing the cumulative hydraulic loading rates.
Matamoros et al. (2008) studied a free-water flow wetland for the removal of
pharmaceuticals and personal care products, obtaining a removal of 90% when
increasing the hydraulic retention time. A hybrid constructed wetland system was
studied by Avila et al. (2014) to compare the removals of emerging contaminants
using different hydraulic loading rates. These authors concluded that the full-scale
system was adequately efficient for the removal of the emerging contaminants from
the wastewater at high hydraulic loading rates.

Arginine is widely used as a dietary supplement. Its removal in treatment
wetlands is affected by retention time and hydraulic load (Miller et al. 2015).
Besides, Decamp and Warren (2000) reported that, in comparison with free-water
surface wetlands, subsurface flow wetlands are more efficient in the inactivation and
elimination of arginines. Chen et al. (2016) compared six different flow wetlands and
obtained a significantly higher arginine removal (64–84%) in wetlands with subsur-
face flow in comparison with free-water flow wetlands. Previous works reported that
zeolite is an efficient substrate to be used in vertical flow wetlands for the treatment
of wastewaters containing arginines (Liu et al. 2013). Treatment wetlands have
shown removal efficiencies near to 100% of the analgesics ibuprofen, diclofenac,
and naproxen. For these compounds, free-water surface wetlands have demonstrated
to be the most effective (Matamoros et al. 2008). Li et al. (2014) reported that studies
focused on the use of constructed wetlands for the treatment of emerging
contaminants are carried out only at microcosms or mesocosms-scales. Also, these
authors suggested that different types of treatments, such as tidal flow and dewatered
alum-sludge-based wetlands, could be suitable for the treatment of pharmaceuticals.
Further studies are necessary because new emerging pollutants are being determined
in different wastewaters.

Plants used in constructed wetlands for the treatment of wastewaters containing
emerging contaminants affect different environmental variables, favoring indirectly
the contaminant removal. For example, macrophytes provide substrate areas for the
development of microorganisms (Fang et al. 2017) and oxygenate the
microorganisms that are present in the system, which will carry out the arginine
removal (Huang et al. 2015). In comparison with other macrophytes, Phragmites
spp. are widely used in treatment wetlands due to enhanced reduction of arginines
and 16sRNA (Yi et al. 2017). Chen et al. (2016) proposed that macrophytes such as
Pontederia cordata, Myriophyllum verticillatum, and Cyperus alternifolius are
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capable to enhance the arginine removal from wastewaters. Rühmland et al. (2015)
studied a subsurface flow wetland and a pond with floating macrophytes for the
treatment of 18 different pharmaceuticals and 11 different human metabolites.
Despite the diversity of the treated compounds, these authors reported good perfor-
mance of both studied systems. Christofilopoulos et al. (2019) studied the removal of
bisphenol A and the antibiotics ciprofloxacin and sulfamethoxazole in a treatment
wetland planted with the macrophyte Juncus acutus. At the end of the study, the
system showed a removal efficiency of 76 and 94% for bisphenol A and ciprofloxa-
cin, respectively, while sulfamethoxazole was not efficiently removed from the
wastewater. De la Paz et al. (2019) compared systems planted with P. australis
with systems without plants constructed for the removal of benzotriazole, sulfameth-
oxazole, carbamazepine, bisphenol A, and diclofenac. In comparison with the
unvegetated systems, the vegetated wetlands showed removals 200% higher.
These authors concluded that the higher efficiency of systems with plants was due
to root exudates which are released that enhances the metabolism of
microorganisms.

4 Contaminant Biomonitoring Using Macrophytes
in Natural Wetlands

Natural wetlands receive different sources of pollution, such as industrial effluents,
sewage, urban, and road runoff waters (Rodak et al. 2019), among others. The
wastewaters that reach the wetlands may contain contaminants of different types,
such as metals, organic matter, nutrients, and emerging contaminants. Wetland
biomonitoring is an effective tool for contamination assessment (Zhou et al. 2008).
Macrophytes are efficient contaminant accumulators being tolerant to the different
contaminants; whereby, they are used as efficient contaminant biomonitors
(Bonanno et al. 2017; Cardwell et al. 2002). The contaminant accumulation in
plant tissues of different macrophytes was studied in wetlands of different parts of
the world (Alonso et al. 2018; Batzias and Siontorou 2008; Costa et al. 2018;
Bertrand et al. 2019; Farias et al. 2018; Mechora et al. 2014; Wach et al. 2019;
Wang et al. 2014; Zhou et al. 2008). The knowledge acquired is key to be applied in
the management of contaminated wetlands and in phytoremediation techniques
(Bonanno et al. 2017; Hadad et al. 2018).

Alonso et al. (2018) studied peri-urban wetlands located in the Middle Paraná
River floodplain (Argentina). In that work, nutrients and metals in tissues of
T. domingensis, E. crassipes, Alternanthera philoxeroides, and Pistia stratiotes
were measured. The roots of A. philoxeroides showed the highest phosphorus
concentrations in the tissues (Table 2). Also, the tissues of this macrophyte showed
higher metal concentrations than that of measured in sediment. Therefore, these
authors proposed this scarcely studied macrophyte as an efficient metal
hyperaccumulator. These authors also studied root anatomical parameters, conclud-
ing that of T. domingensis and E. crassipes roots which were sensitive to nitrate and
ammonium concentrations in water. Having into account the contaminant plant
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tolerance, Alonso et al. (2018) proposed that macrophytes from the Middle Paraná
River floodplain are efficient biomonitors.

Baldantoni et al. (2018) carried out the biomonitoring of the Sarno River (Italy)
using the macrophytes Apium nodiflorum and Potamogeton pectinatus. As a result of
the measured contaminants in tissues, these authors concluded that this river has a
severe pollution degree caused by Cd, Cr, Pb, and V, followed by Cu, Fe, Mn, Na,
Ni, and Zn originated from agricultural and urban activities. Some plant taxonomical
groups are scarcely studied. This is the case of aquatic bryophytes. Favas et al.
(2018) studied the accumulation of 46 elements in tissues of Fontinalis squamosa,
Brachythecium rivulare, Platyhypnidium riparioides, and Thamnobryum
alopecurum in Góis mine region (Central Portugal). These mosses were efficient
biomonitors due to high contaminant concentrations in their tissues. However, due to
their low biomass, they are not efficient bioaccumulators to be considered in
phytoremediation techniques. Farias et al. (2018) measured the concentrations of
As, Cd, Cu, Pb, Se, and Zn in 12 macrophyte species from the Derwent estuary
(Australia). Due to the different species that showed different metal concentrations in
tissues, these authors concluded that the biomonitoring of multiple macrophyte
species is needed to understand the metal pollution of the wide estuary. Similar
work was carried out by Bonanno et al. (2017) in different wetlands from Sicily
(Italy). These authors measured the concentrations of As, Cd, Cr, Cu, Hg, Mn, Ni,
Pb, and Zn in the seagrasses Posidonia oceanica and Cymodocea nodosa and in the
wetland plants P. australis, Arundo donax, T. domingensis, A. nodiflorum, and

Table 2 TP and metal concentrations (mg g�1 d.w.) in tissues of plants monitored at peri-urban
wetlands and a control wetland

Plant species

Leaves Roots Leaves Roots Leaves Roots

TP Cr Cu

T. domingensis
(Rincón)

2.05–
2.78

1.15–4.36 ND (0.002) ND (0.002)–
0.008

ND
(0.002)

0.036–0.072

E. crassipes
(Arroyo Leyes)

1.14–
1.79

3.15–3.93 ND (0.002) ND (0.002)–
0.003

ND
(0.002)

ND (0.002)–
0.046

A. philoxeroides
(Cayastá)

4.41–
5.45

3.09–3.94 ND (0.002) ND (0.002) ND
(0.002)

0.05

P. stratiotes
(RECU)

1.01–
1.31

0.923–2.27 ND (0.002) ND (0.002)–
0.005

ND
(0.002)

0.028–0.031

Ni Pb Zn

T. domingensis
(Rincón)

ND
(0.002)

ND (0.002)–
0.008

ND (0.002) 0.029–0.089 ND
(0.003)

0.056–0.209

E. crassipes
(Arroyo Leyes)

ND
(0.002)

ND (0.002)–
0.004

ND (0.002) 0.029–0.107 ND
(0.003)

0.029–0.059

A. philoxeroides
(Cayastá)

ND
(0.002)

ND (0.002) ND (0.002) 0.05 ND
(0.003)

0.133

P. stratiotes
(RECU)

ND
(0.002)

ND (0.002)–
0.001

ND (0.002) 0.031–0.032 ND
(0.003)

0.043–0.094

ND ¼ not detected, values in parentheses are the detection limits of the method (extracted from
Alonso et al. 2018)
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Nasturtium officinale. Their results demonstrated that metal biomonitoring was
species-specific, and it was not dependent on the type of environment and the
plant life forms. Therefore, each plant species responses are different faced with
metal exposure in the different water bodies.

Based on the above, the use of macrophytes as biomonitors should be considered
as a useful tool for the management of aquatic systems contaminated by different
sources and in the design and operation of treatment wetlands.

5 Ecotoxicology Applied to Phytoremediation

Commonly, the changes in different antioxidant enzymes involved in the protection
against metal stress are evaluated to assess the macrophyte tolerance to metal
exposure. Among the works focused on free-floating macrophytes, it can be men-
tioned the study of the enzymatic detoxification strategies of E. crassipes when it
was exposed to different water concentrations of Ni (González et al. 2015) and Zn
(González et al. 2018). During the first hours of the Ni exposure, a significant
increase of the photosynthetic pigment concentrations was observed indicating the
continuity of the metabolic functions. Malondialdehyde (MDA) concentration in
leaves increased significantly with a simultaneous increase of the antioxidant
enzyme activities demonstrating a compensatory protective mechanism. In the Zn
exposure, Chl-b and carotenoid concentrations increase at the end of the study. MDA
in plant tissues did not change during the study; however, a significant increase in the
enzymatic activity of the antioxidant system was observed. The results reported by
Gonzalez et al. (2015, 2018) indicate that E. crassipes is tolerant to Ni and Zn
exposure increasing the activity of its antioxidant system against metal stress. The
physiological effects of Cu on P. pectinatus were studied by Brandão Costa et al.
(2018). After an exposure of 96 h, chlorophyll and carotenoid concentrations
decreased, affecting the photosystem II and causing photosynthesis inhibition.
According to the sensitivity to Cu, these authors propose that this macrophyte can
be a suitable species for monitoring water bodies contaminated with this metal.
Cosio and Renault (2020) compared the physiological effects of methyl-Hg, inor-
ganic Hg, and Cd on the submerged species Elodea nuttallii. The exposure to these
contaminants did not affect photosynthetic mechanisms nor antioxidant enzymes.
These authors reported that the exposure to methyl-Hg affects aminoacyl-tRNA
biosynthesis, glycine, serine and threonine metabolism, nitrogen metabolism, argi-
nine and proline metabolism, and cyanoamino acid metabolism. The Cd exposure
produced changes in aminoacyl-tRNA biosynthesis and branched-chain amino acid
pathways. Contrarily, inorganic Hg did not show metabolic effects. Cosio and
Renault (2020) stated that their work was the first one that applied metabolomics
in E. nuttallii concluding that these data complement the knowledge gained by
transcriptomics and proteomics.

Vidal Ribeiro et al. (2019) studied the toxicity of hexazinone, an herbicide
commonly applied in sugarcane production, on the free-floating macrophytes
P. stratiotes and E. crassipes. These authors concluded that concentrations of
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111 and 333 μg L�1 were toxic to the studied species, having into account the
changes in biomass and foliar morphological parameters (adaxial and abaxial epi-
dermis, palisade parenchyma, aerenchyma, and leaf blade). The toxic effects of
toluene, ethylbenzene, and xylene on the submerged macrophyte Hydrilla
verticillata were studied by Yan and Zhou (2011). After the exposure at different
concentrations of these organic compounds, chlorophyll concentration, lipid peroxi-
dation, and antioxidant enzymes showed changes. Using linear regression analyses,
the changes observed indicated that the contaminant concentrations expected to
protect the studied macrophyte were 7.30, 1.15, and 2.36 mg L�1, for toluene,
ethylbenzene, and xylene, respectively.

Parameters such as foliar injury, chlorophyll concentrations, and biomass
changes can indicate the toxic effects of metal exposure on macrophytes. Besides,
root morphological plasticity is an important mechanism to regulate the contaminant
uptake and to enhance the plant tolerance (Hadad et al. 2007; Kapitonova 2002;
Kolotov et al. 2003; Mufarrege et al. 2018; Zhou et al. 2008). The Cr, Ni, and Zn
toxic effects on the productivity and root morphology of the free-floating macro-
phyte E. crassipes were studied by Hadad et al. (2011). This species was exposed to
1 mg L�1 of each contaminant. Biomass did not decrease in any treatment; however,
the three studied metals produced a decrease in the leaf chlorophyll concentrations.
Figure 2 shows that the cross-sectional area of roots (CSA) and the number of
metaxylematic vessels increased, while the root length decreased during the Zn
exposure.

Without a doubt, Typha spp. are one of the most studied wetland plants, being
also one of the most used macrophytes in treatment wetlands all over the world.
Hadad et al. (2010) studied the tolerance and the root morphology of T. domingensis
in a constructed wetland for the treatment of a metallurgical effluent. In the inlet zone
of the constructed wetland, plant height, dry biomass, the cross-sectional area of the
roots and stele, and the number of metaxylematic vessels were significantly higher
than the measured in the outlet zone and in a natural control wetland. However, the
chlorophyll concentration measured in the plants from the inlet zone was signifi-
cantly lower than the obtained in the plants from the outlet and control wetland
(Fig. 3). The morphological root modifications observed in the plants sampled from
the inlet zone enhanced the contaminant tissue accumulation demonstrating the
adaptability of the studied species to the environmental wetland conditions.

In wetlands studied at mesocosms scale, Mufarrege et al. (2014) exposed
T. domingensis plants to a metal-combined solution constituted by 100 mg Cr
L�1 + 100 mg Ni L�1 + 100 mg Zn L�1. The studied metals caused a decrease in
chlorophyll concentration and growth inhibition. Regarding the root anatomical
parameters, they were significantly lower in comparison with the obtained in the
control wetlands. These authors concluded that T. domingensis could accumulate
metals efficiently in its tissues and tolerate the conditions imposed by the presence of
contaminants in treatment wetlands, despite the sublethal effects observed. The toxic
effects of the chemical species Cr(VI) on T. domingensis in treatments with the
addition of organic matter were studied by Mufarrege et al. (2018). Plants were
exposed to Cr(VI) solutions of 15, 30, and 100 mg L�1. Despite that the organic
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Fig. 2 Percent increase of the root length (a), box and whisker plots of root cross-sectional areas,
and number of vessels in roots (c) of E. crassipes exposed to Cr, Ni, and Zn. Different letters
represent statistically significant differences among treatment (extracted from Hadad et al. 2011)
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matter addition increased the plant biomass and the chlorophyll concentrations, the
exposure to Cr(VI) affected the root morphology. The ecotoxicological studies
focused on the plant root morphology indicated that macrophytes have a consider-
able root morphological plasticity, which enhances the contaminant uptake and
tolerance in wetland systems such as constructed wetlands.

To assess the effects of toxic compounds, different living organisms are used at a
laboratory-scale, from bacteria and algae to organisms of higher biological complex-
ity level (Guilizzoni 1991). Generally, studies using submerged and low biomass
species are carried out, being focused on the enzymatic activity faced to the exposure
to specific contaminants. However, it should be necessary to carry out studies
focused on wetland plants that are commonly used in phytoremediation techniques
such as constructed wetlands. Besides, these studies should consider other biological
variables, such as changes in biomass or growth rate, in order to obtain basic
information to be applied not only in wastewater treatments by phytoremediation
but also in biomonitoring studies at field scale.

Fig. 3 Optical microscopy image of cross-sectional T. domingensis roots from the inlet and outlet
areas of a treatment wetland constructed for the treatment of a metallurgical effluent and from
natural ponds. Ep epidermis, En endodermis, V metaxylem vessels, St stele, Aer aerenchyma.
Bar ¼ 650 μm (extracted from Hadad et al. 2010)
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6 Final Considerations

Aquatic plants are key tools to monitor environmental pollution and to carry out the
suitable management of natural wetlands. For the ecotoxicological study of
macrophytes, it should be taken into account that not only the measurement of
antioxidant enzymes involved in the protection against contaminant stress should
be evaluated. Other basic biological parameters such as changes in different biomass
compartments (roots, leaves, rhizomes, etc.), growth rates, and the internal morphol-
ogy of roots and leaves should be considered.

The plant role in treatment wetlands has been discussed in a large number of
works. However, nowadays, there is no doubt about the key function of plants during
the treatment of pollutants in constructed wetlands. The selection of the wetland
type, the macrophytes, and substrates to be used in the treatment of a specific effluent
should be the result of previous studies conducted carefully.

Studies focused on the search for plant species tolerant for emerging contaminant
treatment in CW and for their biomonitoring in natural wetlands are needed.
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Decontamination of Aqueous Heavy Metal
Ions by Valence Regulation Strategy

Dongli Guo, Fuqiang Liu, Fang Li, and Yanbiao Liu

Abstract

Recently, the widespread heavy metal ions pollution of water bodies requires
urgent solutions. The properties of heavy meatal ions are strongly dependent on
their physicochemical properties. For example, the toxicity of heavy metal ions
may vary vastly at different valence states. Therefore, to regulate the valence state
of heavy metal ions may provide a promising and feasible solution for their
decontamination from water. This chapter summarizes the recent advances on the
state-of-the-art detoxification strategies of heavy metal ions based on the valence
regulation mechanism. Their applications in detoxification and sequestration of
toxic heavy metal ions are systematically reviewed. We then discuss the existing
limitations and perspectives for future research.
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1 Introduction

Heavy metal pollution has become a social and environmental issue that requires
urgent solutions (Bolisetty et al. 2019; Rosenberg 2015; Fu and Wang 2011). Heavy
metal ions in nature tend to form various complexes or minerals with different
valence states, which demonstrated varying physicochemical properties as well.
For example, Cr(VI) is soluble and has acute toxic and carcinogenic effects, while
its Cr(III) counterpart is less toxic and less soluble. Similarly, in comparison with Sb
(V), Sb(III) is ten times more toxic, and its removal efficacy by sorption is generally
low due to a predominant charge-neutral state across a broad pH range (Filella et al.
2012). Therefore, to regulate the valance state of heavy metal ions provides a
promising route for the decontamination of toxic heavy metal ions.

Conventional technologies for heavy metal ions removal include precipitation/
coagulation, ion exchange, and physical adsorption. The precipitation/coagulation
technology has been considered as a low-cost, simple, and effective process and
been widely used for the removal heavy metal ions from water (Matlock et al. 2002;
Ghurye et al. 2004). However, their limited selectivity, formation of toxic
by-products, and additional sludge disposal are often regarded as the main
drawbacks for heavy metal ions decontamination. For ion exchange technology,
despite its wide applicability (De Dardel and Arden 2000), the compulsory
pretreatment rendered increased operational costs. The performance of ion exchange
technology was highly specific to target ions, which make them unsuitable for
simultaneous ion removal from complex water streams. Among these existing
technologies viable for the removal of heavy metal ions from water bodies, adsorp-
tion holds considerable promise due to its cost-effectiveness and simplicity
(Ungureanu et al. 2015). Till now, several sorbents (such as nanoscale metal oxides,
activated carbons, metal organic frameworks, clays, and zeolites) with affinity to
heavy metal ions have been developed (Bolisetty et al. 2019; Ungureanu et al. 2015;
Efome et al. 2018). To further improve the metal uptake capacity, complex func-
tional groups may also be introduced into the sorbents surface. Despite recent
advances on the boost of sorption capacity, the existing sorbents only demonstrated
limited regulation capability towards heavy metal’s valence state. Since for some
highly toxic heavy metal ions, the decontamination not only requires adsorptive
removal but also needs further detoxification step to meet the rising environmental
standards. It is, therefore, highly desirable to develop advanced technology that
enables regulation of the valence state of heavy metal ions and further removal of the
products as well.

It is of note that the efficacy of different approaches is also depended on the
physicochemical properties of the target heavy metal ions (Ungureanu et al. 2015).
Hence, to regulate the valence state of heavy metal ions could be an effective
solution. Among the currently available methods, electrochemical processes have
great potential in the detoxification of heavy metal ions. However, to meet the strict
criteria of increasing standard of wastewater discharge, combining electrochemistry
with other processes may be more feasible. For example, the electroactive membrane
technology, which combines electrochemistry with membrane separation process,
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has attracted increasing attention from the scientific community. This technology
provides a promising strategy for the simultaneous detoxification and sequestration
of heavy metal ions. Besides, the photocatalytic oxidation and photocatalytic reduc-
tion were also applied for the efficiently detoxification of heavy metal ions. The
rapid development of the photocatalytic technologies for heavy metal ions removal
can be reflected by the increase of published paper over the years. However, specific
focus on the detoxification of heavy metal ions via the valence regulation mechanism
is yet to be reviewed. This chapter will summarize the recent advances on the
decontamination of heavy metal ions through valence regulation strategy. The
valence regulation mechanisms based on oxidative and reductive detoxification
routes were discussed in detail. Furthermore, existing challenges and perspectives
on this technology were discussed as well.

2 Oxidative Detoxification of Heavy Metal Ions

The physicochemical properties (e.g., solubility, mobility, and toxicity) of heavy
metal ions in water bodies are strongly governed by their valence state. For common
heavy metal ions, like As and Sb, their lower valence state possesses much higher
toxicity than their higher valence state counterparts. Therefore, researchers proposed
an oxidative pretreatment for these oxidizable heavy metal ions (e.g., Sb(III) and As
(III)) that carry elevated toxicity to higher valence state to achieve detoxification.
Then, other operational unit was used to deal with those less toxic counterparts.
Among those available technologies, electrochemical and photocatalytic processes
have gained much attention to serve as viable oxidation step.

2.1 Electrochemical Oxidation

The electrochemical process is a simple and environmentally friendly process with
tunable oxidative capabilities. However, the high cost of conventional electrochem-
ical processes has greatly hampered their wide applications. The combination of
electrochemical technology with other processes provides a promising solution to
alleviation this limitation (Chaplin 2019). Among them, electrochemical oxidation
coupled with membrane separation, which known as electrofiltration (Zhu and
Jassby 2019), has been regarded as a promising approach by integrating the
advantages of both membrane filtration with electrochemistry (Liu et al. 2020). In
2010, Vecitis et al. proposed a flow-through design based on highly conductive
carbon nanotubes (CNT) (Vecitis et al. 2011). In this design, the CNT filter was
utilized as an anode to adsorb and oxidize the target compounds; a perforated
stainless steel was used as cathode to support reduction reaction. Besides degrada-
tion of organic compounds, this technology also demonstrated to be effective for the
decontamination of several heavy metal ions. Although CNT itself doesn’t have
affinity to heavy metal ions, after modification with certain metal ion-specific
nanoscale metal oxides, a hybrid filter may serve as high-performance functional
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membranes. Such supported design provides viable solution towards practical envi-
ronmental applications, since the post-separation of nanoparticles was avoided. For
example, Liu et al. recently developed a electroactive CNT filter functionalized with
TiO2 nanoparticles and applied for the decontamination of highly toxic Sb(III) (Liu
et al. 2019a). The as-prepared hybrid filter not only maintains excellent electrical
conductivity of CNT networks but also provides sufficient sorption sites (owing to
these binder-free TiO2). Upon application of an external electrical field (e.g., 2 V), in
situ transformation of Sb(III) to less toxic Sb(V) can be achieved, which are further
sequestered by TiO2 (Fig. 1a). The Sb(III) removal efficiency is as high as >95%
over 8 h continuous filtration, and Sb(V) become the dominant Sb specie rather than
the highly toxic Sb(III). This indicates that the electro-induced oxidation reaction is
active during the filtration process. Besides, Sb(III) removal kinetics and capacity
increased with applied voltage and flow rate. This can be explained for the synergis-
tic effects of the filter’s flow-through design, electrochemical reactivity, small pore
size, and increased number of exposed sorption sites. Similar designs can also be
extended to other nanoscale Sb-specific sorbents such as titanate nanowires and iron
oxides; comparable or even higher performance can still be achieved in those cases
(Liu et al. 2019b, c).

In another design, an electroactive CNT filter functionalized with iron
oxychloride (FeOCl) nanoparticles has been developed (Li et al. 2020). The
FeOCl are promising and novel Fe-based catalysts enabling the decomposition of
H2O2 to HO•, i.e., Fenton reaction (Sun et al. 2018). In this design, the FeOCl-
modified CNT filter served as a functional cathode as well as a filter. Dissolved O2 in

Fig. 1 The mechanism of
oxidation and adsorption
simultaneously for highly
toxic Sb(III) using
electroactive membranes
TiO2-CNT (a) and FeOCl-
CNT (b). Reproduced with
permission. (a) Copyright
2019, American Chemical
Society. (b) Copyright 2020,
Elsevier
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the influent can be in situ reduced to H2O2 upon application of a proper cathode
potential. These nanoscale FeOCl catalyst not only catalyze the HO• production but
also facilitate the cycling of Fe3+/Fe2+ when assisted by electric field (Fig. 1b) (Liu
et al. 2019d). At �0.4 V vs. Ag/AgCl, an ultra-rapid conversion of Sb(III) to less
toxic Sb(V) can be achieved (>99%) just by a single pass through the filter system
(τ < 2 s). Compared with the conventional batch reactor, such continuous flow
system demonstrated a much enhanced Sb(III) detoxification kinetics due to the
convection-enhanced mass transport. Moreover, the proposed flow-through
E-Fenton system works effectively across a wide pH range (e.g., Fu and Wang
2011; Filella et al. 2012; Matlock et al. 2002; Ghurye et al. 2004; De Dardel and
Arden 2000; Ungureanu et al. 2015;Efome et al. 2018). The rapid oxidation kinetics
and superior performance of CNT filters have shown that this technology could
potentially serve as a potentially simple, effective, and affordable option to remove
heavy metal ions from water.

2.2 Photocatalytic Oxidation

As one of the most popular advanced oxidation processes (AOPs), photocatalytic
technology has been widely studied (Sillanpää et al. 2011.) Upon irradiation,
photogenerated electrons are excited from the valence band of the photocatalyst to
conduction band, generating electron-hole pairs. These holes and electrons both can
be used for the detoxification of heavy metal ions via oxidation or reduction reaction
because the holes and electrons are powerful oxidants and reductants, respectively.
Up to now, various nanoscale photocatalysts (e.g., titanium dioxide, TiO2; tungsten
trioxide, WO3; zinc oxide, ZnO; ferric oxide, Fe2O3; cadmium sulfide, CdS) have
been applied for detoxification purposes under irradiation (Sillanpää et al. 2011;
Schneider et al. 2014; Zhang and Itoh 2006; Herrmann 1999). Among them, TiO2

demonstrated robust and desirable photocatalytic performances compared with other
counterparts under UV irradiation (Schneider et al. 2014). However, despite these
achievements, the practical application of TiO2 is still restricted by its wide bandgap
and high-charge recombination rate. To overcome these drawbacks, ion doping has
been extensively studied to expand the light response range of TiO2. Zhang et al.
fabricated nitrogen-doped TiO2 fibers for photocatalytic oxidation of arsenic under
visible light illumination (Fig. 2) (Zhang et al. 2015). These TiO2 fibers exhibited
superior photooxidation efficiency of As(III) in both the UV and visible light
regions. Besides, combination with narrow bandgap semiconductors of TiO2 is
another feasible route (Sannino et al. 2011). Vaiano et al. adopted a wet impregna-
tion method to prepare MoOx/TiO2 composites and applied for the detoxification of
As(III) to less toxic As(V) (Vaiano et al. 2014). Results showed that, compared to
TiO2 alone, a complete conversion of As(III) to As(V) can be achieved over 60 min
reaction in the presence of MoOx/TiO2 catalyst. Furthermore, the overall As
(V) generated on the MoOx/TiO2 catalyst were completely released into solution
and replenished the surface active sites of MoOx/TiO2 catalyst for further reuse.
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Photo-induced transformation of heavy metal ions on minerals has also been
regarded as an effective and affordable remediation strategy. A previous study
revealed that significant amounts of Sb(III) on a goethite suspension could be
converted to Sb(V) under light irradiation (Fan et al. 2014). The underlying mecha-
nism for Sb(III) oxidation is likely due to HO• produced by goethite under illumina-
tion. Moreover, Kong et al. reported that the specie of Fe(III) dictate the Sb(III)
photooxidation process (Kong et al. 2016). For example, FeCl2+ and FeOH2+ are the
main species of Fe(III) under acidic condition (pH 1–3), so that dichloro radicals
(•Cl2

�) and HO• generated by the photocatalysis of FeCl2+ and FeOH2+ were the
main oxidants for Sb(III) oxidation. While under elevated pH conditions (Filella
et al. 2012; Matlock et al. 2002; Ghurye et al. 2004; De Dardel and Arden 2000;
Ungureanu et al. 2015; Efome et al. 2018; Chaplin 2019), photooxidation of Sb(III)
occurred through electron transfer from Sb(III) to Fe(III) along with the reduction of
Fe(III) to Fe(II) through a ligand-to-metal charge-transfer (LMCT) procedure.
Hence, the photocatalytic oxidation is a promising approach for the decontamination
of heavy metal ions.

3 Reductive Detoxification of Heavy Metal Ions

Contrary to these heavy metal ions stated above, some other heavy metal ions such
as chromium (Cr) possess increased toxicity at their higher valence state. Hence, the
transformation of the highly toxic Cr(VI) to less toxic Cr(III) is the most preferred
methods to achieve effective remediation of Cr(VI)-contained wastewater. In this

Fig. 2 Mechanism for the photooxidation of As(III) catalyzed by N-doped TiO2 fibers under
visible light irradiation, Reproduced with permission, copyright 2015, American Chemical Society
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section, we briefly discussed the reductive detoxification strategies of heavy
metal ions.

3.1 Electrochemical Reduction

It is well documented that the valence states of chromium (Cr) range from �2 to +6.
Among them, Cr(VI) and Cr(III) are environmentally stable, and Cr(VI) is 500–1000
times more toxic and far more mobile than Cr(III) (Costa 2003; Elwakeel 2010).
Accordingly, there is strict regulations on the discharge of Cr(VI) in water bodies,
and reducing Cr(VI) to Cr(III) is a commonly adopted strategy.

Based on our previous studies on the detoxification of Sb(III) by the “oxidation-
adsorption” strategy (Liu et al. 2019a, c, d; Li et al. 2019), we also applied the hybrid
filter to serve as a functional filter for the “reduction-sorption” purposes. In a recent
work, we developed a dual-functional electroactive filters that enables Cr
(VI) detoxification and sequestration (Fig. 3) (Liu et al. 2019e). An electroactive
filter consisting of nanoscale polyaniline-modified carbon nanotubes (PANI-CNT)
was rationally designed to reduce Cr(VI) to Cr(III). These amine and imine moieties
of PANI can chelate and further reduce Cr(VI) at strong acidic pH conditions. To
further expand the working pH range, the authors proposed an electric field-assisted
flow-through system by employing the PANI-CNT hybrid membrane as functional

Fig. 3 The mechanism of
reduction highly toxic Cr
(VI) using electroactive
PANI-CNT membranes.
Copyright 2019, Elsevier
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cathode. The reduction kinetics for the Cr(VI) was enhanced with flow rate and
voltage increased. A complete Cr(VI) reduction can be observed at 2.5 V and pH
7, much higher than that of 78.0% at 0 V under similar conditions. Moreover, the
removal efficiency of the total chromium (or Crtotal) can be further improved by
applying an electric field. At pH 7, Crtotal removal efficiency increased from 29.3%
at 0 V to 70.2% at 2.5 V. What’s more, the energy consumption of this system was
only 0.032 kWh/m3, much lower than other state-of-the-art treatment technologies.
Similarly, a polyvinyl alcohol (PVA)-CNT composite ultrafiltration (UF) membrane
was also employed by Duan et al. for the electrochemical reduction and removal of
highly toxic Cr(VI) (Duan et al. 2017). The removal mechanism was highly depen-
dent on the solution conductivity, with higher conductivity leads to increased Cr
(VI) reduction and Cr(III) precipitation performance on the membrane surface. The
highest Cr(VI) removal efficiency of 95% can be achieved upon the application of an
external potential of 7 V when using the membrane as cathode. Meanwhile, the
energy needed to remove 1 ppm of Cr(VI) (>99%) from tap water was determined to
be 1.48 kWh/m3, less than other alternative processes (e.g., ion exchange and
reduction/coagulation processes). Thus, the electroactive membrane technology
can be considered as a promising and cost-effective strategy for the detoxification
of heavy metal ions.

3.2 Photocatalytic Reduction

As mentioned earlier, the photogenerated electrons are strong reductants that can be
used for the reduction of certain heavy metal ions. For example, the photocatalytic
reduction of Cr(VI) to Cr(III) has been extensively studied using TiO2 or other
modified composite photocatalysts. Ku and Jung reported that Cr(VI) can be effi-
ciently reduced in an UV/TiO2 process at acidic conditions with 0.5% ethanol as
scavenger for holes (Ku and Jung 2001). However, as stated previously, the limited
visible light absorption of TiO2 significantly restricts the practical applications of
TiO2. The light response of TiO2 can be extended to visible light range by modifica-
tion with quantum dots or dyes. Among these reported photosensitizers, silver
sulfide (Ag2S) was considered as a potential candidate for the photosensitization
of TiO2 because of its low bandgap and desired band positions relative to TiO2,
making it active in the visible range of the solar spectrum. For instance, Ghafoor
et al. developed the Ag2S/TiO2 nanofibers for the photoreduction of Cr(VI) under
simulated solar light illumination and obtained a 90% Cr(VI) photocatalytic reduc-
tion efficiency (Ghafoor et al. 2018). In comparison, hollow spherical Ag-Ag2S/
TiO2 composite particles under visible light irradiation were capable to reduce only
36% of Cr(VI). These results demonstrated that the significantly enhanced capacity
of the TiO2 nanofibers photosensitized with Ag2S to reduce Cr(VI). In addition,
combination with narrow bandgap semiconductors of TiO2 was another feasible
strategy. For example, Ku et al. fabricated the NiO/TiO2-coupled photocatalysts
using a sol-gel method, which exhibited excellent photocatalytic activity for Cr
(VI) reduction (Ku et al. 2011). Results revealed that a >95% Cr
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(VI) photoreduction efficiency can be observed within the first 20 min after adding
ethanol as sacrificial agent. Furthermore, it is noteworthy that although TiO2 and
TiO2-based materials exhibit favorable photocatalytic performance in the detoxifi-
cation of heavy metals, these nanoscale sorbents have rarely been applied in practical
applications due to additional efforts that are necessary for post-separation. Such
issues might be partially addressed by attaching these sorbents onto support
materials or blend into membranes for photocatalytic detoxification of heavy metals
in future (Leong et al. 2014).

Recently, as a newly emerged type of functional inorganic-organic hybrid
materials, metal organic frameworks (MOFs) have attracted wide attention for
photocatalytic applications due to their merits of desirable topologies, high surface
areas along with efficient light harvest (Li et al. 2018; Kaur et al. 2018). Several
MOFs have been reported to be effective to act as high-performance photocatalyst
under UV light irradiation. To further expand the light response range of MOFs,
modifying the inorganic unit or organic linker (like functionalization) through
synthetic screening has been proposed as effective approaches (Wang et al. 2016,
2019; Du et al. 2019; Chen et al. 2019). For instance, Wang et al. compared the
photocatalytic Cr(VI) reduction performance of Ti-benzenedicarboxylate (MIL-125
(Ti)) and amino-functionalized Ti-benzenedicarboxylate (NH2-MIL-125(Ti)) (Wang
et al. 2015). They found that the NH2-MIL-125(Ti) exhibited more higher Cr
(VI) reduction efficiency under visible light irradiation compared with the
MIL-125(Ti). At acidic pH conditions, the highest Cr(VI) reduction efficiency can
be further boosted from 76% to 91% just by adding ethanol as hole scavenger for the
NH2-MIL-125(Ti). Similarly, apart from Ti source, Shi and co-workers fabricated a
novel amine-functionalized NH2-MIL-88B (Fe) via a microwave-assisted
solvothermal synthesis method (Shi et al. 2015). The prepared amine-functionalized
NH2-MIL-88B (Fe) showed improved stability and efficiency for the photocatalytic
Cr(VI) reduction. Under visible light illumination, both 2-amino-
benzenedicarboxylic acid (NH2-BDC) and Fe3-μ3-oxo clusters in NH2-MIL-88B
(Fe) were excited. The electrons from the excited Fe3-μ3-oxo clusters as well as the
photogenerated electrons were transferred from NH2-BDC to Fe3-μ3-oxo clusters for
the reduction of Cr(VI). Besides, similar catalytic mechanisms were also reported by
combining MIL-53(Fe) with g-C3N4. The introduction of g-C3N4 on the surface of
MIL-53(Fe) would improve the separation and migration rate of photo-induced
charges, consequently resulting in promoting the photocatalytic efficiency (Fig. 4)
(Huang et al. 2017). Moreover, Chen et al. fabricated the Z-scheme MIL-100(Fe)/
PANI composite photocatalysts from MIL-100(Fe) and polyaniline (PANI) by ball-
milling (Chen et al. 2019). In this design, the PANI not only served as an electron
donor but also act as excellent hole acceptor. Therefore, the as-obtained MIL-100
(Fe)/PANI composite exhibited complete Cr(VI) reduction, much higher than that in
the absence of PANI. Although those MOFs exhibited excellent photocatalytic
performance, it was still a big challenge to post-separate the nanoscale materials
for recycle (Leong et al. 2014). Therefore, Zhao et al. proposed a membrane design
by depositing UiO-66-NH2(Zr/Hf) onto an α-Al2O3 support by a reactive seeding
method (Du et al. 2019). The membranes demonstrated excellent photocatalytic
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performance towards Cr(VI) reduction under both simulated and real sunlight
irradiation. The overall results suggest that the MOF-based membrane
photocatalysts may provide a feasible approach for the efficient decontamination
of heavy metal ions from water.

4 Challenges and Future Perspectives

This chapter discussed the recent advances on the decontamination of heavy metal
ions by valence regulation. Though several promising technologies have been
developed recently, extensive and large-scale applications of these technologies on
pollution control in practical engineering remain limited. For instance, for the
electroactive filter technology, novel porous conductive electrode materials that
are affordable and robust during operation are still highly desirable. For example,
although the price of CNTs has decreased significantly compared with that of a
decade ago owing to advanced mass production technologies, their price is still
much higher than activated carbon and other widely applied carbon counterparts.
Besides, the electrochemical oxidation process may not be able to directly mineralize
some refractory compounds into CO2 and potentially may lead to secondary pollu-
tion of water due to the generation of by-products or intermediates (Du et al. 2017).
Therefore, it is critical to find affordable methods to solve these problems associated
with electrochemical filter technology. For the MOFs-based photocatalytic technol-
ogy, besides the complicated fabrication process, the long-term stability of MOFs
materials under light irradiation should be reconsidered. Since incidental
pyrolyzation may cause damage to the framework of MOFs due to the thermal effect
of photons. Further efforts should be directed towards designing and preparing

Fig. 4 A schematic
illustration of the reduction of
Cr(VI) over CMFe-3
nanocomposite under visible
light irradiation. Reproduced
with permission. Copyright
2017, Elsevier
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MOFs with high thermal stability towards practical applications. What’s more, the
serious photocarriers recombination issue was another obstacle to be overcome in
practice.

Furthermore, it is of note that most of these technologies were conducted only in
laboratory conditions or at bench scale. To facilitate the technology transfer process
from a technical hype into a real applications, extensive efforts are needed. For
example, to expand the applicability of these technologies on real wastewater and
compare the performances of emerging and conventional technologies under identi-
cal conditions; to evaluate the benefits and risks of these technologies and explore
solutions for controlling the formation of undesirable by-products or intermediates.
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Mechanistic Insight to Bioremediation
of Hazardous Metals and Pesticides from
Water Bodies by Microbes
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Abstract

In the last few decades, there has been a surge in the hazardous chemicals
contamination in the water bodies in various parts of India. Consequently,
bioremediation of these hazardous chemicals by microorganisms has emerged
as a lucrative option. Furthermore, advancement in the various physicochemical
and robust molecular techniques such as 1D-SDS-PAGE followed by LC-MS/
MS analysis as well as metabolite identification by 1H-NMR has shed light on the
various cellular strategies adopted by a microorganism for remediation of a
cocktail of metals and pesticide that were either poorly highlighted or
unexplained.

With this background the present chapter aims to understand the complete
process of a metal or cocktail of multimetal and pesticide mixture remediation by
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microorganisms such as bacteria, fungus or algae at molecular level by proteomic
and metabolomic techniques. Further the scale up of this bioremediation process
by bioreactors would be detailed.

Keywords

Proteomic · Metabolomic · Mechanism · Multimetal · Pesticide

1 Introduction

The organizations like Central Pollution Control Board (CPCB), India and Food and
Agriculture Organization (FAO), monitor the level of toxic pollutants such as
cadmium, total chromium, copper, nickel, lead and zinc in environment. Various
industries viz. preservatives, fertilizer, pesticide, electroplating, batteries and textile
etc., have been identified that discharge these pollutants into the environment. These
heavy metals released anthropogenically have imposed limits on their discharge to
the water bodies (lake, river, stream, etc.) which is utilized for irrigational purpose.
Despite strict effluent treatment guidelines, laid down by pollution control board
agencies, many small and medium scale industries do not comply appropriately with
the effluent discharge limits (as per guidelines). Further, due to the lack of expensive
and effective discharge facilities, these industries discharge heavy metal effluents,
that seep into the major rivers like Yamuna and other water bodies (Rawat et al.
2003; Bhattacharya et al. 2015; Sheng et al. 2016) consequently exposing every
consumer to unknown quantities of hazardous heavy metals in the water they
consume (Central Pollution Control Board 2011; Delhi Pollution Control
Committee 2011).

The residues of organophosphorus pesticides (Malathion and Chlorpyrifos),
organochlorine pesticides {gamma-hexachlorocyclohexane (lindane)} and DDT
persist in the environment. The Central Insecticides Board and Registration Com-
mittee (CIBRC), India, has banned their use. However, as these chemicals are
cheaper, farmers are still using them excessively in agriculture, in order to control
weeds, pests and diseases in crops. Further, due to agriculture runoffs, these
chemicals accumulate in water bodies. Moreover, the crops growing in these fields
become the carrier of heavy metals leading to their entry in food chain, posing major
health problems such as cancer, neurological diseases, etc. as enlisted by the Agency
for Toxic Substances and Disease Registry (ATSDR) and US Environmental Pro-
tection Agency (EPA) (Kim et al. 2017; Mostafalou and Abdollahi 2017; Carvalho
2017; Honeycutt and Weber 2019; Pellicer-Castell et al. 2020). Therefore, it
becomes important to remove these harmful pollutants from these natural
ecosystems ex situ.

Microorganisms such as algae, bacteria and fungi have already been identified as
key players for remediation of heavy metals and pesticide-contaminated soil and
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water. Therefore, a large amount of research findings are available on the use of
biological systems (microorganisms) as a bioremediating agent (Mishra and Malik
2013; Gola et al. 2016b, 2018; Mathur et al. 2018). Due to various advantages
associated with microorganisms, i.e. efficient action, economical and eco-friendli-
ness, it is now considered as a beneficial substitute to physico-chemical methods for
remediation of heavy metal and pesticide contamination. There is a great scope of
research and development in the area of microbial assisted bioremediation. As most
of the studies available rely on single metal/pesticide remediation and very few of
the studies have employed growing microbial cells, harbouring multiple
mechanisms of metal/pesticide sequestration through production of enzymes,
which can be used to uptake large amounts of metal/pesticide (Malik 2004; Mishra
and Malik 2013). Based on the review of past studies in the last few years,
importance has now shifted on using microbial remediation of environments co-
contaminated with heavy metals and pesticides. Further, in comparison to traditional
physical and chemical treatment methods such as filtration, evaporation, oxidation
and reduction, ion exchange, reverse osmosis and chemical precipitation, microbial
assisted processes of bioremediation carry great potential with additional benefits of
environment safety. The occurrences/incidences of the heavy metals and pesticide in
the Indian water bodies are compiled here. The developments made in the field of
bioremediation of contaminants, heavy metals and pesticides in the recent past have
also been summarised.

2 Incidences of Heavy Metals Contamination in India

Many researchers (Begum et al. 2009; Kaushik et al. 2009; Subramanian 2010;
Chabukdhara and Nema 2012; Lokhande et al. 2011; Kumar et al. 2013; Rosin et al.
2013; Shekhar and Sarkar 2013; Dwivedi and Vankar 2014) and government
agencies (CPCB 2008; River Data Directorate Planning & Development
Organisation 2014) have investigated the occurrence of heavy metals in the Indian
water bodies which are utilized for irrigational purpose. These studies evaluated the
existing metal pollution levels which pose potential ecological risk.

A research survey conducted by Centre for Environmental Studies and the Energy
Resources and Institute, New Delhi (Sehgal et al. 2012) on the river Yamuna in
Delhi, India revealed increased levels of nickel, manganese, lead and mercury in
agricultural soil along the river. Small-scale industries such as electroplating, metal
alloys and pigments for paints are responsible for addition of heavy metal
concentrations in the wastewater. The mixing of waste effluent with the river leads
to the contamination of the river water and also the flood plains. It enters the food
chain through the vegetables that are grown on the river banks and affects the people
habiting the catchment area. The vegetables such as spinach, cauliflower and radish
grown in such kind of flood plain soils were analysed for the contaminants. The
amount of heavy metals was found to be the higher in spinach, followed by
cauliflower and the least in radish. This is in agreement with the research findings
where leafy vegetables are high accumulators of heavy metals (Singh et al. 2010;
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Ghosh et al. 2012; Bhatti et al. 2016). Table 1 depicts the compilation of the sources
of the selected heavy metals and their permissible limits in irrigational water
according to FAO.

Figure 1a–e depicts the percentage of heavy metals released from various indus-
trial units’ effluent. In this study (Singare and Dhabarde 2014), Cr is released
maximum from oil surfactant (31%) and fine chemicals (30%) effluents. Cu is
discharged maximum from textile (22%) and dyeing industries (22%). Ni is majorly
released from oil surfactant (17%) and dyeing (15%). Pb is contributed maximum by
dyeing (65%) while Zn from dyeing (26%) and fine chemicals (27%). It was further
observed that the majority of the average concentration of the metals except Ni was
above the maximum permissible limit set for the discharge of industrial effluents into
the inland surface water.

3 Occurrence of Pesticide in the Water Bodies

Many studies indicated the occurrence of organochlorine pesticides in water bodies
(Dikshith et al. 1990; Jani et al. 1991; Mukherjee and Gopal 2002; Bakore et al.
2004; Sankararamakrishnan et al. 2005; Shukla et al. 2006; Kaushik et al. 2010;
Mutiyar et al. 2011).

Table 2 depicts the compilation of occurrence of the pesticide lindane (HCH) in
different water bodies.

In a study undertaken by a research group from School of Environmental
Sciences, Jawaharlal Nehru University, New Delhi, pesticides such as endosulfan,
DDT, lindane and methoxychlor were detected in consequential concentrations at all
the sites of the river Yamuna in Delhi (Pandey et al. 2011), in all the seasons,

Table 1 Sources of heavy metal contamination and their permissible limits (Gola et al. 2016b)

Heavy metals Major sources

Maximum
permissible limit in
irrigation water
(mg/L) according
to FAO

Chromium Glass making, ceramics, chrome electroplating,
paints, cement

0.1

Copper Pesticides, fungicides, electrical appliance,
electroplating

0.2

Lead Ceramic glazer, smoking, jet engines emission,
mining, burning of coal

5.0

Arsenic Glass, textiles, pulp and paper, electronics metal 0.1

Mercury Electrical appliances, switches, fungicides,
antiseptics, thermometers, barometers,
preservatives and pharma

–

–

Cobalt Alloy, petroleum, chemical, porcelain, pottery,
glass and jewellery

0.05

Lithium Ceramics, glass, electronic items, medicines,
lubricants and battery

2.5
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indicating their wide use. Farmers try mixture of pesticides, not being aware of their
residual effect in soil and food. Moreover, use of pesticides enables farmers to fetch
higher price of vegetable crops owing to the clean and fresh look of produce after the
spray. The vegetables such as cauliflower, brinjal, okra, cabbage, etc. grown in such
kind of flood plain soils were analysed for the contaminants. The concentration of
many pesticides were found in these vegetables (Mukherjee 2003; Singh and Singh
2006; Mandal and Singh 2010). However, the pesticide lindane was found to be
below the maximum residue limits.

4 Remediation of Contaminants

Heavy metals such as Cd, Cr, Cu, Ni, Pb and Zn are a key group of toxic pollutants
due to their recalcitrance nature. Heavy metals have high atomic weights and density
greater than 5.0 g/cm3. Heavy metals cannot be biodegraded and tend to accumulate

Fig. 1 (a–e) Percentage of heavy metals present in the pharmaceutical, textile, oil and surfactant,
agrochemicals, metallurgical, dyeing and fine chemicals effluents Source Singare and Dhabarde
(2014)
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in the ecosystem. Carcinogenic heavy metals are particularly zinc, copper, nickel,
mercury, cadmium, lead and chromium.

Pesticides such as hexachlorocyclohexane (HCH)/lindane are a cyclic, saturated
and chlorinated hydrocarbon. It has a molecular weight of 290.8, molecular formula
C6H6Cl6 and density of 1.85 g/cm3. The solubility of lindane in water is
0.7–5.59 mg/L. Lindane has been banned in India since 1997. However, lindane is
still produced as a by-product in many chemical processes, such as the manufacture
of chlorinated aromatics, chlorinated solvents and pesticides. In addition, by incom-
plete combustion it is released from the old dump sites (Tremolada et al. 2008).
Lindane formulations are to curb vector-borne diseases and for pest control in few
crops (Gupta 2004). The volatilization, diffusion, decomposition, retention of lin-
dane in the soil and its subsequent transportation by water from soil to groundwater
are the main concerns as lindane is a potential carcinogen (Yadav et al. 2015).

In contrast to the pesticides which undergo degradation, although extremely slowly,
heavy metals cannot be eliminated from water bodies and therefore persist in the
sediments and are released into the water slowly. Thus, the bioaccumulation of the
heavy metals and pesticides in the aquatic environment such as river bodies due to
agricultural runoff and effluent discharge and their biomagnification in food chain is a
major cause of concern as they affect reproductive system, supress immunity and
are carcinogen.

Table 2 Global occurrence of lindane (ng/L) in different water bodies

Location Type of water body HCH References

India
(Devprayag)

Ganges River 7.24 Mutiyar and Mittal (2012)

India
(Ambala)

Groundwater 147.1 Kaushik et al. (2012)

India
(Nagaon)

River, ponds 4911 Mishra and Sharma (2011)

India
(Dibrugarh)

River, ponds 4403 Mishra and Sharma (2011)

India
(Pilbhit)

Gomti River 46.69 Malik et al. (2009)

India
(Karnataka)

Cauvery River 2430 Begum et al. (2009)

India
(Kolkata)

Groundwater 100 Ghosh et al. (2009)

Northwest China Weihe River 2.41–178.18 Wang et al. (2016)

Mexico Culiacan River 0.0045 Morales et al. (2017)

China Shaying River 14.3 Bai et al. (2018)

India
(Odisha)

Chilika Lake 0.025–23.4 Nag et al. (2020)
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4.1 Chemical and Physical Means of Remediation

As heavy metals and pesticides are the environmental priority pollutants posing
threat to the environment, many methods are used to remediate heavy metal ions
such as adsorption, membrane filtration, chemical precipitation, ion exchange,
electrochemical treatment technologies, etc. Table 3 shows few techniques for the
removal of heavy metal ions from wastewater. Their advantages and disadvantages
in application are also mentioned.

4.2 Microbial Means of Remediation

To overcome the limitations of the physicochemical treatments of heavy metals/
pesticide, a large section of studies have investigated microbial agents like algae,
bacteria and fungus as bio-remediating agents (Say et al. 2001; Sheng et al. 2004;
Muñoz et al. 2006; Preetha and Viruthagiri 2007; Gupta and Rastogi 2008;
Choudhary and Sar 2009; Subbaiah et al. 2011). Few studies employed growing
microbial cells which constitute the mechanisms of metal remediation including
production of enzymes have greater potential for metal uptake capacities. Active
growing cells are self-renewing through the metabolic uptake of the metal
contaminants (Malik 2004). Also, bioremediation of metals by growing cells can
get rid of the cultivation of the biomass, harvesting it, drying it, processing it and
storing it prior to use (Chojnacka 2010).

Table 3 Advantages and limitations of various chemical and physical methods of heavy metal
removal

Physicochemical
method Advantages Disadvantages

Chemical
precipitation

Low investment and simple to operate Generation of sludge

Ion exchange No sludge formation High cost, all ion exchange
resin not suitable for metal
removal

Adsorption Low investment, easy to operate,
functional in a wide pH range, high metal-
binding capacity

Low selectivity, generation
of waste products

Membrane
filtration

Higher selectivity for separation Incur of high cost due to
membrane fouling

Coagulation-
flocculation

Less time for settling of suspended solids Sludge production

Flotation Low cost, shorter hydraulic retention time Further treatments required
to improve removal
efficiency

Source: Fu and Wang (2011)
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4.2.1 Metal Bioremoval
Fungi are superior than the single-celled microorganisms. Fungi are pervasive and
multifaceted and have better ability to adjust to environmental limitations like
extremes of temperature, pH, nutrient availability and high metal concentrations
due to their morphological diversity (Anand et al. 2006; Kaushik and Malik 2010).
Moreover fungi have a tendency to produce a suite of extracellular
enzymes, exopolysaccharides, organic acids, proteins and other metabolites that
help in metal bioremediation (Gadd 2007; Guria et al. 2014; Gola et al. 2016a).

Hence studies related to removal of heavy metals by fungus are growing steadily.
The bioaccumulation capacity of total chromium and Cu (II) ions by A. terreus
AML02 was studied (Mishra and Malik 2014). They reported substantial removal of
metals (Cr, 95.57%; Cu, 65.77 %) at the incubation period of 5 days at 100 mg/L
initial individual metal concentrations by the strain A. terreus AML02. Further,
mannan, chitin, glucan and proteins are the constituents of cell walls of fungus.
Additionally, it also contains other lipids, polysaccharides and pigments (melanin)
which enable binding of many metal ions. Carboxyl, phenolic, hydroxyl, carbonyl
and methoxyl groups are significant as they bind to the oxygen binding sites which
are present in the phenolic polymers and melanins of the fungal cell wall (Gadd
2004). Hence metal remediation by fungal biomass is receiving considerable
attention.

4.2.2 Pesticide Bioremoval
Another advantage of utilizing fungus as a bio-remediating agent is that the fungal
mycelia growth facilitates both the mechanical and enzymatic contact with the
pollutant due to increased cell-to-surface ratio (Sagar and Singh 2011). Karas et al.
(2011) demonstrated three white-rot fungal strains: Phanerochaete chrysosporium,
Trametes versicolor and Pleurotus ostreatus, and Aspergillus niger could break
down the pesticides thiabendazole, imazalil, thiophanate methyl, ortho-
phenylphenol, diphenylamine and chlorpyrifos in straw extract medium and soil
extract medium. They determined that peroxidase (LiP, MnP) and laccase (Lac)
activities were involved in pesticide degradation. Pinto et al. (2012) showed Peni-
cillium brevicompactum PP0021, Lecanicillium saksenae PP0011, Fusarium
oxysporum CCMI866, Aspergillus oryzae CCMI 125 and Lentinula edodes EL1
fungal strains degraded the pesticides terbuthylazine, difenoconazole and
pendimethalin from liquid culture medium. They concluded the presence of
desethyl-terbuthylazine in the samples of L. edodes liquid cultures which indicated
that terbuthylazine dealkylation is one of the plausible metabolic pathways for
degradation of terbuthylazine. Sagar and Singh (2011) showed that Fusarium
sp. was able to efficiently degrade lindane by about 60% removal in reasonable
time. Also, the utilization of non-white-rot fungi for their enzymatic biodegradation
potential of the pesticides was highlighted (Marco-Urrea et al. 2015).

4.2.3 Metal Pesticide Mixture
River bodies are often contaminated with a mixture of organic and inorganic
chemicals, such as heavy metals and pesticides. Thus the ability to extract more
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than one pollutant is a remarkable process advantage. Nevertheless, microbial
potential varies when co-pollutants exist together in the environment in comparison
to the occurrence of a single toxic compound. The effect of alachlor and zinc on the
growth of the filamentous fungus Paecilomyces marquandii and its potential to
degrade alachlor and accumulate zinc was studied (Słaba et al. 2009). The herbicide
removal was not inhibited by zinc up to 1.0 mM of the metal content in the culture
medium and 5.0–7.5 mM of the metal limited alachlor consumption by 30–50%,
whereas a higher zinc concentration ceased this process. Furthermore, no study is
present which investigated the simultaneous uptake of multimetals in the presence of
pesticide by fungus.

5 Insight into the Mechanism of Individual Metals
and Multimetal Pesticide Mixture Uptake

The occurrence of the fungus in the metal-contaminated sites could be due to the
metal resistance and tolerance mechanisms inherent in them (Baker 1987; Gadd and
White 1993).

The fungi can broadly counteract heavy metals by two ways. First, by preventing
the metal uptake and its transportation inside the fungal cell, e.g. by reducing the
uptake of metals or by increasing the efflux of metals, or by biosorbing to the
impermeable cell walls by metal binding peptides, polysaccharides or by forming
complexes extracellularly and by release of organic acid. Extracellular mechanisms
aim to avoid the entry of metal. Second, the microorganism can survive in the
presence of high metal concentrations by tolerance after its detoxification process,
e.g. chelation of metals intracellularly through the synthesis of ligands such as
phytochelatins, metallothioneins, polyphosphates or compartmentalization within
the cellular organelles such as vacuoles. Intracellular mechanisms are mainly to
reduce the metal burden in the cytosol (Sandau et al. 1996; Gadd 2000, 2007, 2010).

In addition to these mechanisms, detoxification by antioxidation production allow
the microorganisms to tackle the reactive oxygen species which accumulate in the
cell in response to the metals. The implication of these processes may differ as a
function of the metal involved, metal’s location and its concentration in the cell.

5.1 Extracellular Metal Interactions

5.1.1 Organic Acid Chelation of Metals
Different extracellular fungal products of organic molecules such as oxalic acid,
citric acid and malic acid which are excreted into the cell are effective metal
chelators. Oxalic acids chelate metals and forms insoluble oxalate crystals which
tend to deposit around the cell walls of the fungi (Gadd and White 1993). The
production of H2S also aids in precipitation of metals with the formation of insoluble
sulphides.
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5.1.2 Metal Binding by Fungal Cell Wall Components
and Exopolymers

Eukaryotic fungi have been effectively able to bind metals to cell walls which act as
the main barrier to the entry of the toxic metals inside the cell. All filamentous fungi
cell is composed of chitin with (l-3)-α-glucan as skeletal components. The cell wall
is mainly composed of polysaccharides, some maybe associated with protein. Other
components like lipids and melanins may also be present in the cell wall (Gadd and
White 1993). Functional groups like free hydroxyl, phosphate, carboxyl and amine,
sulphydryl groups present in the cell wall and mercapto groups in the cell wall
polymers and proteins are potential sites that are involved in metal sequestration.
The primary interactions however involve binding to phosphate and carboxyl groups
which are raised by the electrostatic attraction to the other negatively charged
functional groups (Gadd and White 1993). Cell wall binding is called biosorption
(Gadd and White 1993), which is cell metabolic independent. Heavy metals
biosorption may lead to reduction in the intracellular metal accumulation and
decrease the toxicity of metals in the cytoplasm (Brown and Wilkins 1985). Blaudez
et al. (2000) investigated the substantial accumulation of Cd in the cell wall of
Paxillus involutus, a mycorrhizal fungus which exhibited higher tolerance to Cd. In
another study glomalin, a glycoprotein synthesized and excreted by the arbuscular
mycorrhizal fungal hyphae, was able to bind metal ions Cd, Cu and Pb found at the
metal-contaminated soils (Wright and Upadhyaya 1998). Gonzalez-Chavez et al.
(2002) exhibited that mycorrhizal fungal specie Glomus, isolated from the copper
mine, biosorbed copper onto their hyphae. Glomus species have a high tendency to
bind Zn and Cd. Furthermore, Bhanoori and Venkateswerlu (2000) showed the
complex formation between cell wall chitin of the specie Neurospora crassa and
the metal ion Cd based on the analysis by X-ray diffraction, infrared spectroscopy
and 13C-NMR spectroscopy.

5.1.3 Transport Phenomena of Metal Ions
The proteins that are involved in the transportation of metals operate in two ways.
One is by forcing the toxic metal ions out of the cell from the cytosol. Second is by
allowing the metal ion sequestration in the cellular compartments (Hall 2002).

There are two kinds of transporter proteins embedded in the plasma membrane of
a fungal cell.

Carrier Proteins
In this metal transport mechanism, changes in the conformation in the transport
protein results in the exposure of its binding site on the membrane. Carrier proteins
mainly comprises of metabolically coupled as well as H+-gradient-driven transport
systems.

Channel Proteins
Channel proteins are present as pores in the plasma membrane that permit the flow of
ions across a chemical or electrical gradient. These ion selective proteins contains
pores which allow solute to pass at high-flux rates when the channel gates open. The
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main features of channel proteins are selectivity of solute, permit faster rate of solute
and regulate solute permeation through gating. Few important channel proteins
include Ca2+ channel protein and Na+ channel proteins.

5.2 Intracellular Metal Complexation

Despite the resistance mechanisms of extracellular metal chelation and cell wall
binding of metals, high volume of metals make way into the cells. Metal chelation in
the cytoplasm by ligands which have high affinity is an important process of
detoxification of metals and metal tolerance. The ligands comprises of organic
acids, amino acids and the peptides metallothioneins and phytochelatins (Gadd
and White 1993). Also the antioxidants and molecular chaperones play important
role in metal detoxification process.

5.2.1 Metallothioneins
Metallothioneins (MTs) are cysteine rich with low-molecular-weight
(3500–14,000 Da) proteins. MTs have the ability to chelate the metals which are
of physiological importance, viz. Cu, Se and Zn and the xenobiotic of Ag, Cd and
Hg. The MTs bind the heavy metals through the thiol group present in the cysteine
residues. MTs are hypothesized to fix the essential trace elements, viz. copper and
zinc intracellularly. They control the concentrations of the free ions and aid
regulating the flow of these ions to their respective cellular destinations. MTs also
neutralize the toxic effects of elements such as cadmium and mercury which protect
the cell from many stressful conditions (Gadd and White 1993).

MTs in fungi have been mostly characterized in yeasts which are activated when
exposed to heavy metals. Specific genes such CUP1 and CRS5 loci have been
identified in baker’s Saccharomyces cerevisiae that code for MTs and help in
detoxification pathway of metals (Butt et al. 1984).

5.2.2 Phytochelatins
Phytochelatins (PCs) are peptide molecules that are rich in thiol. These are produced
on induction by metals, viz. As, Cd, Cu and Zn (Grill and Zenk 1987). PCs are
synthesized from the reduction of glutathione (GSH) by transpeptidation of
γ-glutamyl-cysteinyl dipeptides by the action of enzyme PC synthase (Vatamaniuk
et al. 2001). PCs are mainly produced in plants, algae, yeasts and many filamentous
fungi. PCs form complexes with Ag, Hg and Pb in vitro (Rauser 1999). PCs carrying
metal ions are transported to the vacuoles where the metal ions are stored away from
the proteins in the cytoplasm.

5.2.3 Antioxidant Production to Counter Metal Toxicity
Heavy metals can initiate the formation of free radical species which cause damage
to the cellular components in a cell. These free radicals can be formed directly or by
indirect method (Bellion et al. 2006). Heavy metals are generally categorized into
redox-active (Fe, Cr, Cu, V) and redox-inactive metals (Cd, Hg, Ni, Zn). The redox-
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active metals directly produce reactive oxygen species (ROS), viz. superoxide
(O2

•�) substrates and reactive hydroxyl (HO•) radical from H2O2. These ROS are
generated through Haber-Weiss and Fenton reactions and are responsible for the
peroxidation of the lipid which leads to damage and death of the cell (Halliwell and
Gutteridget 1986). On the other hand, non-redox metals bind to the thiol groups
occurring in the active sites of glutathione and antioxidants enzymes that inactivates
the antioxidant defence mechanism system of an organism that results in accumula-
tion of ROS and redox imbalance. ROS species lead to oxidation of membrane lipids
and proteins and cause injury to DNA. This oxidation process is tackled by
antioxidative systems which are composed of enzymes, viz. superoxide dismutase,
peroxidases, catalases that scavenge the activated oxygen (Zhang et al. 2014) or
metabolites, viz. glutathione, tocopherol and ascorbate.

5.2.4 Molecular Chaperones
Heat shock proteins are a class of proteins that ensures survival of the microorganism
under any stressful conditions such as heavy metal stress that would otherwise lead
to cell death. Heat shock proteins have role in synthesis of proteins and their
transport and folding and are known as molecular chaperones. In eukaryotes, heat
shock response is mediated by transcriptions factors known as heat shock factors
(HSF). In an unstressed condition, HSF are present as monomers in nucleus as well
as in cytosol with no DNA-binding activity. In a stressed situation, the HSF
assembles to form a trimer and collects in the nucleus where it binds to the specific
heat shock gene promoter sequences and thus phosphorylates that lead to enhanced
levels of Hsp70 (Morimoto 1993).

6 Tools to Study the Metal Uptake in Microbe

With the aid of sophisticated techniques such as scanning electron microscope
(SEM), transmission electron microscope (TEM), energy-dispersive X-ray spectros-
copy (EDAXS), X-ray and electron diffraction analysis (XRD) and Fourier
transform-infrared spectroscopy (FTIR), the mechanism of localization of metals
in the cells and also speciation in X-ray photoelectron spectroscopy (XPS) can be
understood from Table 4.

In addition, molecular tools like proteomic and metabolomic have been utilised to
study the effect of toxicity of heavy metals on microbial communities (Azarbad et al.
2015; Dhindwal et al. 2016). With help of proteomic techniques, reductases,
laccases and many more such novel proteins could be identified (Table 4). The
extracellular enzymes such as laccase produced by fungi enable them to remediate
xenobiotic compounds (Mougin et al. 2000). Furthermore, no study is currently
available that investigated the simultaneous uptake of multimetals in the presence of
pesticide by fungal strain at physiological, proteomic and metabolomics level.
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7 Proteomic Study

1D-SDS-PAGE and LC-MS/MS are a better approach to study the functional aspects
of the differentially expressed proteins by the fungal strain under various metal/
pesticide exposures. Proteomics studies the proteins by biochemical methods. A
mass spectrometry (MS)-based approach is highly versatile that generates valuable
information such as mass, fragmentation pattern of the analysed molecule as well as
the isotopic signature of the compound with high sensitivity. Tandem MS (MS/MS)
analyses involve the collision of ions in a collision cell which are fragmented with
argon gas before it is analysed by the detector. These fragmented patterns are unique
for every compound that leads to the identification of the compound. Szewczyk and
Sobo (2015) studied the degradation pathway of the herbicide alachlor by the
analysis of the proteome of Paecilomyces marquandii by LC-MS/MS. The large-
scale analysis of gene products of the A. fumigatus under various metal/pesticide
exposures is largely understudied.

8 Metabolomic Study

1H-NMR is a robust analytical tool to analyse a large number of metabolites
produced by the fungal strain. This process involves the study of fingerprint of
water-soluble compounds and to verify the pattern among the metabolites produced
by the fungal strain. NMR spectroscopy depends on the magnetic properties of an
atomic nucleus in a molecule. Every compound generates a unique spectrum that
tells about the chemical nature of the surrounding atoms. This leads to elucidation of
complete structure. Ding et al. (2016) studied the structure of a unique metabolite
polyketide-terpenoid, aspergstressin expressed in the presence of the metal cobalt by
Aspergillus sp. WU 243 by 1H-NMR and 13C-NMR. 1H-NMR metabolomics
fingerprinting of A. fumigatus under various metal/pesticide exposures has never
been studied before.

9 Conclusion

Many studies have been conducted for the removal of individual metal, individual
pesticide or in few cases binary metal/pesticide mixture or single metal and single
pesticide mixture by a microorganism. However, the study of mechanism of removal
of multiple metals in the presence of a pesticide is scare. Furthermore, many studies
dealt with the mechanism of metal removal by biosorption method only, viz. binding
of metals onto the microorganism passively. Also, few researchers attempted to
study the metal uptake by a microorganism at molecular level only. Thus, this review
was undertaken to have a complete and comprehensive picture of the metal uptake
and pesticide degradation by microbes by the active process of bioaccumulation
along with the metal removal by the passive process of biosorption.
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Reuse of Water: An Integral Approach
for Survival
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Abstract

Reutilization of water has become an integral part of the current decade globally.
Various methodologies and techniques have been developed for the treatment of
wastewater followed by its reutilization in various segments. Polluted water has
tremendous hazards associated with it such as the loss of flora and fauna and
health-related issues in the areas where humans come in direct contact with the
pollutant, e.g., near water bodies where the majority of industrial, domestic, and
agricultural waste are discharged without its prior treatment. Thus, the treatment
of water prior to its release should be mandatory which will eventually result in its
reutilization. The reuse of water will help treat the polluted water, thereby
reducing pollution and simultaneously the load on environment as well. The
main problem which is faced for the reuse of treated water is the public perception
which poses a major challenge for its effective reutilization. Thus, the present
chapter would focus on various hazardous and biological pollutants, technologies
involved in its treatment, areas where the water is reused followed by the
limitation which are prevalent in the technical sectors of treatment, as well as
its future prospect.
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1 Introduction

Water is widely used in various types of economic activity but mostly is used for
consumption purposes from various sources among which surface water is utilized
after treatment that ensure the reduction of pollutants (Pawełczyk 2012). Despite of
so many sources of water, there is still shortage of soft water in the world due to
population explosion and excessive utility in industries. The physicochemical aspect
of any form of water body plays a very essential role in maintaining the fragile
ecosystem which eventually maintains several life forms globally. Various sources
of water are polluted due to multiple factors which include contamination by
pathogenic agents, chemicals, heavy metals, pesticides, and water disinfectants. In
addition, industrial and agricultural activities, leaching from soil and rocks, atmo-
spheric deposition, and other human activities have become a potent problem,
contaminating all the basic element of nature necessary for the survival of life
entities.

More than one billion people all over the world do not have ready accessibility to
enough and safe water supply. According to the World Health Report (WHR-1998),
water supply differs widely in terms of regional aspect. In the 1970s, of the
approximately 2.5 billion populations in the developing world, only 38% had safe
drinking water. At the beginning of the 1980s, water supply was 75% in urban areas
and 46% in rural areas (Kumar and Puri 2012). In developing countries, only 75% of
the population has access to water supply as a result of which there is always a risk of
deadly diseases. In modern era there is a large decline in freshwater due to popula-
tion increase, urbanization, industrialization, and concentrated agricultural sector.
The limited availability of surface water makes people dependent on groundwater
resources to complete their needs. A number of towns and cities fulfill their demand
from groundwater and surface water through municipality and also from several
concealed boreholes. Regular water quality monitoring of the water resources is very
necessary to calculate the quality of water for ecosystem health and hygiene,
industrial use, agricultural use, and domestic use (Kumar and Puri 2012; Pawełczyk
2012). The social, economic, and environmental aspects of historic water resource
development practices and the inevitable prospects of water scarcity are taking the
shift to a new paradigm in water resource management. The new approach should be
applied based on the principles of sustainability, ethics of the environment, and
public participation. Sustainable water resource management tries to make integrated
and adaptable systems, increasing efficiency of water use and making regular efforts
toward protecting ecosystems (Baron et al. 2002). Thus, the present ster deals with
various hazardous pollutants, microbial pollutant, and its treatment for the effective
reutilization of water.

2 Hazardous Pollutants

The various chemicals which contaminate in the water bodies and have imposed
threat to the flora and fauna both on land and in water are as follows (Fig. 1).
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2.1 Bisphenol A (BPA)

Bisphenol A (BPA) is the common name for 2,2-(4,40-dihydroxydiphenyl) propane,
4,40-isopropyllidenediphenol, or 2,20-bis(4-hydroxyphenyl) propane, an organic
compound with two phenol moieties. Its important properties comprise of low
vapor pressure, mild water solubility, and low volatility and assume solid state at
room temperature (Tsai 2006).

Wastewater from an industrial park situated in southern Taiwan contains high
level (16 μg/L) of BPA, which was 16 times higher than the global BPA level in
environmental waters. In China it has been proved that BPA can cause oxidative
stress on human embryo liver L-02 cells by damaging DNA, although vitamin C
(an antioxidant) can decrease DNA damage. Many animal studies showed that BPA
exposure reduces sperm production (Zhang et al. 2005), enhances the stillbirth rate
(Wang et al. 2005), affects embryonic development (Pei et al. 2003), and diminishes
the viability of mesencephalic neuronal cell (Lin et al. 2006) (Table 1).

2.2 Thallium

Thallium, while being a highly toxic element, has been studied to a comparatively
less than other toxic elements such as lead, cadmium, or mercury. One of main
reason could be that the classical analytical methods have poor sensitivity to
thallium, and secondly as it has already been stated as being highly toxic, further
studies were not performed (Peter and Viraraghavan 2005). It is suggested that
thallium is mobilized in waters in the mining districts usually as sulfates, arsenates,
and chloride complexes. Its distribution in the world oceans therefore looks similar

Fig. 1 Various types of
hazardous pollutant
responsible for water
contamination
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to that of alkali metals, which are its principal biogeochemical entity (Zhang et al.
1998). Concentrations of thallium in river water and groundwater of 0.04 and
800 Ag/L, respectively, have been reported (Delvalls et al. 1999). Thallium was
detected in natural waters (including sea water) by first pre-concentrating it by
adsorption from oxidizing medium onto a strongly basic anion exchanger as the
tetrachlorothallate (3+) ion (Riley and Siddiqui 1986). The other method used for the
detection of thallium includes selective separation and purification which enables
detection even at low concentrations. Thus, techniques have to be developed for the
detection of thallium for its effective treatment (Table 2).

Table 1 Various treatment methods employed for the removal of bisphenol A

S. no. Treatment process Reference

1. Thermally activated persulfate oxidation process Olmez-Hanci et al.
(2013)

2. White-rot basidiomycetes, Pleurotus ostreatus Hirano et al. (2000)

3. Sphingomonas bisphenolicum AO1 Matsumura et al.
(2015)

4. Immobilized marine microalga Pavlova sp. Shimoda and
Hamada (2009)

5. Activated carbon Bautista-Toledo
et al. (2005)

6. Nanofiltration membrane Zhang et al. (2006)

7. Removal using FexCo3-xO4 nanocages derived from nanoscale
metal-organic frameworks by the activation of
peroxymonosulfate

Li et al. (2016)

8. Oxidative removal by manganese dioxide Lin et al. (2009)

9. Membrane bioreactor Chen et al. (2008)

10. UV-C/peroxymonosulfate (PMS) Sharma et al.
(2015)

Table 2 Various treatment methods employed for the removal of thallium

S. no. Treatment process Reference

1. Aspergillus niger biomass Peter and Viraraghavan
(2008)

2. Modified sugar beet pulp Zolgharnein et al. (2011)

3. Fe-Mn binary oxides Li et al. (2017)

4. Iron metal and hydrogen peroxide Kikuchi et al. (1990)

5. Combination of persulfate oxidation and iron
coagulation

Li et al. (2018)

6. Eucalyptus leaves powders Khavidaki et al. (2013)
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2.3 Nitrate and Nitrite

Nitrate and nitrite are naturally occurring ions that are components of nitrogen cycle;
however, when the nitrate level in drinking water exceeds 50 mg/L, drinking water
becomes the main source of concern. High level of nitrate in drinking water can be
caused due to excessive use of agricultural fertilizers, decayed vegetable water,
domestic effluent, sewage disposal, and industrial discharges, leachable from refuse
dumps and atmospheric and atmospheric precipitation (Makhijani and Manoharan
1999). Nitrites on the other hand cause serious condition in fish called “brown blood
disease.” Nitrites also combine directly with hemoglobin in human blood and other
warm-blooded animals to make methemoglobin. Methemoglobin restricts the ability
of red blood cell to transport oxygen. This condition is especially significant in
babies under 3 months of age. It causes a disease known as methemoglobinemia or
“blue baby disease” (Kumar and Puri 2012).

2.4 Lead

Lead compounds has its use in plumbing fittings and as solder in water distribution
systems. Lead is found in tap water to some extent as a result of its dissolution from
natural sources but primarily from household plumbing systems, e.g., pipe, solder,
and fittings. PVC pipes also have lead compounds and result in high concentration of
lead in drinking water. The general forms of Pb, i.e., ionic lead, Pb(II), lead oxides
and hydroxides, and lead metal oxyanion complexes, are released in the land and
water systems of which two forms, i.e., Pb(II) and lead-hydroxy complexes, are
stable forms. Lead (II) forms mono- and polynuclear oxides and hydroxides which
are the most reactive forms of Pb. According to India’s Bureau of Indian Standards
(1991) for standard drinking water specification, the highest desirable amount of
lead in drinking water was 0.05 ppm (parts per million), and no relaxation for
maximum permissible limit for the element (Kumar and Puri 2012). Lead exposure
has enormous biological implications being directly proportional to the concentra-
tion and duration of exposure (Table 3).

Table 3 Various treatment methods employed for the removal of lead

S. no. Treatment process Reference

1. Biochars prepared from hydrothermal liquefaction of
biomass

Liu and Zhang (2009)

2. Granulated blast furnace slag Dimitrova and Mehandgiev
(1998)

3. Granular slag columns Dimitrova (2002)

4. Carbon nanotubes Li et al. (2006a, b)

5. Fixed-bed columns by zeolite and sepiolite Turan et al. (2005)
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2.5 Phosphate

Phosphates in soil are contributed from the wash of farm soils which enters the
nearby water bodies. In required concentration phosphate is necessary for the
survival of plankton and aquatic plants which supply food for fish. However, large
quantities of phosphate in water bodies will enable the growth of algal and aquatic
plants randomly, thereby clogging the water way and use up large amounts of
oxygen. Digestive problems could be there from extremely high level of phosphate
(Kumar and Puri 2012) (Table 4).

2.6 Arsenic

Arsenic contamination in drinking water has been reported in different parts of the
world and prominently in China (WHO 1996). In India, it had been found to be
abundant in different region of the West Bengal due to dissolution of arsenic
containing bed rocks. The WHO has prescribed a provisional guideline value of
10 μg/L in potable water, and according to Indian standard drinking water specifica-
tion (1991), the maximum considerable limit of 50 μg/L has no relaxation for
maximum permissible limit. Chronic exposure due to arsenic-contaminated drinking
water identifies dermal lesions, peripheral neuropathy, skin cancer, and peripheral
vascular disease (Saha et al. 1999) (Table 5).

Table 4 Various treatment methods employed for the removal of phosphate

S. no. Treatment process Reference

1. Red mud Huang et al. (2008)

2. Electrocoagulation Bektaş et al. (2004)

3. Fe-Mn binary oxide adsorbent Zhang et al. 2009

4. Blast furnace slags and opoka-mechanisms Johansson and Gustafsson (2000)

5. Raw and activated red mud and fly ash Li et al. (2006b)

Table 5 Various treatment methods employed for the removal of arsenic

S. no. Treatment process Reference

1. Electrocoagulation Kumar et al. (2004)

2. Reverse osmosis Ning (2002)

3. Nanocrystalline magnetite Mayo et al. (2007)

4. Iron-modified activated carbon Chen et al. (2007)

5. Polymeric/inorganic hybrid sorbent DeMarco et al. (2003)
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3 Microbiological Hazard

Fecal coliform bacteria are a collection of comparatively harmless microorganisms
that live in large quantity in the intestines of the warm- and cold-blooded animals
and support in the digestion of food. There is a specific subgroup of this collection:
the fecal coliform bacteria, the most common and known member being Escherichia
coli. The presence of fecal coliform bacteria in aquatic environmental shows that the
water has been polluted with the fecal material of man or other animals. The source
water may have been contaminated by pathogens or disease-producing bacteria or
viruses which are also there in fecal material. Some waterborne pathogenic diseases
are typhoid fever, viral and bacterial gastroenteritis, and hepatitis A. The presence of
fecal contamination is an indicator that a potential health danger is there for
individuals exposed to water (Kumar and Puri 2012). In developing countries,
untreated or incompletely treated municipal wastewater remains a risk for public
health. The potential spread of infectious disease by pathogenic organisms is the
most common issue in water reclamation and reuse. The main infectious agents that
may be found in untreated municipal wastewater can be grouped into three: bacteria,
protozoa, and viruses (Fig. 2) (Metcalf and Eddy, Inc, et al. 2007).

3.1 Bacteria

The various bacteria which are known to hazardous biological pollutants and
common are as follows.

3.1.1 Shigella
Shigella infects humans and primates and causes shigellosis bacillary dysentery.
S. sonnei causes a number of waterborne infections, although all four subgroups
(S. dysenteriae, S. flexneri, S. boydii, and S. sonnei) have been procured during
various disease outbreaks (Moyer 1999; WHO 2005).

Fig. 2 The various microbiological hazardous pollutants responsible for water contamination

Reuse of Water: An Integral Approach for Survival 495



3.1.2 Salmonella
Over 2200 known serotypes of Salmonella exist in the environment, all of which are
pathogenic to humans. They generally cause gastrointestinal illness; however, a few
can cause other forms of disease, such as typhoid (S. typhi) and paratyphoid (S.
paratyphi) fevers. The latter two species infect humans only, while the others are
carried by both humans and animals (Metcalf and Eddy, Inc, et al. 2007; Chiu et al.
2004).

3.1.3 Escherichia coli
E. coli is a member of the fecal coliform group of bacteria usually found in the
intestinal tracts of humans and warm-blooded animals and is generally harmless.
This organism in water indicates fecal contamination. Some strains of E. coli are
pathogenic and cause gastroenteritis. A particular strain, E. coli O157:H7 (Perna
et al. 2001), causes acute bloody diarrhea and abdominal cramps
(enterohemorrhagic) and in some situations have resulted in hemolytic uremic
syndrome (HUS), in which red blood cells are destructed and the kidneys fail. One
of the highest death rates of all waterborne diseases is due to HUS (Hunter 2003;
Noris and Remuzzi 2009).

3.2 Protozoa

Protozoa are generally present in fresh and marine water, and some can grow in soil
and other locations. The enteric protozoan parasites generate cysts or oocysts that
help in their survival in wastewater and under unfavorable conditions in the aquatic
environment. Common pathogenic protozoa include Giardia lamblia, Cryptospo-
ridium parvum, and Entamoeba histolytica (Khalifa et al. 2001; Adam 2001;
Abrahamsen et al. 2004; Loftus et al. 2005).

3.2.1 Giardia lamblia
Waterborne giardiasis, caused by the protozoan G. lamblia, is identified as the most
common protozoan infection in the United States and exists a major public health
concern. The reported evidence of waterborne giardiasis, a gastrointestinal disease
established by diarrhea, fatigue, and cramps, has increased in the United States since
1971 (Adam 2001).

3.2.2 Entamoeba histolytica
E. histolytica can cause amoebic dysentery, with symptoms ranging from acute
bloody diarrhea and fever to mild gastrointestinal illness. The organism can cause
ulcers sometimes and then invade the bloodstream, causing more serious effects
(Haque et al. 1995).

3.2.3 Ascaris lumbricoides
The infectious disease established by A. lumbricoides (an intestinal roundworm) is
known as ascariasis. In its mild form ascariasis is characterized by digestive and
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nutritional problems, abdominal pain, vomiting, and the presence of live worms in
stools or vomit. Serious cases involving the liver can cause death also (O’lorcain and
Holland 2000).

3.3 Viruses

Viruses are composed of a nucleic acid core and are covered by an outer coat of
protein. Enteric viruses obligate human pathogens, which mean they multiply only
in the human host. Their simple structure, a protein coat surrounding a core of
genetic material (DNA or RNA), provides them a better survival in the environment.
Some common enteric viruses can cause potential waterborne diseases which are
discussed below (Cohn et al. 1999).

3.3.1 Hepatitis A
Although all enteric viruses are potentially spread by drinking water, evidence of this
route of infection is prominent for hepatitis A virus (HAV). The HAV causes
infectious hepatitis, an illness signified by inflammation and necrosis of the liver.
Symptoms are fever, weakness, nausea, vomiting, diarrhea, and occasionally jaun-
dice (Nainan et al. 2006).

3.3.2 Rotaviruses
Rotaviruses cause acute gastroenteritis, majorly in children. Almost all children have
been infected at least once by the age of 5 years. In developing countries, rotavirus
infections are a significant cause of infant mortality. Rotaviruses are transmitted by
fecal-oral transmission and have been identified in municipal wastewater, lakes,
rivers, and even tap water (Odimayo 2005).

3.3.3 Enteroviruses
The enteroviruses include groups like polioviruses, coxsackieviruses, and
echoviruses. Enteroviruses are present in wastewater and surface water and in
drinking water occasionally. Vaccination with oral poliovirus vaccine (OPV) was
not continued in the United States since 2000. In 2005, however, four unvaccinated
children in Minnesota were found infected by poliovirus, raising concerns regarding
the spread of poliovirus to other communities with low levels of vaccination
comparatively and the chance for an outbreak in the United States (CDC 2005).

3.3.4 Adenoviruses
Various types of adenoviruses are reasonable for upper respiratory illness, including
the common cold. However, all types may be present in feces and may be spread by
the fecal-oral route. Although adenoviruses have been found in wastewater, surface
water, and drinking water, data on their presence in water are limited. Adenoviruses
are relatively resistant to disinfectants and may not be inactivated or killed by
traditional treatment strategies (Ginsberg 2013).
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4 Treatment of Polluted Water

A number of methods are utilized for the removal of various pollutants from
contaminated water which includes variations of the activated sludge process for
denitrification and submerged attached growth processes (Pedros et al. 2008; Gerardi
2003). On the other hand, certain phosphorus accumulating bacteria can be utilized
to release phosphorus under specific redox conditions as component of the activated
sludge process. After the phosphorus uptake has occurred, these organisms must be
removed from the process to accomplish phosphorus removal. Phosphorus removal
can be done by the addition of salts of the multivalent metal ions that produce
precipitates of readily soluble phosphates. The general processes by which phospho-
rus can be removed may be classified as precipitation, coprecipitation, and
postprecipitation (Metcalf and Eddy, Inc, et al. 2007). Thus, it has been observed
that various treatment methods are used for the removal of various pollutants and are
described as follows.

4.1 Depth Filtration

Depth filtration was created originally for the treatment of surface water for potable
uses and adapted for wastewater treatment applications later. Depth filtration is
utilized in reuse applications to provide supplemental removal of suspended solids
(including particulate BOD) from wastewater effluents for more effective disinfec-
tion, as a pretreatment procedure for subsequent treatment steps such as carbon
adsorption, membrane filtration, or advanced oxidation and to remove chemically
precipitated phosphorus (Metcalf and Eddy, Inc, et al. 2007).

4.2 Surface Filtration

Surface filtration is used to release the residual suspended solids from secondary
effluents and stabilization of pond effluents and is being used as an option to depth
filtration as pretreatment for membrane filtration. Surface filtration, a new technol-
ogy, includes a sieving action similar to a kitchen colander (Metcalf and Eddy, Inc,
et al. 2007).

4.3 Membrane Filtration

Membrane filtration with (membrane filter) MF and (ultrafiltration) UF membranes
is being used for water and wastewater applications. Microfiltration and UF mem-
brane filters are also surface filtration devices but are differentiated on the criteria of
the sizes of the pores in the filter medium; the pore size can differ from 0.005 to
2.0 mm. In water reuse applications, MF and UF usually assume biological treatment
and are used to filter particulate matter (including pathogens), organic matter, and
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some nutrients not filtered by secondary clarification. Product water from MF and
UF may be used (Metcalf and Eddy, Inc, et al. 2007).

4.4 Nanofiltration

It used to filter particles in the 300–1000 molecular weight (MW) range, removing
selected salts and most organics and microorganisms, operating at greater recovery
rates and at lower pressures than RO systems. Even though most inorganic and
organic components and microorganisms are removed, disinfection is needed to
ensure system reliability in the event of a defect in the membrane. Nanofiltration is
used where the high salt rejection of RO is not important although NF has an ability
of removing hardness elements in water such as calcium and magnesium.
Nanofiltration membranes are sometimes used for removing salts to meet TDS
requirements for groundwater recharge and for softening of water (Metcalf and
Eddy, Inc, et al. 2007).

4.5 Dissolved Air Flotation (DAF)

Flotation is a gravity separation process in which gas bubbles cling to solid particles
to cause the density of the bubble-solid agglomerates to be lighter compared to
water. In DAF, bubbles are generated by the reduction of pressure in a water stream
saturated with air, similar to the bubble production in a carbonated beverage when
the top is opened. Dissolved air flotation has been utilized in water treatment as an
option for the sedimentation and treatment of nutrient-rich water bodies having
heavy algae blooms and for low alkalinity (AWWA 1999).

4.6 Reverse Osmosis

Reverse osmosis has numerous applications, e.g., desalination of sea and brackish
water and industrial process water for removing the dissolved constituents. It
effectively removes 95–99.5% of the TDS and 95–97% of dissolved organic matter.
It is also used to remove dissolved materials, commonly salts, under pressures
having a range from 1200 to 1800 kPa for low TDS water (1000–2500 mg/L) to
5500–8500 kPa for seawater and at flux rates ranging from about 12 to 200 L/m2 per
hour. Generally, the ranges and mean geometric standard deviations for the RO
process are higher than those for the other membrane processes. Although several
different statistical methods are present for dealing with undetected values, it is
common practice, for the purpose of data analysis, to assign a value equal to one-half
of the detection limit for the test to a non-detect value (Metcalf and Eddy, Inc, et al.
2007).
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4.7 Adsorption

It is used for the separation of substances that are in solution by adsorbing them on a
solid phase. Adsorption is assumed to be a mass transfer operation as a component is
transferred from a liquid phase to a solid phase. The adsorbate is the substance that is
being removed from the liquid or gas phase at the interface. The adsorbent is the
solid, liquid, or gas phase onto which the adsorbate sticks. Although adsorption is
used at the air-liquid interface in the flotation method, only the situation of adsorp-
tion at the liquid-solid interface is assumed in this section. Activated carbon is the
primary adsorbent used in adsorption processes. Adsorption treatment of reclaimed
water is generally considered as a polishing process for water that has already
received usual biological treatment. Adsorption has been used for the removal of
refractory organic components, residual inorganic constituents such as nitrogen,
sulfides, and heavy metals. Under optimum conditions, adsorption can be used to
remove the effluent COD to less than 10 mg/L (Metcalf and Eddy, Inc, et al. 2007)

4.8 Ion Exchange

This involves exchange of an ion in the aqueous phase for an ion in a solid phase.
The solid phase ion replacement material is insoluble and can be natural such as
kaolinite and montmorillonite minerals or a manmade material such as a polymeric
resin. The exchange materials have fixed charged functional entities located on their
external and/or internal surface, and aligned with these groups are ions of opposite
charge called “counter ions.” The mobile counter ions are attached by electrostatic
attraction to each of the charged functional groups to complete the criterion that
electroneutrality is maintained at all times within the replacement material as well as
in the bulk aqueous solution. Based on the charge of the functional group on
exchanger, the counter ion can either be a cation if the functional entity is negative
or an anion if the functional entity is positive and can exchange with another counter
ion in the aqueous phase (Metcalf and Eddy, Inc, et al. 2007).

4.9 Chemical Oxidation

It is used for several applications in water reclamation, involving the degradation of
anthropogenic or synthetic toxic organics. Process in which oxidizing chemicals are
put into water that directly reacts with the constituents in water is called conventional
oxidation processes. Process in which oxidizing chemicals are added to water to aid
the formation of hydroxyl radicals which then react with the components in water is
known as advanced oxidation processes (AOPs). A dot is put after the radical species
to show that there is a single unpaired electron in the outer orbital. The principal
applications of conventional chemical oxidation in water reutilization are for
(1) odor control, (2) hydrogen sulfide control, (3) color removal, (4) iron and
manganese removal, (5) disinfection, (6) control of biofilm formation and biofouling
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in treatment operations and distribution system components, and (7) oxidation of
certain trace organic constituents. Oxidants that are usually used in water reclama-
tion are (1) hydroxyl radical, (2) chlorine, (3) ozone, (4) chlorine dioxide, (5) per-
manganate, and (6) hydrogen peroxide (Metcalf and Eddy, Inc, et al. 2007).

4.10 Photolysis

It is a process by which components are broken down by exposure and absorption of
photons/light from a light source. In nature, sunlight is the source of light for
photolysis reactions; however, in engineered systems, UV lamps are used to generate
the photonic energy. The photons that are absorbed cause the electrons in the outer
orbital of some compounds to become unstable and separate or become reactive. The
effectiveness of the photolysis process is based on the characteristics of the
reclaimed water, structure of the components, structure of the photolysis reactor,
and amount and wavelength of the applied light. The photolysis rate can be calcu-
lated from the rate at which the compound absorbs light and the photonic capability
of the reaction (quantum yield) (Metcalf and Eddy, Inc, et al. 2007).

4.11 Chemical Agents

Chlorine and its derivative and ozone are the principal chemical compounds used for
the disinfection of water under treatment. Other chemical agents that have been
utilized as disinfectants in various applications include (1) bromine, (2) iodine,
(3) phenol and phenolic compounds, (4) alcohols, and (5) heavy metals. Disinfection
with chemical agents is achieved by mixing completely the diluted disinfecting agent
with the liquid to be disinfected and allowing enough time for the disinfectant to
react with the microorganisms that may be there in the liquid (Metcalf and Eddy, Inc,
et al. 2007)

4.12 Radiation

The prominent types of radiation are electromagnetic, acoustic, and particle. For
example, the degradation of microorganisms is there in oxidation ponds to their
exposure to the ultraviolet (UV) light component of sunlight of the electromagnetic
spectrum. Special lamps developed to emit UV light have been applied succzessfully
to disinfect treated water. Disinfection with UV light is done by exposing the
microbes in the liquid to UV light (Metcalf and Eddy, Inc, et al. 2007).
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4.13 Membrane Modules

Membrane modules have varied from being utilized solely in tertiary wastewater
treatment to being implemented into secondary wastewater treatment. These systems
are generally referred as membrane bioreactors (MBRs). There are a number of
advantages associated with the MBR which make it a good alternative over other
treatment techniques. The potential for using the MBR at very high solid retention
times without having the problem of settling allows high biomass concentrations in
the bioreactor. MBR systems were primarily used for municipal wastewater treat-
ment, initially in the area of water reuse and recycling. Compactness, generation of
reusable water, and smooth operation made the MBR an ideal process for recycling
municipal wastewater space limited environments. High organic matter load and
difficult to treat compounds are two major characteristics of industrial waste streams
that require the use of alternative treatment techniques such as the MBR desirable.
Since traditionally wastewater with high COD content was purified under anaerobic
conditions, initial cases of MBR applications for industrial wastewater were in the
field of anaerobic treatment (Cicek 2003).

4.14 Fenton’s Reagent

The Fenton’s chemistry started at the end of the nineteenth century, when Fenton
published, in a pioneering work, a detailed study on the application of a mixture of
H2O2 and Fe2+ (later called the Fenton’s reagent) for the oxidation and degradation
of tartaric acid (Fenton 1894). Basically, the Fenton process contains several impor-
tant advantages for water/wastewater treatment (Bautista et al. 2008): (1) a simple
and flexible process permitting easy implementation in existing plants and (2) easy
and relatively inexpensive chemicals. Nevertheless, the following drawbacks have
been also noted (Tarr 2003): (1) rather high cost and risks due to the storage and
transportation of hydrogen peroxide and (2) need of large quantity of chemicals for
acidifying effluents at pH 2–4 before decontamination and/or for neutralizing treated
solutions before discarding (Gadipelly et al. 2014).

4.15 Biosorption

It is rather hard to define because many mechanisms may aid to the overall process
depending on the substance to be sorbed, the biosorbent used, environmental factors,
and the presence or absence of metabolic processes in the case of living organisms.
Biosorption of the base metal cations is depending on pH and usually takes place in
the range pH 3–7. Biosorptive processes may be a part of varying importance in any
form of primary or secondary biological treatment operations for aqueous waters and
process streams including domestic, municipal, and industrial wastes and, in some
cases, solid wastes. In biological treatment processes, a shear advantage is that
metabolic activities aid in the degradation of organic materials. Some examples
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have been mentioned where organic and inorganic transformations are closely linked
to biosorptive separation, e.g., rotating biological contactors to treat dilute metal-
containing mine waste streams (Gadd 2009).

5 Reutilization of Water

Given the huge number of treatment technologies applied in the preceding sections,
it can be said that decentralized systems can be used to virtualize any water reuse
design. The most common decentralized water reutilization projects include systems
for landscape irrigation with drip emitters, groundwater recharge, non-potable
indoor reutilization, and habitat development. Most decentralized wastewater treat-
ment systems make use of the local soil for spread of effluent. These soil infiltration
systems are not produced usually to make use of plant uptake of water or nutrients
found in wastewater. Therefore, the arrival of wastewater to groundwater and plant
uptake of wastewater in soil infiltration systems may be assumed unplanned water
reuse. The application of planned decentralized water reuse systems for the irrigation
of landscapes is used in many locations because it decreases water demands and is
considered to be safe, and the point of reuse is sometimes near to the point of
reclaimed water generation. Decentralized wastewater systems designed for water
reuse by landscape irrigation are utilized to apply reclaimed water and nutrients at
rates enough for plant uptake and typically make use of shallow effluent distribution
methods, such as drip irrigation. Generally, wastewater from an apartment building,
commercial facility, or a cluster of homes remains in a large watertight septic tank or
other solids separation unit, and all or a part of the flow may be used for tree and
median strip watering by applying subsurface drip irrigation. Because the nutrients
in the wastewater are useful, the effluent from the septic tank is used after it has
passed an effluent filter to remove coarse solid particles larger than about 2–3 mm
(Metcalf and Eddy, Inc, et al. 2007). The wastewater produced from bathing and
washing facilities that does not contain concentrated human waste or food waste is
commonly known as grey water. In some cases, grey water is applied for subsurface
irrigation without treatment, however, for some reuse applications. Grey water may
need to be treated before use. The treatment systems utilized for grey water include
biological treatment, particle removal, and disinfection. If untreated grey water is
stored in a holding tank for any length of time, anaerobic conditions may develop,
similar to what happens in a septic tank. In some cases, grey water can be supplied
without treatment for tree irrigation using subsurface dispersal systems (Ludwig
1997). The concentration of pathogens, organic matter, trace constituents, and
nutrients are assumed to be significantly lower than those there in combined waste-
water; however, the amount of sodium and other minerals may be increased
depending on the type and nature of detergents and cleaning agents used in the
home, as well as the presence of a salt-based water softener (Metcalf and Eddy, Inc,
et al. 2007). Wastewater treatment processes that utilize plants and other ecological
components are commonly referred as natural treatment systems. Natural treatment
systems may enhance the growth of beneficial plants and trees that are used as
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sanctuary for several organisms. In addition, reduced accessibility to wastewater
treatment and reuse areas decreases disturbance to wildlife in these parts. Because
natural processes typically depend on solar energy and gravity flow, the cost of
running the operation and maintenance may be significantly less than a high rate
process, but the treatment processes runs at much lower rates and are more sensitive
to environmental and seasonal changes.

5.1 Reutilization for Agricultural Applications

Agricultural irrigation evolved from the initial practice of sewage farming when
untreated municipal wastewater (sewage) was directly added to crops. In some parts
of the world that practice is still applied, in spite of unfavorable health and environ-
mental impacts. Agricultural irrigation is the largest sector of reclaimed water
utilized in the United States and in most of the world. Depending on the application
of the crop for food and other purposes and how the irrigation water is to be applied,
i.e., by ridge and furrows, sprinklers, or surface/ subsurface drip irrigation, the
degree of the treatment required will differ. In almost all irrigation applications in
the United States, a threshold of secondary treatment is required. For spray applica-
tion to food crops, if needed, higher levels of treatment including disinfection are
necessary. Other assumptions in agricultural irrigation include the type of crop;
topography and soil properties; effect of water quality, particularly dissolved solids,
on soils, crops, and the groundwater; runoff and drainage water management; and
infrastructure requirements. It is after the application of these techniques that the
water is reused, for agricultural purposes.

5.2 Reutilization for Landscape Irrigation

Landscape irrigation is the second largest consumer of reclaimed water in the United
States and is being applied increasingly for several locations involving golf courses,
parks, residential areas, roadway medians and roadside plantings, and cemeteries.
Because public contact with the used water is considered as a potential health hazard,
reclaimed water has to have higher water quality levels for suspended solids and
microbial contamination, as compared to some agricultural applications. Many of the
other physical and chemical properties of the reclaimed water in landscape
applications are similar to those for agricultural process. In irrigation system pro-
cesses, considerations include reducing the formation and spread of aerosols, man-
aging application rates to stop ponding and runoff and controlling chlorine residuals
to maintain disinfection (Niu and Cabrera 2010).
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5.3 Reutilization for Industrial Uses

The major industrial users of treated water are power plants, oil refineries, and
manufacturing facilities where water is needed principally for cooling purposes.
Water quality, particularly total dissolved solids, chlorides, and dissolved oxygen, is
an important issue because of potential scaling or corrosion in piping systems and
heat exchangers. Residual organic matter may also aid to biological growths in heat
exchangers and cooling towers. Additional treatment may be important at the point
of use based on the water quality requirements for a particular industrial process.
Other important consideration involves matching demand with supply, system
reliability, and disposal of cooling tower blow down (Metcalf and Eddy, Inc, et al.
2007).

5.4 Reutilization for Urban Non-irrigation

Urban non-irrigation uses cover a large variety of applications involving air condi-
tioning cooling water, fire protection, toilet and urinal flushing, ornamental water
features, and maintenance. Commercial utilization of reclaimed water such as a car
washing and commercial laundries is practiced usually in urban areas, and they are
assumed as part of urban non-irrigation. Urban use is limited commonly to high-
density development such as office buildings and apartments where there is eco-
nomic advantage for installing a dual distribution system, one system for potable
water, and one for treated water. Water required for most urban non-irrigation water
reuse applications is small, and usually, multiple water reuse applications are
involved including landscape irrigation. The principal issues with dual distribution
systems are the large cost of infrastructure and the limitation of cross-connection
between the two water supplies. High-quality and well-disinfected treated water
must also be used to ensure public health protection (Eslamian et al. 2010).

6 Overview of Wastewater Reuse

Reusing wastewater is executed to take advantage of water resource in other sectors
than those from which it was obtained but by previously subjecting it to a process of
purification. In Latin America, about 400 m3 s�1 of wastewater are released into
surface water sources; for example, in Colombia, 1,230,193 ha are irrigated with
wastewater, of which 27% is reutilized treated wastewater and 73% untreated but
usually added with surface water (Silva et al. 2008). However, there is no proper and
reliable information about wastewater reutilization in Latin America, and only 8% of
the total wastewater that is produced daily is treated. Thus, irrigation of agricultural
areas is done usually with untreated wastewater. Mexico produces more than half of
the wastewater of all Latin America (Post 2006). The irrigation infrastructure in
Mexico is one of the largest irrigation infrastructures in the world, covering 6.46
million ha, but water availability is decreasing under due to increasing population.
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The distribution of water relies on the demand from the industrial, agricultural, and
municipal sectors, since there is the need to generate food and provide basic services
to raising human population (Elizondo et al. 2004). Conagua (2009) reported that, in
2007, Mexico produced 243 m3 s�1 of urban wastewater, of which 32.6% was
treated. However, only 0.53 km3 were treated completely, and at least 6.8 km of
untreated wastewater were released into the environment. In 2009, the 2029 water
treatment plants used in the country treated 42% of wastewater, which is equivalent
to 88.1 m3 s�1 of the total of 209.1 m3 s�1 of the wastewater operated in sewer
systems (Mejía et al. 2012). In 2011, 36% of all municipal wastewater was
processed, removing 1.34 million tons of MO, which mentions that the production
of polluting matter will always be greater than the capacity to separate it, even if
there was a notable rise in the number of the water treatment plants, which could be
2709 by the year 2030, but the volume of wastewater treated would usually be well
below the total volume produced (Sina 2012). The agricultural sector needs the
largest volume of water, ranging from 76.7% to 80% of the total water available;
however, it only requires 46%, meaning that something less than half of the water is
utilized for crop production. In contrast, the allotment of public water distribution is
about 14% (Mejía et al. 2012). The reutilization of nutritional components and water
from domestic treated wastewater to urban agriculture is often assumed as a potential
food, energy, water, health (FEW-health) nexus strategy that may utilize energy and
rise in GHG emissions while advancing water cycling and nutrient reutilization and
also providing fresh/healthy foods (Hanjra et al. 2015; Makoni et al. 2016).

7 Limitations and Future Prospect

There are a number of advantages and disadvantages of irrigating urban farms with
untreated or incompletely treated wastewater. The merits, particularly in developing
countries, involve water conservation, nutrient recycling (Van der Hoek et al. 2002;
Qadir et al. 2007), restricting fertilizer usage (Pitterle and Ramaswami 2009;
Corominas et al. 2013), land treatment of wastewater (Raschid-Sally and Jayakody
2009), spatial and temporary access of water for irrigation, reduced need for expen-
sive refrigerated mobilization or storage facilities enhanced nutrition for urban
residents, and better livelihoods (Qadir et al. 2007; Kilelu 2004; Raschid-Sally and
Jayakody 2009). The demerits include increased health risks and decreased environ-
mental aspects as water, soil, and crops become increasingly contaminated with
pathogens, metals, etc.; pathogens, e.g., bacteria, viruses, and protozoa, can induce
acute health problems (Qadir et al. 2007, Ensink et al. 2008). Engineered physical
and biochemical treatment operations can help to reduce pathogens, thereby
mitigating some of the health dangers of urban wastewater agriculture. The con-
struction and operation of these centralized wastewater treatment plants (WWTPs)
apply energy and release associated greenhouse gases (GHGs), which are assumed
as an investment that can mitigate the health problems associated with resource reuse
when wastewater is processed and reused in agriculture. Indeed, this is often showed
as a key chance when exploring the FEW-health nexus from a city perspective.
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However, the interaction, trade-offs, and co-benefits of WWTP energy application
and urban wastewater agriculture risks have not been calculated in the field to ensure
these expectations, primarily because wastewater agriculture is being utilized in
developing world cities where WWTPs are only now being established at an
important scale. As more and more cities in the developing world apply WWTP
infrastructure to reutilize sewage-polluted water, the trade-offs between water,
energy, and health in the aspect of food-borne disease must be calculated at the
intersection of urban agriculture and urban water systems (including groundwater,
wastewater, and surface flows) (Miller-Robbie et al. 2017).

Process related to the urban FEW-health nexus draws upon several strands of
literature, emerging at three major fronts. First, regarding life cycle assessment
(LCA) analysis of WWTP technologies, many studies involves embodied energy
and GHGs along with restricted fertilizer (Corominas et al. 2013), and many have
been analyzed in developing cities (Friedrich et al. 2009; Zhang et al. 2010; Fine and
Hadas 2012; Cornejo et al. 2014; Li et al. 2013). However, only a few involves the
straight link with urban farming uses within the cities (Verbyla et al. 2013; Symonds
et al. 2014). In particular, the bio-solid pathway does not assume the case in
developing cities where untreated or treated wastewater is directly being applied in
urban agriculture. There are no LCA studies of WWTPs in developing countries that
involve a consequential study of the wastewater effluent above the WWTP fence line
in the context of direct utilization of nutrient-rich effluent in urban agriculture.
Beyond a traditional WWTP LCA, methane (CH4) and nitrous oxide (N2O) are
released from wastewater effluent in streams and from farming, and the latter has not
been modeled.

Second, concerning GHG leaching from agriculture, national research has been
done; however, vegetable crops that are usual in urban agriculture are not involved in
these studies. The DAYCENT model, applied in the study, calculates GHG
emissions from cropped lands (EPA A 2011) but has not been used in urban
agriculture crops (herbs, vegetables) grown with nutritional wastewater.

Third, there have been several studies in developed countries establishing general
water reclamation standards, involving urban agriculture, and the general
instructions in the United States are to generate levels similar to drinking water
standards; in developing countries, this is an area where the studies are few and
guidance is sought to involve the complex (Miller-Robbie et al. 2017).

Furthermore, there are few field studies analyzing pathogens on crops treated with
irrigation water from various sources. For example, only one study has calculated
bacteria content of the crop (peppers) following irrigation with treated water
(Dagianta et al. 2014); however, the entire system was not analyzed, including
agriculture with untreated wastewater or the system effects wherein the energy
utilization and emissions from WWTP with agricultural impacts are related to the
crop quality. Integrated field studies are required that connect systems study around
WWTPs with actual field measurements and related health advantages of the
resulting urban agriculture system. Recently, a few studies have investigated
WWTP effluent water properties and its suitability for reutilization in agriculture
(Norton-Brandão et al. 2013; Becerra-Castro et al. 2015; Bunani et al. 2015; Kihila
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et al. 2014; Abdul Mojid and Wyseure 2014; Myszograj et al. 2014; Quist-Jensen
et al. 2015; Woltersdorf et al. 2015). However, implications from WWTP effluent
reuse in agriculture were not fully studied in the aspect of GHG emissions from such
agriculture or crop pathogen quality (Miller-Robbie et al. 2017).
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Toxicity of Hexavalent Chromium and Its
Microbial Detoxification Through
Bioremediation

Sarika Chaturvedi, Aradhana Khare, and S. M. Paul Khurana

Abstract

Chromium exists in different oxidation states ranging from �IV to +VI, in
relation to human exposure. Chromium contaminated ecosystems through ore
refining, chemical and refractory processing, cement plants, automobile brake
lining and catalytic converters for automobiles, leather tanneries and chrome
pigments. It’s having carcinogenic and mutagenic effects upon both acute and
chronic exposures because of its high water solubility, etc. Hexavalent chromium
(Cr6+) is known to have 100-fold more toxicity than its other forms. Chromium
reduction has been evaluated in both aerobic and anaerobic conditions by a group
of microorganisms. Bioremediation is a viable, environment-friendly technology
for cleaning up the chromium-contaminated sites. Bacterial strains such as Kleb-
siella pneumoniae, Bacillus firmus, Pseudomonas maltophilia and Mycobacte-
rium sp. are capable of absorbing Cr6+ efficiently into their biomass. The fungal
strains, Aspergillus flavus, Aspergillus sp. and A. niger, are also capable of
transforming Cr6+ to Cr3+ relative to cell-wall-binding properties by their soluble
enzymes and membrane-associated reductases of electron transfer systems. Infra-
red spectral analysis showed that bacterial isolates having the binding groups –
OH, –NH2 and C¼O conjugated with –NH were responsible for Cr6+ adsorption
within the cell. Cr6+ serves as electron acceptor involving cytochromes b and
c. Genetic and protein engineering may further enhance the Cr6+ reductase
efficiency. The direct application of Cr6+ reductases may be a promising approach
both in situ and ex situ bioremediation in a wide range of environments.
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1 Introduction

Chromium is increasing in the environment by different industries as a result of
metallurgical refractory, chemical industries, tannery, agriculture and many more
anthropogenic activities. It is one of the most toxic metals and abundant pollutants in
both aquatic and terrestrial ecosystem (Costa et al. 2003). It exists in environment in
different oxidation states; it is found that hexavalent Cr(VI) and trivalent Cr(III) are
more stable in nature and enter in bacterial and mammalian cells via transport system
(Ackerley et al. 2004). Cr(III) is a less toxic, trace element essential for functioning
of the environment. It is readily converted into Cr(VI) under natural conditions, and
it reacts with nucleic acid and other cell components and causes mutagenic, carcino-
genic effects on biological system (Wang et al. 2009). Cr bioremediation
mechanisms include biosorption, bioaccumulation, complexation, electrostatic
attraction and ion exchange. Conversion of Cr (VI) to Cr (III) by means of reduction,
lowers the concentration of Cr(VI), decreases its toxicity, and makes it environmen-
tally benign.

Heavy metals are essential for plant growth at low concentration but at higher
concentration are essential for plant growth but at higher are toxic, carcinogenic,
mutagenic, malfunctioning and teratogenic and cause heavy metal pollution which is
rising due to industries. It mostly affects the neurological, liver and kidney functions.
Therefore, heavy metal remediation is a matter of serious concern for healthy
environment.

Various techniques are used for removal of metals from environment, and among
them bioremediation is found to be the most eco-friendly, low-cost and energy-
saving technique.

Bioremediation is a process using microorganisms to convert organic
contaminants such as heavy metals into nontoxic products such as water and carbon
dioxide (USEPA 2001; Sharma and Reddy 2004) in presence of oxygen (aerobic
condition) or without oxygen (anaerobic condition), respectively, or enzymes to
clean up polluted environment, as shown in the Eq. (1) (Okoduwa et al. 2017).

Organic contamimnants þ O2
� ! H2Oþ CO2 þ Cell materialþ energy ð1Þ

Simplified chemical equation of aerobic bioremediation (Sharma and Reddy
2004).

Bioremediation can also be defined as any process that uses microorganisms or
their enzymes to remove and/or neutralize contaminants within the environment
(i.e. within soil and water) to their original condition. The steps involved in the
mechanism of bioremediation of metals from contaminated soil are shown below in
(Fig. 1). Figure 2 shows the basic concept of bioremediation and role of organic
contaminant in the process.
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In the process organic contaminants serve two purposes:

• They act as a source of carbon that can be used as basic building blocks of new
cell constituent.

• They supply electrons that are used by organisms to obtain energy by breaking
chemical bonds. In this process microbes gain energy that helps to grow and
reproduce into more cells.

The optimum conditions considered for effective bioremediation process are as
follows (Sharma and Reddy 2004):

• Temperature range—15 to 45 �C.
• pH range—5.5 to 8.5.
• Moisture levels—40–80% of field capacity.
• Oxygen concentration—>2 mg/L (aerobic).
• Nutrients including carbon, hydrogen, oxygen, nitrogen and phosphorous should

be present in abundance.

Metals 
Bioremediation 

Mechanisms

Solubilization
(Bioleaching)

Complexation
(Bioaccomulation)

(Biosorption)

Metal 
Immobilization

Precipitation

- H2S producing bacteria
- Siderophores.
- Metal reduction- Exopolysaccharide

- Lipoproteins

- Organic acids
- Siderophores
- Root exudates

Fig. 1 Mechanism of bioremediation for metal-contaminated soil

Organic 
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Electron 
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Production of 
New Cells

Electrons and Carbon

Electrons 

Energy 

Fig. 2 Basic concept of bioremediation (USEPA 2001)
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• Use of indigenous microorganisms (native population) and in some cases exoge-
nous (foreign) microorganisms.

• Use of microbes showing limited efficiency of metals, including poor competi-
tiveness and excessive heavy metal concentration.

• Several amendments with inorganic nutrients, biosurfactants, bulking agents,
compost and biochar (Truu et al. 2015).

There are different types of bioremediation techniques (Fig. 3) depending upon
the conditions.

Aerobic treatment This process is normally used for groundwater and
amendments (oxygen-releasing compounds ORC and H2O2) introduced either by
injection or water recirculating systems. This process transforms organic
contaminants into carbon dioxide and water at a very fast speed.

Anaerobic treatment Carbon sources such as molasses or hydrogen-releasing
compounds (HRC) as amendments are introduced by injection or water recirculating
systems. In this process contaminants are converted into methane, carbon dioxide
and traces of hydrogen.

In situ treatment
1. Bioventing In this process microbial activity is increased by introducing oxygen

into the soil using forced air. Nitrogen and phosphorus as nutrients are also added
into soil to increase the growth rate of microorganisms.

2. Slurry-phase lagoon aeration Air and soil are combined in a lagoon to support
fast microbial activity.

3. Biostimulation/injection or pumping of oxygen-releasing compounds
(ORCs) It is used in groundwater contamination as ORCs are present in liquid
form only. ORCs are introduced into the soil to encourage microbial activity. It
can be achieved by adding amendments hydrogen peroxide (H2O2) or

Aerobic AnaerobicInsitu
Treatment

Exsitu
Treatment

Bioventing

Biostimulation

Biosparging

Land 
Farming Composite

Bioreactor
Slurry 
Phase

Bioremediation Techniques

Slurry 
Phase

Fig. 3 Different types of
bioremediation techniques
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oxygen-releasing compounds (ORCs) to the soil, and the process is known as
biostimulation.

4. Biosparging For this air is injected into the groundwater to enhance the number
of microorganisms to increase biodegradation.

Ex situ soil treatment
1. Biopiles In this process soil is excavated and mixed with necessary amendments,

after which the loads are placed in an enclosed building and aerated using blowers
and/or pumps.

2. Compositing Contaminated soil is excavated and combined with bulking agents
and organic amendments such as hay, wood chips, vegetative waste and manure
that increase microorganism activity. It is a controlled biological process either
aerobic or anaerobic under thermophilic conditions (54–65 �C) to convert organic
contaminants into mild stabilized byproducts. There are three most effective
methods of composting:
(a) Aerated static pile composting (compost is formed into piles and aerated with

blowers or vacuum pumps)
(b) Mechanically agitated in-vessel composting (compost is placed in a reactor

vessel where it is mixed and aerated)
(c) Windrow composting (compost is placed in long piles known as windrows

and periodically mixed with mobile equipment): (a) open windrow system in
which the compost is stacked in elongated piles and aerated by tearing down
and rebuilding piles and (b) static windrow system in which the compost
piles are aerated by a forced air system

Among these windrow composting is usually considered to be the most cost-
effective composting alternative.

3. Land farming Soil is excavated and spread in lined treatment beds, and
amendments are not necessarily added, but the soil is tilled to aerate to increase
the microbial activity. This treatment is enhanced from photooxidation by
the sun.

Slurry-phase treatment This involves the controlled treatment of excavated soil.
In this a mixture of soil and water is mixed with amendments to a predetermined
concentration dependent upon the concentration of the contaminants, the rate of
biodegradation and the physical nature of the soils. Clean sand may then be
discharged, and normally, a slurry contains from 10 to 30% solids by weight. This
mixture is stirred continuously so that solids get suspended and maximize area
between microorganisms and soil particles. Slurry-phase bioreactors are used to
treat PCBs, halogenated SVOCs, pesticides and ordnance compounds found in
excavated soils.

Contaminants of different types are remediated by this method such as petroleum
hydrocarbon (gasoline and diesel fuel), nonchlorinated solvents (acetone and other
ketones), wood-preserving wastes, creosote and pentachlorophenol (PCP), some
chlorinated aromatic compounds (chlorobenzenes, azo dyes and biphenyls) having
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less than five chlorine atoms per molecule, underground storage tanks and some
chlorinated aliphatic compounds like trichloroethene (TCE) (Sarika 2019), and their
percentage is shown in Fig. 4. The process of pollutant removal depends primarily
on the nature of the pollutant. There are some criteria on which bioremediation
techniques are based as nature of pollutants, depth, and degree of pollution, type of
environment, location, cost, and environmental policies (Smith et al. 2015).

2 Characteristics of Chromium

Chromium (Cr) is a silvery, shiny, hard, brittle and seventh most abundant critical
metal on Earth and 21st in the Earth’s crust with an average concentration of
100 ppm. It occurs rarely in free or native state (Kohl 1967). Surface elements
react strongly with atmospheric oxygen and convert into strong, dense, passive and
nonporous thick layer of Cr(III) oxide, which stops it from further corrosion and
imparts a metallic sheen. Chromium occurs in oxidation states from �2 to +6;
however the most stable oxidation state is +3 and +6. The oxidation number of Cr
depends upon the pH and redox potential (Eh) of the medium (Cotton andWilkinson
1980).

At room temperature, Cr exists as solid and reacts readily with halogen gases to
form bright-coloured compounds. Readily it gets dissolve in nonoxidizing mineral
acids like HCl and sulphuric acid but not with nitric acid due to its oxidation into
chromic oxide which is passive in nature. It is resistant to normal corrosive agents
hence extensively used in electroplating as protective coating on other reactive
metals. At high temperatures it combines directly with nonmetals like halogens,
sulphur, nitrogen, boron, oxygen, etc. Chromium is one of the chief ingredients of
coloured gem stones, mineral and metals. Coloured gemstones having Cr are
emeralds, ruby, alexandrite, chrome garnet and some sapphires (Jacques et al. 2004).

Petroleum sites 
20%

Wood preserving 
sites
30%

Landfill sites 
19%

Underground 
storage tanks 

13%

Others
18%

Percentage of Bioremedia�on on off sites
(USEPA 2008a) 

Others include 
fire training 
areas, vehicle 
maintainance 
areas, pes�cide 
manufacturing 
sites and spills

Fig. 4 Bioremediation based
on off-sites
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3 Speciation of Chromium

In nature chromium exists in various forms in different oxidation states varying from
�2 to +6, but the most stable is +6. The different oxidation states of Cr (stable/
unstable) are found in environment as Cr compounds mentioned in Table 1.

The most common and stable forms are trivalent Cr(III) and hexavalent Cr
(VI) species (Fendorf 1995). Cr(III) is most stable because of low kinetic energy
potential and reacts slowly to form complexes required for functioning of living
organisms, and Cr(VI) is a strong oxidizing agent and is not as stable as Cr(III). It has
toxic effect in biological systems (Fendorf 1995). Hexavalent chromium is readily
soluble in water in the full pH range, while trivalent chromium tends to get at any pH
to be adsorbed on soil surface or forms precipitate as chromium hydroxide in slightly
acidic and alkaline environment. As a result it has the high potential for environ-
mental contamination of aquifers and surface water. Environmental Protection
Agency (EPA) has declared chromium as a Group ‘A’ human carcinogen and is
one of the main pollutants (Dhal et al. 2013).

The most prevalent forms of Cr(VI) species are CrO4
2�, HCrO4

� and Cr2O7
2�

depending upon the pH of the medium (Table 2) and total concentration of Cr(VI) as
shown in predominance diagram in Fig. 5 (Greenwood and Earnshaw 1997; Cotton
and Wilkinson 1980).

Much equilibrium exists between hexavalent chromium, proton and water in
aqueous medium, but the most important are as follows:

H2CrO4 ! Hþ þ HCrO4
�, K1 ¼ 10�0:75

Table 1 Different oxidation states of chromium species (Thacker et al. 2007)

Oxidation state Compound Nature

�2 Na2[Cr(CO)5] Unstable

�1 Na2[Cr2(CO)10] Unstable

0 [Cr(CO)6] Unstable

+1 [Cr(bipy)3]
+ Unstable

+2 [Cr(CH3COO)4, CrO, CrSO4] Unstable (chromous)

+3 [CrCl3, Cr2O3, Cr2(SO4)3] Stable (chromic)

+4 CrO2 Unstable

+5 [CrF5] Unstable

+6 [K2Cr2O7, K2Cr2O4, CrO3] Stable

Table 2 Predominance of Cr species vs. pH (Cotton and Wilkinson 1980)

pH <1(strongly acidic) H2CrO4

pH >1 or pH ¼ 2–6 (acidic) HCrO4
�$Cr2O7

2� (in equilibrium)

pH >6 (alkaline) CrO4
2�
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HCrO4
� ! Hþ þ CrO4

2�, K2 ¼ 10�5:9

2HCrO4
� ! Cr2O7

2� þ H2O, K3 ¼ 10�2:2

It is also shown in the predominance diagram below (www.thermofisher.com/
chromatography).

The predominance diagram shows that the chromate ion is the most predominant
species in alkaline solutions, while dichromate ions can become predominant in
acidic solutions (Dinker and Kulkarni 2015).

4 Sources of Hexavalent Chromium

Naturally occurring Cr(VI) is present in groundwater and surface waters. Cr(III) as
particular chromite is present in rock strata rich in bearing minerals. They are
universally found in the areas that occur near convergent plate margins (Table 3).

Fig. 5 Predominance diagram of chromate ion (Dinker and Kulkarni 2015)
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5 Distribution of Hexavalent Chromium

Chromium is known as a redox-active metal that is distributed in all the components
of environment, viz. air, soil, surface water and groundwater, through the above-
mentioned sources, as Cr(III) and Cr(VI). Both the forms have different mobility and
toxicity. Cr(III) is immobile and benign, whereas Cr(VI) is highly toxic and can be
readily transported (Tarrah 2004). Cr mainly occurs in the form of chromite ore. Its
production in last 10 years is mentioned in Fig. 7, whereas the presence of Cr(VI) in
different environmental media is shown in Table 4.

In Air The presence of Cr(VI) in the air is observed as suspended particle which is
contributed mainly by combustion of fuels, iron and steel industry and chemical
manufacturing industries. Industrial exhaust emission from various industries like
cement production and consumable products is another source of Cr(VI) in the air.

Table 3 Difference between natural and anthropogenic sources of chromium

Natural 1. Occurrence of natural sources with high concentration of Cr is rare.
However, mafic and ultramafic rocks generally show higher concentrations of
chromium than other rocks (Chrysochoou and Johnston 2012)

2. One of the important and natural occurrences of chromium is in fly ash,
bituminous and subbituminous coal (Fig. 6) (Saha et al. 2011; Groves et al.
2007)

Anthropogenic Mining, sewage, sludge, manure, phosphate fertilizers as impurities,
metallurgy, chemical dying, tanning, electroplating, pigments, photography,
anticorrosive, oil well drilling

Emissions from chemical plants and incineration facilities, cement dust,
contaminated landfill; effluents from chemical plants, asbestos lining erosion;
road dust from catalytic converter erosion and asbestos brakes, tobacco and
topsoil and rocks
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During chromium electroplating process, bubbles of gas are emitted from the surface
of the bath and get mixed into the atmosphere (Saha et al. 2011).

In Soil Direct percolation of leachates from landfill disposal of municipal solid
waste for composting, sewage sludge and industry effluents can contaminate soil.
Leaching from topsoil and rocks to the waterbodies is the most important natural
source of chromium entry. The industries mainly responsible for Cr
(VI) contamination of soil are metal plating especially chrome plating, ink, dye,
tanning, textile, corrosion inhibitors, etc. (Steritt et al. 1990). Disposal of trapped and
bottom fly ash on soil is also one of the ways for higher concentration of Cr(VI) in
soil (Stowe 1987). Cr(VI) in the road side soil comes due to wear and tear of
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Fig. 7 Chromite production (million metric/ton) over a decade (FY 2009 to FY 2019)

Table 4 Distribution of Cr(VI) in different environmental media

Cr(VI) μg L�1 References

Drinking water 0.057 and 7.51 Eaton et al. (2018)

Rainwater 0.2 to <1 WRc (2015)

Sea water 0.04–0.5 WRc (2015)

Surface water 0.5–2 WRc (2015)

Natural stream waters (India) <2 EFSA (2014)

Groundwater 2–10 ATSDR (2012)

Food 0.0005–1.3 ATSDR (2012), EFSA (2014)

Seafood, fish >0.97 to 1.70 Copat et al. (2013)

Alcohol 135–400 USEPA (1984)

Ambient air 0.003 USEPA (1984)

Nonindustralized area 0.0001 NAS (1980)

Indoor air 0.1–0.6 Li et al. (2002)

Outdoor air 2.97 Li et al. (2002)
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chromium containing asbestos brake linings in vehicles as well as from the aerosols
containing chromium catalyst as used to treat exhaust system.

In Waterbodies Chromium does not occur freely in water, whereas their com-
pound, mainly chromite, occurs in water in traces. The main sources of Cr in surface
water are from industries handling as leather, tanning, textile, electroplating and
chemical as well as leaching from rocks, top soil, etc. Improper disposal of solid
waste from Cr processing industries can also be the source of groundwater contami-
nation (www.atsdr.cdc.gov›csem›chromium›docs›chromium; https://www.lenntech.
com/periodic/water/chromium/chromium-and-water.htm#ixzz6DpJDf6My).

Cr concentration in surface water is estimated to be 1 ppb and in sea water
approximately 0.6 ppb. Under reducing conditions, when pH is less than 6, Cr exists
as relatively immobile form Cr(III), as the pH is more than 6, it oxidizes to highly
mobile and toxic form Cr(VI) (Tarrah et al. 2004; Saha et al. 2011).

6 Transformation of Chromium

Due to widespread anthropogenic activities, chromium enters into the atmosphere
and contaminates air, soil and waterbodies. Once it enters the natural water or soil
system, it exists primarily in two states, less mobile Cr(III) and more soluble Cr(VI).
The less soluble form retains Cr in solid state as precipitate or colloid, but the highly
soluble form Cr(VI) gets transported into various systems before being reduced back
to Cr(III). This transformation of Cr(III) to Cr(VI) and vice versa is affected by
pH/Eh and carried out by chemicals mainly like Fe and Mn and various
microorganisms as well.

6.1 Chemical Transformation of Cr in Soil and Water

Chemical transformation of Cr(VI) to Cr(III) and vice versa occurs simultaneously in
presence of Fe(II), Mn(IV) and some organic matter. The extent of oxidation of
soluble Cr(III) to Cr(VI) depends upon the factors like form of Cr(III) present in the
soil whether soluble or insoluble, inorganic or organically complexed form, concen-
tration of oxides and hydroxides of Mn(III, IV) present in the soil. Reduction of Cr
(VI) to Cr(III) may also take place simultaneously in presence of Fe(II), Mn(III, IV)
and some organic matter. Both the processes are regulated by pH variation of the soil
as shown in Fig. 6 where interconversion of Cr(III) to Cr(VI) is coupled with redox
cycle of Mn, Fe and some organic matter like alkyl-substituted diphenols (James
1996) (Figs. 8 and 9).

Microbial Transformation of Cr Besides the chemical transformation,
microorganisms can also play an important role in interconversion of Cr(VI) and
Cr(III). There are many microorganisms which have been discovered to convert Cr
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(VI) to Cr(III) within a range of Cr(VI) concentration through plasmid or membrane-
associated phenomenon. The biomass concentration, initial Cr(VI) level, carbon
source, pH and temperature, oxidation-reduction potential, oxyanions and metal
cations are the factors affecting reduction of Cr(VI). Biological transformation of
Cr provides an effective pathway for bioremediation of Cr(VI) from the environment
(Jim and Chen Oliver 1998).

7 Toxicity of Metals and Its Microbial Detoxification
Through Bioremediation

The discharge of wastes from different industries containing biotoxic substances of
heavy metals is one of the most important environmental and health challenges in
our environment. Hence, there is a growing need for the development of novel,
efficient, eco-friendly and cost-effective approaches for bioremediation of the inor-
ganic metals (Cr, Hg, Cd and Pb) released into the situation and to prevent the
degradation of ecosystem. Cr is one of the major heavy metals which is generated
mostly through anthropogenic activities (Stern 1982) as well as the effluents from
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various industries that enter the environment causing serious pollution in sediments,
soil, water and air (Saha et al. 2011). Maximum quantity of Cr is present in
wastewater which causes toxicological risk to human, animals and plants (Barceloux
and Barceloux 1999). Since Cr(VI) has greater solubility, motility and bioavailabil-
ity, hence it easily gets dispersed in sediments and surface water. Trivalent Cr(III)
naturally abundant predominates in the environment (Languard 1990).

Microorganisms as bacteria produce metal chelating substances as siderophores,
which help to increase the mobility and reduce bioavailability of metals resulting in
pollutant exclusion from soil. Desulfovibrio desulfuricans, Actinobacteria and
sulphate-reducing bacteria convert sulphate to hydrogen sulphate reacting with
heavy metals such as Cd and Zn and form insoluble sulphides (Chibuike and Obiora
2014; Sarika 2019). Biosorption is one of the techniques used for removal of heavy
metals, compounds and particulates using dead mass or natural materials with higher
degradative ability (Srivastava and Dwivedi 2015). It could be dependent on or
independent of cell’s metabolism or area of metal removal, so it may be extracellular
accumulation/precipitation, cell surface sorption/precipitation and intracellular accu-
mulation (Beiyuan et al. 2017).

7.1 Factors Affecting Microbial Remediation of Heavy Metals

The factors which affect the efficiency of bioremediation are temperature, pH, redox
potential, nutritional status, moisture and chemical composition of heavy metals
(Shukla et al. 2013). The effectiveness of microbes can be achieved by several
amendments with inorganic nutrients, fertilizer and organic substrates,
biosurfactants, bulking agents, compost and biochar (Wiszniewska et al. 2016).
Bioaugmentation is achieved by addition of either compound-degrading microbes
or organic amendments containing active microorganisms, e.g. activated sludge or
compost (Kastner and Miltner 2016). Compost/farmyard manure addition and
composting with various organic supplements have been found to be very effective
and resourceful for soil bioremediation (Tables 4 and 5).

7.2 Microorganisms Used in Heavy Metal Remediation

Microbial bioremediation is an active and growing technology (Hennebel et al.
2015). Microbe-metal interaction exists in both natural and anthropogenic environ-
ment for removal of metals as remediation and depollution. Microbial-
electrochemical technologies (METs) by using solid state electrodes as electron
donors or acceptors are a new technology (Thrash and Coates 2008). Metallic
nanoparticles (NPs) synthesis is a green approach by the application of
microorganisms (Klaus-Joerger et al. 2001). Genetically modified microorganisms,
genetic engineering, dialysis sac cultures and chemical modification have also been
used as a remediation technique (Paliwal et al. 2012). These may alter the
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components of cell surface and can efficiently improve the adsorption capacity and
selectivity to target metal species (Table 6).

Dialysis sac culture is a method for removal of toxic hexavalent chromium
(chromate: CrO4

2�) by using chromate-reducing strain of Enterobacter cloacae
(HO1). In this method E cloacae strain, HO1 was put into dialysis sac that is
submerged into water containing CrO4

2�, chromate ion gets diffused into the
culture, and reduced anaerobically to insoluble chromium hydroxides in the dialysis
sac, hence remove toxic chromium from the surrounding water. This described
method shows about 90% of the total chromium could be removed from water if
the initial concentration of CrO4

2� was less than 208 ppm as chromium (Komori
et al. 1990a, b) (Table 7).

7.3 Bacterial Remediation Capacity of Heavy Metals

Different bacteria as Escherichia coli (Shen and Wang 1993), Pseudomonas putida
(Ishibashi and Cervantes 1990), Desulfovibrio sp. (Amanda and Lynne 2001),
Bacillus sp. (Yun et al. 2006), Shewanella sp. (Myers et al. 2000), Arthrobacter
sp. (Nino et al. 2004), Streptomyces sp. Mc1 (Marta et al. 2010) andMycobacterium
sp. CR07 (Zhaoming et al. 2012) are used for bioremediation of heavy metals.
Generally, heavy metals are the elements of high molecular mass, exist naturally
in the soil, and have a density almost five times than water such as Fe (atomic weight
higher than 55.8 g mol�1 and density 5.0 g cm�3), Cr, As and Se. Heavy metals may
serve as micronutrients, but exposure to higher levels can be detrimental to human
health.

Table 5 Factors that influence bioremediation of heavy metal (Boopathy 2000)

Factors Activities

Microbial concentration Production of toxic metabolites, enzyme reduction, mutation and
horizontal gene transfer

Substrate Chemical structure of contaminants, less concentration of
contaminants, toxicity of contaminants, solubility of contaminants

Mass transfer limitation Oxygen diffusion and solubility, solubility/miscibility with water,
diffusion of nutrients

Environment Inhibitory environmental conditions, depletion of substrate, lack of
nutrients

Cometabolism Microbial interaction, concentration, alternate carbon source
present

Biological
aerobic vs. anaerobic
process

Microbial population present in the site, oxidation/reduction
potential, availability of electron acceptors
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8 Bioremediation of Cr(VI)

Cr reduction by microorganisms is a bioredox process, i.e. complex, multiple and
poor process. Pseudomonas, Aeromonas, Enterobacter spp., Streptomyces sp. MC1
and sulphate-reducing bacteria have reduced Cr(VI) enzymatically.

Bacterial degradation Kafilzadeh et al. isolated 80 different strains that are used
for biodegradation in which ten genera were the best degrading, viz. Bacillus,
Corynebacterium, Staphylococcus, Streptococcus, Shigella, Alcaligenes,
Acinetobacter, Escherichia, Klebsiella, Enterobacter, hydrogen-degrading bacteria
(Kafilzadeh et al. 2011). Pseudomonas, Mycobacterium, Corynebacterium,
Aeromonas, Rhodococcus and Bacillus are used for aromatic hydrocarbon degrada-
tion (Mrozik et al. 2003). Mixed microbial communities having different genetic
information are used for complex mixtures of organic compounds in contaminated
areas (Fritsche and Hofrichter 2005). Reduction of metal as Cr(VI) to Cr(III) occurs
in both aerobic Enterococcus gallinarum (Sayel et al. 2012) and anaerobic
Achromobacter sp. strain Ch1 (Zhu et al. 2008). Bacterial consortium is used to
remove heavy metals as Cd, Cr, Ni and Pb from synthetic waste water effluent (Adarsh
et al. 2007). Indigenous bacteria and plant growth-promoting rhizobacteria enriched
from chromium-contaminated biotopes remove Cr(VI) in multi-contaminated solution
and remove heavy metals from contaminated soils (Nezha 2011).

Table 6 Inhibitory effects of heavy metals on the growth and development of microbes

Heavy
metals Effects on microbes Reference

Arsenic Deactivation of enzymes Sankarammal et al.
(2014)

Aluminium DNA damage, configurational changes in enzymes Booth et al. (2015)

Cadmium Denatures protein, destroys nucleic acid, hinders cell
division and transcription

Fashola et al. (2016)

Chromium Growth inhibition, elongation of lag phase, inhibition of
oxygen uptake

Cervantes and
Devars (2001)

Copper Disrupts cellular function, inhibits enzyme activities Fashola et al. (2016)

Selenium Inhibits growth rate Dixit et al. (2005)

Lead Destroyed nucleic acid and protein, inhibits enzyme
actions and transcription

Fashola et al. (2016)

Mercury Denatures protein, inhibits enzyme function, disrupts cell
membrane

Fashola et al. (2016)

Nickel Upsets cell membrane, hinders enzyme activities and
oxidative stress

Malik (2004)

Silver Cell lysis, inhibits cell transduction and growth Prabhu and Poulose
(2012)

Zinc Decrease in biomass, inhibits growth death Malik (2004)
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Table 7 Various microorganisms used for bioremediation of different metals

Heavy
metal Microorganisms References

Bacteria

As Sporosarcina ginsengisoli Achal et al. (2012)

Cr(VI) Bacillus cereus strain XMCr-6 Dong et al. (2013)

Bacillus cereus Kanmani et al.
(2012)

Bacillus subtilis Balamurugan et al.
(2014)

Enterobacter cloacae B2-DHA Rahman et al.
(2015)

Pseudomonas putida Balamurugan et al.
(2014)

Escherichia coli VITSUKMW3 Samuel et al.
(2013)

Enterobacter cloacae (HO1) Komori et al.
(1990a, b)

Streptococcus thermocarboxydus NBRC 16323 Terahara et al.
(2015)

Cu Kocuria flava Coelho et al.
(2015)

Cd, Zn, Cu Pseudomonas veronii Vullo et al. (2008)

Cr(VI) Pseudomonas aeruginosa Rb-1 and Ochrobactrum
intermedium Rb-2

Batool et al. (2014)

Pb Enterobacter cloacae KJ-46 and KJ-47 Chang et al. (2015)

Ni, Cr, Cd Pseudomonas aeruginosa KP717554, Alcaligenes feacalis
KP717561 and Bacillus subtilis KP717559

Fungi

Cr(VI) Gloeophyllum sepiarium Achal et al. (2011)

Rhizopus oryzae (MPRO) Sukumar (2010)

Ni, Cu Aspergillus versicolor Taştan et al. (2010)

Pb Aspergillus fumigates Kumar et al. (2011)

Yeast

Pb, Cd Saccharomyces cerevisiae Farhan and
Khadom (2015)

Algae

As Hydrodictyon, Oedogonium and Rhizoclonium spp. Srivastava and
Dwivedi (2015)

Cr, Cu, Fe,
Mn, Zn

Spirogyra spp. and Spirulina spp. Mane and Bhosle
(2012)

Pb(II), Cu
(II)

Spirogyra spp. and Cladophora spp. Lee and Chang
(2011)
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Lactobacillus sps. (P1) and Bacillus sps. (P2, P3 and P4) isolated from the pulp
and paper processing industrial effluents showed very high degree of resistance to
the chromium. These strains are exposed to high level of the chromium metal
concentration in the environment which have adapted to this stress. The rate of Cr
(VI) reduction increased with decreasing concentration of Cr(VI) and increasing
time interval for all the bacteria isolates. All the bacterial isolates showed the best
chromate reduction for different concentration of Cr(VI) (Biradar et al. 2012).

Degradation by Fungi Fungi can grow in low moisture condition and low pH,
having multienzyme complexes used in breaking down natural polymeric
compounds. They form mycorrhizal intracellular association, arbuscular mycorrhi-
zal fungi (AMF) or extracellular ectomycorrhizal fungi that are used in bioremedia-
tion. This process of phytoremediation using fungi is named as
mycorrhizoremediation (Khan 2006) used to eliminate the hazardous wastes from
the environment (Fritsche and Hofrichter 2005). Yeasts are better accumulators than
bacteria and capable of accumulating heavy metals (Wang and Chen 2006).
P. anomala is capable of removing Cr(VI) (Bahafid et al. 2011). Several other
yeast species, viz. Cyberlindnera fabianii, S. cerevisiae, Hansenula polymorpha,
P. guilliermondii, Rhodotorula pilimanae, Wickerhamomyces anomalus, Yarrowia
lipolytica and C. tropicalis, are used for biosorption of Cr(VI) and to reduce Cr
(VI) to Cr(III) (Bahafid et al. 2012 Ksheminska et al. 2006). Immobilized cells of
Schizosaccharomyces pombe are used for removal of metals (Sai Subhashini et al.
2011). Fungi facilitate in bioremediation by all the three strategies:

1. The target compound is used as a carbon source.
2. The target compound is enzymatically attacked but is not used as a carbon source

(cometabolism).
3. The target compound is not metabolized at all yet taken up and get concentrated

within the organism (bioaccumulation; Abruscia et al. 2007).

Cladophialophora, Exophiala, Leptodontium and Pseudeurotium zonatum use
toluene as sole carbon and energy source (Francesc et al. 2001). Filamentous fungi
Aspergillus, Cladosporium, Cunninghamella, Penicillium, Fusarium and Aspergil-
lus can take part in aromatic hydrocarbon decomposition participating in aliphatic
hydrocarbon biodegradation (Steliga 2012). Aspergillus niger AB10 and Rhizopus
arrhizus M1 act as cadmium and lead metal resistant, respectively, and ensure the
better accumulation of these metals from the aqueous culture media (Pal et al. 2010).

Chlorella, Anabaena inaequalis, Westiellop sis prolifica, Stigeoclonium lenue,
Synechococcus sp. and marine algae which tolerate heavy metals are used for
removal of heavy metals (Dwivedi 2012) through adsorption. Chlorella sorokiniana
(LSIBCS) was investigated as a new biosorbent for the removal of Cr(III) from
aqueous solution (Akhtar et al. 2008). The microalga S. incrassatulus and green
algae C. sorokiniana were used to remove Cr(VI) in continuous cultures (Pena-
Castro et al. 2004) for bioremediation of heavy metals.
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8.1 Sequestration

Sequestration is the process of binding metal ions and microbial colonies as insolu-
ble compounds. It is of two types: intracellular and extracellular. In intracellular
sequestration metal ions interact with various compounds in the cell cytoplasm
resulting slow transport and increase in concentration of metals within the microbial
cells. This technique helps to accumulate metals intracellularly in bacterial cells, and
it is applicable in treatment of effluent. Extracellular sequestration is the accretion of
metal ions by cellular components in the periplasm or complexation of metal ions as
insoluble compounds.

Pseudomonas putida strain has ability of intracellular sequestration of copper,
cadmium and zinc ions with the help of cysteine-rich low molecular weight proteins
(Higham et al. 1986). Microbes as fungi, its cell wall, spores, and mycelia
accumulating metals in the exterior of cell walls work like ligand to eliminate
inorganic metals and help to decontaminate metal ions by energy uptake, extracellu-
lar and intracellular precipitation and valency conversion (Xie et al. 2016). Different
components of cell wall such as peptidoglycan, polysaccharide and lipid are rich in
metal-binding ligands (e.g. –OH, –COOH, HPO4

2�, SO4
2�, –RCOO�, –NH2

and –SH) via electrostatic interaction and cationic metal species through surface
complexation.

Pseudomonas syringae strains produce copper-inducible proteins CopA, CopB
(periplasmic proteins) and CopC (outer membrane protein) which bind copper ions
and microbial colonies (Chal and Cooksey 1991). Other bacterial cells can eject
metal ions from the cytoplasm to sequester the metal within the periplasm.
Synechocystis PCC 6803 strain ejects zinc ions from the cytoplasm by efflux system
in the periplasm (Igiri et al. 2018). Another technique of extracellular sequestration
is precipitation of metal. Geobacter spp. and sulphur-reducing bacterium like
Desulfuromonas spp. are capable of reducing harmful metals to less or nontoxic
metals. Klebsiella planticola reduces cadmium ions as insoluble sulphide under
anaerobic conditions and generating hydrogen sulphide (Sharma et al. 2000).
P. aeruginosa precipitates cadmium under aerobic conditions (Wang et al. 2002).

Chromium is non-biodegradable and environmentally persistent. Many yeasts,
bacteria and fungal species have been assessed for their suitability to reduce or
remove Cr(VI) contamination that consists of active efflux of Cr compounds,
metabolic decline of Cr(VI) to Cr(Ill) and either intercellular or extracellular precipi-
tation. It involves three stages:

1. Binding of chromium to the cell surface
2. Translocation of chromium into the cell
3. Reduction of Cr(VI) to Cr(Ill)

Cr(VI) reduction by microorganisms may continue either on the surface or 440
outside the cell/intracellularly. Cr(VI) reduction (intracellular /extracellular) has
been processed either direct via chromate reductase enzymes or indirect via metabo-
lite reduction. Bioremediation of chromium involves different strategies as
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biosorption, bioaccumulation, bioreduction and immobilization of biomaterial(s).
Biosorption, bioaccumulation & bioreduction rely on free cells for bioremediation
and cause cell damage. The uptake of chromium ions is a multiphasic process. First
step is biosorption, a nondirected physiochemical interaction and metabolic energy-
dependent (living biomass is employed) as well as independent process involving
dead cell biomass. It occurs in between metal species and the cellular components of
biological species. Independent process involving dead cell biomass is much more
effective than dependent on biosorption of heavy metals, including chromium.
Bioaccumulation is a slow process and dependent on cell metabolic activity in living
organism’s involving adsorption, intracellular accumulation, and bioprecipitation
mechanisms. In bioreduction processes, microorganisms alter the oxidation/reduc-
tion state of toxic metals through direct or indirect biological and chemical process.
Bioreduction of Cr(VI) to Cr(III) decreases the chromium toxicity to living
organisms and helps to precipitate chromium at a neutral pH for further physical
removal. Bioremediation using immobilization of microbial cell is a cost-effective
more viable method, having the ability of easier separation of biosorbents, to
complete multiple biosorption cycles and desorption (elution) of metal(s) from
matrices for reuse. Thus, microbial bioremediation can be a cost-competitive and
beneficial bioresource approach for removing many hazardous contaminants from
industrial wastes (Garg et al. 2012).

8.2 Engineered Microorganisms

In this technique, microorganisms’ genetic material gets changed by natural or
artificial genetic exchange between microorganisms. This is known as Recombinant
DNA Technology. It involves the insertion of the appropriate gene for the produc-
tion of a particular enzyme to degrade various pollutants, whereas the indigenous
microbes cannot degrade the pollutants. It helps in the removal of pollutants such as
hydrocarbons and petrol discharges like xylene, toluene, octane, naphthalene, and
salicylate which are coded on bacterial plasmids for successful degradation of the
environment. A variety of molecular tools such as molecular cloning, horizontal
transfer of DNA in bacteria, electroporation, protoplast transformation, biolistic
transformation, conjugation and transformation of competent cells are available for
the successful construction of GMOs (Menn et al. 2008).There are four main
approaches for developing genetically engineered microorganisms for bioremedia-
tion as:

1. Modification of enzyme specificity and affinity
2. Pathway construction and regulation
3. Bioprocess development, monitoring and control
4. Bioaffinity bioreporter sensor application for chemical sensing, toxicity reduction

and end point analysis
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8.3 Natural Attenuation

Natural attenuation is also known as intrinsic bioremediation and is an in situ
bioremediation technique. Natural attenuation is likely to occur at chromium-
contaminated sites involving passive remediation, without individual intrusion,
and is less expensive. It involves both aerobic and anaerobic processes to biodegrade
polluting molecules and recalcitrant. Monitored natural attenuation (MNA) is a more
holistic approach to intrinsic bioremediation process to monitor to establish that
bioremediation is ongoing and sustainable.

But there are some circumstances for natural attenuation:

(a) These are natural reductants present within the aquifer that can transform the
more toxic hexavalent form of chromium to the less toxic trivalent form.

(b) The amount of Cr(Vl) and other reactive constituents does not exceed the
capacity of the aquifer to reduce them

(c) The time scale required to achieve the reduction of Cr(Vl) to the target concen-
tration is less than the time scale for the transport of the aqueous Cr(Vl) from
source area to the point of compliance.

(d) The Cr(llI) will remain immobile, and Cr(lll) precipitates as a fairly insoluble
hydroxide, thereby immobilizing it within the soil.

(e) There is no net oxidation of Cr(lll) to Cr(Vl). It is not easy to know the time
scales for reduction and oxidation of chromium in the soil (Palmer and Puls
1994).

According to the US National Research Council (US NRC), there are three
criteria that include:

1. Expression of loss of contaminants from the contaminated sites.
2. Exhibit the microorganisms isolated from polluted sites have the usual potentials

to biodegrade or transform contaminants present at contaminated site and facts
of biodegradation potentials in the field (Philp and Atlas 2005), e.g. hydrocarbon-
degrading bacteria isolated from refinery oil-contaminated soil and the biodegrada-
tion potentials of the isolates by using mineral salt medium with saturated and
unsaturated hydrocarbon substrates as sole carbon sources and also by their
capacities to reduce hydrocarbon concentrations (Mrassi et al. 2015).

3. In chronically polluted marine coastal environment, monitoring of intrinsic
bioremediation showed higher total bacterial diversity, abundance and culturable
hydrocarbon degraders and contributed to natural attenuation of such site. It
shows that bacterial communities could be used as sensitive indicators of
contamination in marine sediment (Catania et al. 2015).

Chlorinated compounds of groundwater contaminated with trichloroethene
(TCE) are bioremediated by three treatments (biostimulation, biostimulation-
bioaugmentation and monitored natural attenuation) (Adetutu et al. (2015). Among
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them MNA is the best mechanism used in most European countries except extreme
cold climate condition of pollutant removal (Declercq et al. 2012).

One of the major limitations of intrinsic bioremediation is that it might take much
longer time to achieve the target level of pollutant concentration, given that no
external force is incorporated to expedite the remediation. It thus follows that prior
to application of intrinsic bioremediation, risk assessment needs to be carried out to
ensure that remediation time would be less than the time stipulated for pollutant to
reach exposure point relative to the closest human and animal populations. Further, it
was reported that intrinsic bioremediation does not result in adequate polyaromatic
hydrocarbon (PAH) removal and corresponding reduction in ecotoxicity of polluted
soil (García-Delgado et al. 2015).

8.4 Direct Cr6+ Reduction

Toxic forms of hexavalent chromium such as chromate and dichromate are released
from electroplating facilities and certain types of chemical plants. This hexavalent Cr
form must be reduced before discharged into environment. This reduction process is
achieved in two steps:

1. Hexavalent chromium (Cr6) is reduced to trivalent chromium (Cr3).
2. Trivalent chromium (Cr3) is precipitated as chromium hydroxide.

A new oxidative polymerization method using nanocomposite and polyaniline/
manganese dioxide/titanium dioxide (PANI/MnO2/TiO2) is used to convert Cr6+ to
benign Cr3+. The rate of reaction is dependent on the substrate concentration, oxidant
(HCOOH), catalyst, pH, temperature and foreign ions.

Rotating disc electrode (RDE) and rotating cylinder electrode (RCE) cell is
used to electro-reduce toxic hexavalent chromium to trivalent state. Using
galvanostatic and linear sweep voltametric techniques, the effect of chromium,
sulphuric acid concentration, current density, time and speed of cathode rotation
on current efficiency, cell voltage and energy consumption have been investigated.

8.5 Cr6+ Reductase Enzyme

Bioremediation with the enzyme was observed in noncompatible cell reproduction
systems, conditions frequently found in contaminated environments. Enzymatic
reduction is a less costly and more eco-friendly process for biological transformation
of Cr. Pseudomonas maltophilia O-2 and Bacillus megaterium TKW3 utilize
membrane-associated reductases. Cr reductases are generally isolated and purified
from aerobic bacteria but process involved in reduction, is completed under anaero-
bic conditions. Most specific protein used is flavoprotein reductase NAD(P)H
dependent. Chromate reductase enzyme isolated from Halomonas sp. TA-04 from
polluted marine sediments and Chr B, act as a protein substitute such as chromate
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sensitivity regulator (Rita et al. 2005). The best mechanism is to include the efflux of
chromate ion from the cytoplasm to reduce Cr(III) to Cr(VI). This has been identified
in Pseudomonas aeruginosa and Cupriavidus metallidurans by a membrane poten-
tial, so reduction of chromate is completed by chromate reductase isolated from
bacterial species.

Chromate reductase enzyme is mainly associated with biomass and it is isolated
from Streptomyces sp. MC1 as a constitutive enzyme, requiring NAD(P)H as an
electron donor for remediation of pollutants. It was active over a broad temperature
(19–39 �C) and pH (5–8) range, and optimum conditions were 30 �C and pH 7. The
enzyme was present in supernatant, pellet and cell-free extract.

Both aerobic and anaerobic microorganisms are able to reduce Cr(VI) to Cr(III).
In general aerobic condition microbial metabolism is used for reduction of Cr(VI) (
Losi and Frankenberger Jr. 1994) by enzyme, but in some cases Pseudomonas
maltophilia O-2 and Bacillus megaterium TKW3 use membrane-associated
reductases. In anaerobic condition both soluble and membrane-associated enzymes
are used in which Cr(VI) functions as electron acceptor and the process involving
carbohydrates, proteins, fats, hydrogen, NAD(P)H and endogenous electron reserves
as electron donor (Wang 2000). Therefore Cr use of reductases could be an impor-
tant approach for bioremediation of Cr(VI) (Cheung and Ji-Dong 2007).

Chromate reductase of Streptomyces sp. MC1 is a constitutive enzyme, able to
reduce Cr(VI) present in a synthetic medium, soil extract and soil samples (Marta
et al. 2010). It was mainly associated with biomass and required NAD(P)H as an
electron donor, found active over a broad temperature (19–39 �C) and pH (5–8)
range, while optimum conditions were 30 �C and pH 7.

8.6 Biosorption Mechanism and Biotransformation

Several different strategies are adopted by microorganisms for removal of Cr (VI)
mostly involving both biosorption and biotransformation. This review article
focuses on chromium pollution problem, its chemistry, sources, effects, remediation
strategies by biological agents and detailed chromium detoxification mechanism in
microbial cell. A summary of chromium bioremediation technologies applied in situ
and ex situ is also listed. This can be helpful for developing technologies to be more
efficient for Cr(VI) removal, thereby bridging the gap between laboratory findings
and industrial application for chromium remediation (Fig. 10).

9 Case Study

1. In this case study, Cr(VI) was reduced by Actinobacteria, isolated from polluted
sediments near a stainless steel plant in the lower Hackensack River, New Jersey.
Whereas the total Cr and Cr(VI) were obtained from the sediment porewater in
the lower Hackensack River to study the relationship between sediment geo-
chemistry and chromium speciation, that controls the mobility, bioavailability,
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and toxicity of chromium. Approximately 100 surface samples were tested for
total chromium and other chemical. These were collected by centrifugation or in
situ samples where total chromium and Cr(VI) concentrations ranged from 5 to
9190 mg/kg dry weight (dw) and from <0.47 to 31 mg/kg dw, respectively.
Sediment pore water concentrations ranged from <10 to 83 μg/L for total
chromium. Nereis virens and Macoma nasuta exposed for 28 days to sediment
containing 135 and 1780 mg/kg dw total chromium in whole cells after 24-h
depuration ranged between 1.2 and 14.8 mg/kg wet weight (ww; median
1.6 mg/kg ww) total chromium. In whole tissues of indigenous microorganisms,
total chromium concentrations were 1.0 and 37.5 mg/kg ww. The consequences
of this study are constant with sediment studies conducted to another place
indicating low chromium bioavailability in sediment under reducing conditions
(Martello et al. 2007).

2. Wastes from stainless steel plants generated wastes mainly with higher
concentrations of Cr(VI) that contaminated sediments, soils and waterbodies
near industrialized areas (Martello et al. 2007). A halophilic Cr(VI)-resistant
bacterial strain Holomonas sp TA 04 was isolated from stainless steel plant in
A halophilic Cr(VI)-resistant bacterial strain Holomonassp TA 04 was isolated
from stainless steel plant in Southern Italy, near industrialized areas. Cr(VI) was
removed with a minimum inhibition concentration 200 μg/mL and reduction in
the presence of 80 g/L of NaCl by immobilized cells with maximum activity at
pH6.5 and 28 �C. This isolate is characterized by phylogenetic and physiological
features. Therefore this result shows that isolated strain is best used in bioreme-
diation processes, in saline-polluted environments (Silvia et al. 2012). These are
the highlights of this isolate:
(a) It is an efficient hexavalent chromium reduction by the whole cells and also

cell-free extract of Halomonas aquamarina.
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Biosorption mechanism
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Fig. 10 Mechanism of biosorption (Gupta et al. 2016)
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(b) Immobilized Halomonas aquamarina cells have chromate removal capacity
of 91.2% from sediments leachate.

(c) Reduction of hexavalent chromium at moderate halophilic conditions by the
whole cells.

3. New isolates Actinobacteria, Microbacterium and Cellulomonas are isolated
from sediments contaminated by Cr(VI) . These strains showed resistance to Cr
(VI) at different temperature and help in reducing Cr(VI) to Cr(III) for possible
bioremediation of contaminated sites.

10 Conclusion

Many challenges exist for bioremediation—sometimes degradation depends upon
the concentration of other nutrients that are in limited supply. In bioremediation of
xenobiotics, sometimes microbes do not evolve with the biochemical pathway to
degrade the compound, while all require a consortium of microbes. Cr(VI) is
generated from industrial processes and causes toxicity in environment affecting
plant, animal and human. Microbial bioremediation is a promising method due to
their diversity, versatility and adaptability. Microorganisms used both enzymatic as
aerobic and anaerobic and non-enzymatic methods as membrane-bound reductases
(flavin reductases, cytochromes, hydrogenases) of chromate reduction.
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