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Preface

The scientific interest in the fate of environmental pollutants generated by industrial
and urban activities does not only refer to the search for ways to favor mitigation or,
ideally, the complete elimination of the affected sites. It also provides information on
how new environmental microorganisms evolve for first molecular devices to
tolerate and then catabolize many of these toxic molecules. Along with resistance
to antibiotics, the emergence of new biodegradative routes for new compounds is
one of the most outstanding cases of contemporary biological evolution in real time.
Understanding the rules of this evolution thus provides new principles for predicting
and, if accelerated, biochemical adaptation to the new chemical structures. These
phenomena occur in space and time and also at very different scales depending on
the nature and size of the pollutants at stake. The impact of pollutants that received
considerable attention decades ago is diminishing in many cases due to better
industrial procedures along with environmental awareness and growing legal
regulations. Unfortunately, the last decade has witnessed the appearance of other
types of pollutants (particularly greenhouse gases, plastics, and micropollutants) that
threaten not only specific sites but also the functioning of the environment. This state
of affairs calls for new bioremediation strategies that take into account the multina-
tional complexity involved in possible interventions far beyond the focus on specific
biodegradation pathways. Fortunately, the environmental microbiome and the
possibilities to engage it with the tools of Systems and Synthetic Biology are the
best resource to face the phenomenal challenge of preserving the biosphere in a good
way for future generations. The growing industrialization and urbanization of our
societies over the last century has left us a heritage of emissions that, whether they
are natural or synthetic molecules, have had an impact on virtually all Earth's
ecosystems. This combination of circumstances has paved the way for the science
of biodegradation (that is, understanding—and ultimately refactoring—how
microorganisms catabolize otherwise unpleasant environmental chemicals) and the
technology of bioremediation (using biological agents to eliminate or at least
mitigate pollution at given sites).
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Bioremediation Approaches for Treatment
of Pulp and Paper Industry Wastewater:
Recent Advances and Challenges

1

Vineet Kumar, Indu Shekhar Thakur, and Maulin P. Shah

Abstract
Pulp and papermaking industry is a large consumer of fresh water and also an
important source of dark-brown-colored wastewater, generated during various
stages of pulping and papermaking activities. The colored wastewater discharged
from pulp and paper industry even after secondary treatment remains toxic and
complex in nature and retains high amount of lignin, lignin residues, resins, acids,
chlorinated phenols, and various persistent organic pollutants (POPs) including
the adsorbable organic halides (AOXs; halogenated or organochlorine).
The existing various conventional methods along with integrated processes
(aerated lagoons and activated sludge plants) cannot efficiently treat pulp and
paper industry wastewater due to its complex and recalcitrant nature. Hence, the
discharged partially treated/or untreated wastewater are contributing to
deteriorating water quality due to increasing biological oxygen deman and
chemical oxygen demand and decrease of dissolved oxygen.

In a terrestrial ecosystem, the wastewater irrigated soil showed decrease of
moisture content and increase of pH and toxic heavy metals content. To tackle
this problem associated with hazardous waste disposal, the existing pulp and
paper industry wastewater treatment process needs to be improved with better
treatment outcomes. Although, several physicochemical methods are available
for the treatment of such wastewater, they are more energy intensive and suffer
from residual effect. In addition, they are very expensive, inefficient, and produce
a huge amount of toxic sludge which is difficult to handle and also produces
volatile organic compounds on burning. To combat these challenges, biological
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treatment using bacteria, fungi, yeasts, and algae has evolved as a preferred means
to treat and reduce the toxic organic compounds loaded in generated pulp and
paper industry wastewater.

Keywords
Adsorbable organic halides · Persistent organic pollutants · Phytoremediation ·
Chlorinated lignin · Bleaching

1.1 Introduction

Pulp and paper industry are among the most important industries in the world not
only for an economical purpose but also for a social purpose. Besides, it is also one
of the major polluting industry discharging a variety of organic and inorgaic
pollutants such as gaseous, liquid, and solid into the environment (Ali and
Sreekrishnan 2001; Lacorte et al. 2003; Singh and Chandra 2019). Consider that
manufacture of paper consumes significant quantities of wastewater, as high as
200–350 m3 tonne�1 of paper produced, of which nearly 75% is discharged as
wastewater (Nagarathnamma et al. 1999). Currently, there are 759 paper mills
operating in India, out of which 30 are wood-based large-scale mills, 150 are agro-
based medium-scale mills, and 579 are recycled fiber-based medium and small-scale
mills, producing 3.40, 2.42, and 5.10 Mtpa paper, respectively (Rajwar et al. 2017).
As per the Ministry of Environment, Forest and Climate Change (MOEF&CC),
Government of India, the pulp and paper sector is in the Red Category list of
17 industries having a high pollution potential owing to its serious environmental
threat. Most significant sources of pollutants in pulp and paper mills are pulping of
raw materials (wood chips), pulp bleaching, and paper coating processes (Bajpai
et al. 1993; Nagarathnamma et al. 1999; Yadav et al. 2010; Rocha-Santos et al. 2010;
Singh and Chandra 2019). Pulping process results in dissolved forms of lignin and
other wood components called black liquor (BL) due to its black color, whereas
bleaching produces the mono-aromatic compounds like chlorophenols, catechols,
and guaiacols and numerous high-molecular-weight organic compounds like
phenols, chlorolignins, chlorophenols, adsorbable organic halides (AOXs), extract-
able organic halides (EOXs), and plasticizers (Mishra and Thakur 2010; Mishra et al.
2014; Chandra et al. 2011a, b). Besides, bleached effluent is heavily loaded with
organic matter, having high suspended solids (SS), color, biological oxygen demand
(BOD), chemical oxygen demand (COD), total organic chlorides (TOC), chlorinated
resin acids, phenols, dioxins, and furans (Larsson et al. 1988; van Driessel and
Christov 2001; Leadbitter 2009; Yadav et al. 2010; Malaviya and Rathore 2007).
These parameters have discharge limits, laid down by various environmental regu-
latory authorities around the globe. The high values of COD in wastewater also
indicate the recalcitrance of chemicals that have escaped biodegradation processes
(Mahesh et al. 2006; Gommers et al. 2007; Chen et al. 2012a, b, c). These chemicals
may be persistent in nature and may cause several problems to animals, plants,
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microorganisms and human healt (Singh and Chandra 2019). According to the
United States Environmental Protection Agency (USEPA), 27% (wt %) of municipal
solid waste is composed of paper waste, and about 100 million kg of toxic pollutants
are released every year from the paper industries.

Some large-scale pulp and paper mills have recovery boilers to burn much of the
BL they produce, generating steam and recovering the cooking chemicals, viz.,
sodium hydroxide (NaOH) and sodium sulfide (Na2S2) which are used to separate
lignin from the cellulose fibers of wood chips needed for papermaking (Pokhrel and
Viraraghavan 2004; Mishra and Thakur 2010). This chemical reaction and burning
of organic materials release a considerable amount of heat energy which is recovered
by transferring it through water-filled tubes in walls of the recovery boiler. However,
they are inefficient, costly, and produce a huge amount of toxic sludge which is
difficult to handle (Thompson et al. 2001; Mishra and Thakur 2010; Qadir and
Chhipa 2015). On burning, volatile organic compounds (VOCs) like dioxins and
furans are formed which are more toxic than the parental compounds. Small-
scale pulp and paper mills often lack such installations due to their high operational
costs and do not have satisfactory and adequate wastewater treatment facilities; as a
result, unrecovered wastewater amplify the pollutant toxicity and are a cause of
serious environmental concern (Oke et al. 2017; Singh and Thakur 2006; Medhi
et al. 2011; Ojunga et al. 2010; Tyor et al. 2012). In aquatic system, it blocks the
photosynthesis reaction processes and decreases the dissolved oxygen (DO) level
which adversely affects the flora and fauna and causes toxicity to aquatic ecosystem
(Poole et al. 1977; Leadbitter 2009; Hou et al. 2018), whereas in the contaminated
soil, it showed the accumulation of toxic recalcitrant organic pollutants and heavy
metals (Kumar and Chopra 2011; Pradhan and Behera 2011; Roy et al. 2008; Medhi
et al. 2011). Several pollutants that discharged in pulp and paper mill are also
reported as carcinogenic, mutagenic, clastogenic, and endocrine-disrupting in nature
(Haq et al. 2017; Mishra et al. 2014). Therefore, it is mandatory for pulp and paper
mills to comply with the appropriate standards set by Central Pollution Control
Board (CPCB), New Delhi, India. However, potential advanced processes that are
used for wastewater treatment discharged from pulp and paper industry includes
chemical coagulation, flocculation, precipitation, ion exchange, advanced oxidation
processes, ozone treatment, electrochemical degradation, membrane processes
(especially reverse osmosis, nanofiltration, and ultrafiltration), photocatalytic degra-
dation, and adsorption on activated carbon, as a means of removing color and
turbidity from wastewater (Subramonian et al. 2017; Gonder et al. 2012; Birjandi
et al. 2016; Mahesh et al. 2016; Yeber et al. 1999; Stephenson and Duff 1996;
Pihlajamäki and Nyström 2002; Mahesh et al. 2006; Rodrigues et al. 2008).

However, these treatment approaches offer an economic nonviability, limited
versatility, operational constraints, partial treatment, and plausible formation of
secondary hazardous by-products and also generate a huge amounts of toxic sludge
that limit their industrial applicability (Pokhrel and Viraraghavan 2004; Thompson
et al. 2001; Zhang et al. 2009). Researchers across the globe have tried to devise
innovative methods for achieving maximum reduction in the color, BOD, and COD
loadings of pulp and paper mill wastewater (Gommers et al. 2007; Singh and Thakur
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2006; Singhal and Thakur 2012). The conventional biological treatment methods,
such as activated sludge (AS) and aerated lagoons (extended aeration methods), are
ineffective in removing color and phenolics and also do not decolorize wastewater
very effectively (Lerner et al. 2007; Qadir and Chhipa 2015; Erkan and Engin 2017).
However, certain advanced biotechnological treatment methods, such as biodegra-
dation using potent microorganisms, can prove to be effective for further treatment
of toxic organic pollutants and decolorization of such wastewater compared to
chemical treatment and conventional aerobic–anaerobic treatment, as lesser sludge
would be produced, with an additional low-cost benefit (Ragunathan and
Swaminathan 2004; Abira et al. 2005; Dias et al. 2005; Chandra and Singh 2012;
Chandra and Kumar 2015b, 2017b). The use of microbes for biodegradation of
refractory organic compounds is an efficient, relatively cost-effective, and
environment-friendly tool for the treatment of industrial wastewater (Kumar et al.
2018; Kumar and Chandra 2018a, b). However, biotechnological methods using
fungi, bacteria, and actinomycetes are less effective for complete decolorization and
detoxification of pulp and paper industry wastewater (Latorre et al. 2007; Raj et al.
2005; Raj et al. 2014a, b; Singhal and Thakur (2009a, b). Although a plethora of
information is available on biological treatment methods for BL, there is an acute
shortage of efforts to make the process being implemented effective on a large
scale application.

1.2 Pulp and Paper Industry Wastewater Generation and its
Characteristics

Paper manufacturing process involves three steps: pulping (also called
delignification), bleaching, and finally papermaking. The purpose of pulping is to
extract cellulosic content from plant materials obtained from hardwood or softwood
trees. Generally, three approaches like mechanical pulping, chemical pulping, and a
combination of both mechanical and chemical pulping are known to produce pulp
from wood (Sandstrom et al. 1988; Esposito et al. 1991; Martin and Manzanares
1994; Thompson et al. 2001). However, the main drawback of mechanical pulping is
yielded low-quality pulps, unsuitable for high-strength fiber products, and high
energy requirements (Stephenson and Duff 1996). Mechanical pulping causes less
pollution than chemical pulping. The most important delignification (chemical
pulping) processes are kraft, sulfite, and soda pulping (Abdelaziz et al. 2016; Becker
and Wittmann 2019; Wong 2009). Kraft pulping is a process in which wood chips
are cooked in a large pressure vessel called a digester at 155–175 �C in an aqueous
solution NaOH and Na2S2, also known as white liquor, to dissolve lignin from
cellulose and hemicellulose fibers of the wood chips. The thus formed hydroxide
(OH-) and hydrosulfide (HS-) anions crack the aromatic ether bonds within the
lignin structure and release low-molecular-weight thiolignin oligomers (Abdelaziz
et al. 2016). Sulfite pulping is a process of cooking of wood chips at 140–170 �C in
alkaline, a pH neutral or an acidic environment, depending on the added sulfite salt
(Abdelaziz et al. 2016; Schutyser et al., 2018). The ether bonds within the lignin
structure are thereby hydrolyzed and subsequently sulfonated by the sulfite ions
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(SO�2
3 ) in the liquor. Sulfite pulping produces fully water-soluble, highly degraded

lignosulfonates with a sulfur content of 4–7 wt% (Abdelaziz et al. 2016; Schutyser
et al., 2018; Van den Bosch et al., 2018). Established in 1874, sulfite pulping became
the dominant process for wood delignification until kraft pulping was established in
the 1930s. Similar to kraft and sulfite pulping, soda pulping involves cooking
biomass at 160–170 �C in presence of soda (NaOH) and—optionally—anthraqui-
none, the latter increasing the efficiency by promoting reductive ether bond cleavage
(Abdelaziz et al. 2016; Schutyser et al., 2018; Van den Bosch et al., 2018). The
wastewater generated at the end of pulping stage called BL is a dark brown in color
due to dissolved lignin and its degradation products, hemicelluloses, resins, acids,
and phenols (Hermosilla et al. 2015). The BL has high COD, BOD, and TSS
(Pokhrel and Viraraghavan 2004). In the pulping process, less than 50% yields are
achieved, and the pulp requires further extensive bleaching. During the bleaching
process, wood components such as lignin and some carbohydrates are structurally
modified, oxidized, degraded and chlorinated (Thompson et al. 2001; Leadbitter
2009; Oke et al. 2017). This is followed by an alkaline extraction phase using high
temperature, pH, and consistency, which transforms the oxidized products into a
soluble form. In the extraction stage, chlorinated oxidized lignins, not soluble in the
acidic chlorination stage, are solubilized and dissolved into the spent liquor. The
final bleaching is performed by oxidizing agents: chlorine dioxide and hydrogen
peroxide. In India, bleaching is still being done with chlorine. Chlorine dioxide is
used by very few mills for viscosity protection in the first bleaching stage (10–15%
substitution) and for brightening in the final bleaching stages (Nagarathnamma et al.
1999). The use of chlorine-based bleaching chemicals results in the generation of a
large number of toxic chlorinated organic compounds. The wastewater generated at
bleaching stage has toxic colored compounds, including chlorophenols, EOXs,
AOXs, and a small proportion of extremely toxic DDT, polychlorinated biphenyls
(PCBs), and polychlorinated dibenzodioxins (PCDDs) (Savant et al. 2006; Chandra
and Kumar 2015b; Lacorte et al. 2003; Rocha-Santos et al. 2010; Singh and Chandra
2019). In addition, chromophoric and highly oxidized polymeric lignin/chlorolignin
derivatives are formed giving rise to the characteristic dark color to BL (Fig. 1.1;
Nagarathnamma et al. 1999; Esposito et al. 1991; Chedchant et al. 2009; Chandra
et al. 2011a, b; Mishra et al. 2014). A large number of pulp and paper mills are
reluctant to recycle bleach plant wastewater to the chemical recovery system due to
the corrosive nature of chloride ion and the substantial dilution of the chemicals to be
recycled. Acid precipitation of lignin is a commonly applied treatment to BL after
precipitation of more than 90% of lignin is removed from the solution as solid
material. In addition, the precipitated lignin generates large volumes of sludge,
which requires further treatment and disposal (Thompson et al. 2001; Pokhrel and
Viraraghavan 2004). Nevertheless, the remaining soluble percentage is composed of
oxidized and partially degraded lignin (predominantly composed of oligomeric
lignin compounds) chlorinated organics responsible for the mutagenicity of the
effluent. The high-molecular-weight persistent chlorinated organic compounds
along with residual lignin generated during pulp bleaching are the major contributor
to effluent color, COD, and chronic toxicity (Ali and Sreekrishnan 2001; Pandey

1 Bioremediation Approaches for Treatment of Pulp and Paper Industry. . . 5



et al. 2012; Verma 2008; Maheshwari et al. 2012; Thompson et al. 2001). Finally,
the brown/black color effluent generated during pulping and bleaching processes is a
complex mixture of hundreds of compounds like lignin, tannin, chlorinated phenol
compounds, suspended solids, diterpene alcohols, waxes, fatty acids, resin acids,
fatty acids and their degraded products, phenols, dioxins, furans, chlorinated resin
acids, chlorinated phenol, chlorinated hydrocarbons, various surfactants, dibenzo-p-
dioxins, and dibenzofurans (Fig. 1.1; Ali and Sreekrishnan 2001; Rocha-Santos et al.
2010; Savant et al. 2006; Lacorte et al. 2003). While some of these pollutants are
naturally occurring wood extractives (e.g., tannins, resin acids, stilbenes, lignin),
others are xenobiotic compounds that are unintentionally generated formed during
the process of pulping and papermaking processes (Thompson et al. 2001; Lacorte
et al. 2003).

Thus, effluents discharged from industries are heavily loaded with organic matter
containing 200 organics and 700 kinds of inorganic compounds (Table 1.2; Chandra
and Singh 2012; Chandra and Abhishek 2011; Chandra et al. 2011a, b; Haq et al.
2016; Haq et al. 2017; Karrascha et al. 2006). Table 1.1 summarizes the physico-
chemical characteristics of different kinds of influent generated during pulp and
paper making process in pulp and paper industry. Some of the pollutants notably
polychlorinated dibenzodioxins and dibenzofurans (dioxins and furans) are

Fig. 1.1 Pulp and paper industry wastewater. (a–c) the huge volume of complex brown color
wastewater generated during pulping and bleaching process and discharged into the environment
after secondary treatment; (c, d) a large view of the collected pulp and paper industry wastewater
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recalcitrant to degradation and tend to persist in nature (Mishra and Thakur 2010).
They are thus known as POPs and have been classified as “priority pollutants” by the
USEPA as well as the “dirty dozen” group of POPs identified by the United Nations
Environment Program. It is well-established that many of these contaminants are

Table 1.1 Physicochemical characteristics of wastewater discharged from various industries
(Chandra and Abhishek 2011; Chandra et al. 2011a, b; Arivoli et al. 2015)

Parameters BL RGPPME PPME PPME

pH 8.8 � 0.2 9.0 � 0.2 8117.50 � 185 7.80 � 0.012

Color (Pt/co) 3100 � 22.32 6100 � 3.5 – 877.29 � 4.65

EC (μS cm�1) – – – 3.87 � 0.06

Turbidity (NTU) – – – 274.36 � 1.04

BOD (mg L�1) 5100 � 167.6 7360 � 153 5850 � 50.12 230.18 � 2.75

COD (mg L�1) 12,245 � 439.5 18,700 � 440 16,400 � 120 981.75 � 4.29

TDS (mg L�1) 402.68 � 53.92 1402 � 1.5 840 � 32.45 2129.17 � 37.16

TSS (mg L�1) – – 100 � 4.00 1179.17 � 30.43

TS (mg L�1) – – 940 � 2.71 3316.67 � 39.56

Total phenol
(mg L�1)

38.54 � 2.61 38.5 � 2.8 1272 � 30.45 4.93 � 0.07

AOX (mg L�1) 4.7 � 0.2 – – –

Total nitrogen – – 571 � 25.12 –

Lignin (mg L�1) 663 � 4.23 1000 � 1.1 614 � 8.13 –

Sulphate (mg L�1) 1762 � 41.11 1800 � 14 – 73.67 � 1.43

Tannin (mg L�1) – – – 42.38 � 0.49

PCP (mg L�1) – – 145.11 � 4.56

Phosphate
(mg L�1)

BDL BDL 2.65 � 0.05

K+ (mg L�1) – 12.2 � 1.33 86.52 � 2.58 –

Na + (mg L�1) – 102 � 11 136.56 � 4.56 –

Cl� (mg L�1) – – 31.42 � 0.86 –

Nitrate (mg L�1) – 3 � 4.5 41.52 � 3.56 –

Heavy metals

Cd (mg L�1) 0.06 � 0.03 BDL 0.2078 � 0.09 –

Cr (mg L�1) 0.255 � 0.04 BDL 0.2020 � 0.01 –

Cu (mg L�1) 0.105 � 0.05 0.105 � 0.013 0.5110 � 0.10 –

Fe (mg L�1) 3.99 � 0.91 3.990 � 0.47 1.203 � 0.04 –

Ni (mg L�1) 2.84 � 0.06 2.840 � 0.38 0.1500 � 0.02 –

Zn (mg L�1) 1.5 � 0.30 1.500 � 0.17 0.3330 � 0.01 –

Hg (mg L�1) – – 0.8750 � 0.03 –

Pb (mg L�1) – – 0.0148 � 0.00 –

BL black liquor, RGPPME rayon grade pulp paper mill effluent, PPME pulp paper mill effluent,
BDL below detection limit, Cd cadmium, Cr chromium, Cu copper, Fe iron, Ni nickel, Zn zinc, Hg
mercury, Pb lead, BOD biological oxygen demand, COD chemical oxygen demand, TSS total
suspended solid, TS total solid, TDS total dissolved solid, TOC total organic carbon, TVS total
volatile solids, EC electrical conductivity, PCP pentachlorophenol, K+ potassium, Na+ sodium, Cl�

chloride, AOX adsorbable organic halides
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acute and/or chronic toxins (Nestmanna and Lee 1985; Costigan et al. 2012). This
has resulted in a growing concern about the potential adverse effects of
genotoxicants on aquatic biota and public health through the contamination of
drinking water supplies, recreational waters, or edible organic species.

Eventually, pulp is used to produce paper, but the short fibers are not retained
within the paper production and are returned to the wastewater (Jenkins et al. 2003).
These residual sludge fibers and other materials detrimental to paper production
(e.g. filler, ink) are separated from the wastewater by decantation in the clarifier.
Then, the sedimentation material is directed to the press where it becomes the sludge.
The sludge is called primary sludge when it originates from the production of virgin
wood fiber or deinked paper sludge when it is produced by removing inks from
postconsumer fiber. The secondary sludge formed after treatment of wastewater by
activated sludge process (Fig. 1.2). Paper production generates around 45% of
wastewater sludge. The wastewater sludge is enriched with various fiber wood
compounds such as lignin, carbohydrate polymers (cellulose and hemicellulose),
and other extractives (lipids and others) in addition to some potentially toxic
compounds such as chlorinated organics, resin acids, and heavy metals (Raj et al.
2007a). The heavy metals (HMs) in wastewater sludge are of major concern from the
ecotoxicological risk perspectives. A variety of odorous compounds generated by
secondary treatment units have also been reported, including sulfur compounds,
wood-derived terpenes, and organic acids. These compounds contribute to the
pungent stack emissions of total reduced sulfur and other compounds from pulp
and paper mills (Watson et al. 2003).

1.3 Distribution and Structural Components of Lignin

Lignin is a major component of lignocellulosic biomass, and processed in enormous
amounts in the pulp and paper industry worldwide. It is a complex heteropolymer, of
para-hydroxyphenyl propane units linked together via a variety of ether and C–C
bonds. Lignin is basically formed by the random coupling of radical species arising

Fig. 1.2 Wastewater discharged from the pulp and paper industry after secondary treatment. (a, b)
deposition of sludge in aquatic bodies
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from the peroxidase-mediated dehydrogenation of three cinnamyl alcohol
derivatives: p-coumaryl, coniferyl, and sinapyl alcohols. The corresponding
phenylpropanoid units in the lignin polymer (known as lignin polymer units) are
denoted as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, respectively,
based on the methoxy substitution on the aromatic rings (Fig. 1.3). The content of
these three immediate biosynthetic precursor alcohols varies not only in different
plant species but also in the different tissues of the same plant. In gymnosperms, the
primary lignin precursors are the two monolignol conifery and p-coumaryl alcohols,
while in angiosperms, sinapyl alcohol is also present (Garg and Modi 1999). It is
closely associated with cellulose and covalently attached to hemicelluloses. The
ether and C–C linkages present in lignin are not susceptible to hydrolytic attack, and
therefore, lignin is highly resistant to breakdown (Bugg et al. 2011). Approximately
50–80% of all interunit bonds are β-O-4 ether bonds. In addition, subunits are
connected by α-O-4 linkages, β-5 linkages, β-β linkages, 5–5 linkages, and biphenyl
and diaryl ether structures. The double bond, conjugated with the aromatic ring,
quinone methides, and quinone groups, is responsible for the color of their solution
(van Driessel and Christov 2001). These chemicals are responsible for the dark color
and toxicity of the wastewater discharged from the pulp and paper industry
(Fig. 1.3). Lignin present in wood is converted to thio-lignin and alkali lignin in
the kraft pulping. Chlorophenols from the pulp bleaching process are found both in
free and bound forms in dissolved organic matter and particles; high- and low-
molecular-weight chlorinated compounds are produced by complex reactions
between chlorine and lignin in the wood pulp. Under natural conditions, these
compounds are slowly degraded to various chlorinated phenolics which may be
methylated under aerobic conditions. The low-molecular-weight phenolics and their
methylated counterparts (which are more lipophilic) cause toxicity and

Fig. 1.3 Primary lignin
monomers and corresponding
unit (Wong 2009)
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bioaccumulate in fish. The dark brown color not only is aesthetically unacceptable
but also could inhibit the process of photosynthesis in natural aquatic environments
due to the barrier effect of sunlight. To minimize the impact of effluents on the
environment, several treatment technologies have been employed, although little is
known on their efficiency to eliminate the toxicity attributed to the presence of
organic compounds.

1.4 Environmental Fate of Pulp and Paper Industry
Wastewater

The wastewater discharged from pulp and paper industry remains toxic and complex
due to retaining of high color, BOD, COD, TDS, TSS, and also consisting of
potentially toxic chlorinated compounds even after conventional secondary waste-
water treatment processes (Raj and Chandra 2004; Emeka et al. 2011; Mishra et al.
2013; Wu et al. 2005). Due to high pollution load and color-contributing substances,
pulp and paper wastewater poses a serious aquatic and soil pollution (Fig. 1.4). In
aquatic ecosystem, the dense brown color of this wastewater inhibits the natural
process of photosynthesis due to reduced penetration of solar radiation and decreases
the dissolved oxygen level, which adversely affects flora and fauna and causes
toxicity (Hall et al. 2009; Ojunga et al. 2010; Hewitt et al. 2008; Swamy et al.
2011; Ali and Sreekrishnan 2001). The toxicity assessment of pulp and paper
wastewater on fish reproductive system has been reported by various workers
(Parks et al. 2001; Orlando et al. 2002; Oakes et al. 2005; Wartman et al. 2009;
Orrego et al. 2011; Martel et al. 2017; Hou et al. 2018). The short-term exposure of
pulp paper mill wastewater to the flora and fauna of aquatic and terrestrial ecosystem
has been observed by Verma (2008). Pathan et al. (2009) also showed the behavioral
changes in freshwater fish Rasbora daniconius exposed to paper mill wastewater and
further higher concentration created an adverse effect on fish. Tyor et al. (2012) also
tested the toxicity of pulp and paper industry wastewater by using the Daphnia test
model. Similarly, Pandey et al. (2012) showed the comparison of fish toxicity and
Microtox toxicity of luminescence bacteria due to bleach plant effluent released from
agro- and wood-based pulp and paper mills and also showed the impact of pulp
paper mill wastewater on survival and hatchability of Cyprinus carpio. The result
showed that paper mill effluent treated eggs hatch susceptibility and adverse effect
and development stages are badly affected and effluent showed ultimately lethal
effect. The color-causing organic compounds have also been implicated in the
appearance of algal blooms (Dileká et al. 1999). The physicochemical properties
of river water were analyzed by Emeka et al. (2011); Lacorte et al. (2003) attempted
an overview of organic compounds that contribute to the toxicity of pulp and
paper industry wastewater. Presence of organic compounds in the wastewater has
contributed to deterioration of water quality due to the mixing of organic compounds
in the recipient ecosystem, i.e., aquatic and terrestrial ecosystem. The effect of
different pollutants present in pulp paper mill wastewater in long-term study at a
multi-tropic level in aquatic communities receiving water bodies in the United States
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has been also evaluated. The study has shown the toxic effect on fish macro-
vertebrate, phytoplankton, and other flora and fauna (Hall et al. 2009). The primary
reproductive effects in fish due to being exposed to pulp and paper wastewater were
reported by Hewitt et al. (2008). The toxic effect of pulp and paper mill wastewater
on phytoplankton and macroinvertebrates in River Nzoia, Kenya was studied by
Ojunga et al. (2010). This study has concluded that the wastewater produce changes
in both physicochemical parameters of the receiving water and contribute to nutrient
loading, especially phosphorus and nitrate, on the deteriorating water quality and

Fig. 1.4 Environmental impact of secondary treated wastewater discharged from pulp and paper
industry. (a–c) A view of the contaminated site showing aquatic pollution due to discharging
of colored complex wastewater. (d, e) Irrigation of agricultural field through discharged effluent
affecting the crop as well as soil microflora and texture
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eutrophication eliminates some taxa of both phytoplankton and macroinvertebrates,
whereas others such as Microcystis sp. and Chironomus sp. appear to thrive in
contaminated environment due to their tolerance to changing water quality. The
genetic disturbance by pulp paper mill wastewater on large mouth bass (Micropterus
salmoides) was reported by Denslow et al. (2004).

In a terrestrial ecosystem, the wastewater irrigated soil showed the decrease of
moisture content and increase of pH as well as accumulation of heavy metals, i.e.,
Zn, Cu, Cd, Cr, and Pb in soil. The studies revealed that mill effluent has a
deleterious effect on seed germination and growth parameter of rice and mustard
and pea. It also has been noted that the effluent concentration above 50% was found
inhibitory for plant growth parameter. Accumulation of contaminants into the
terrestrial ecosystem is due to gradual percolation of contaminants which in turn
changes the soil texture (Roy et al. 2008; Pradhan and Behera 2011; Kumar and
Chopra 2011). In many developing countries, farmers irrigate their crop plants with
water bodies which might be severely exposed to industrial effluents. This leads to
risks of bioaccumulation of toxicants in the food chain. Thus, it is important to treat
the industrial effluents before their final discharge. This continuous practice of
irrigation of agricultural field through discharged effluent affecting the crop as
well as soil texture (Medhi et al. 2008, 2011; Devkumari and Selvaseelan 2008).
Pathan et al. (2009) reported that the toxicity of paper mill wastewater to fish
Rasbora daniconius and its LC50 values were assessed for different concentration
of effluent for 24–96 h exposure periods. In addition, the impact of paper mill
wastewater on the survival and hatchability of eggs of Cyprinus carpio was reported
by Tyor et al. (2012). However, the health hazards of polluted underground water
due to pulp paper mill effluent in the vicinity of the pulp paper industry are not
known so far.

These compounds, mostly complex aromatic in nature, also impart heavy toxicity
to the aquatic systems, thus entering the food chain. Many researchers have reported
that the mixing or direct entry of pulp paper mill effluent into the recipient ecosystem
(aquatic and terrestrial ecosystem) is responsible for potential health hazards as mill
wastewater mixing consequently increases the organic or inorganic compounds, i.e.,
enhancing or supporting the growth of numerous total coliform, fecal coliform,
Klebsiella spp., E. coli, Enterobacter spp., Klebsiella spp., Enterobacter spp.,
Salmonella, Vibrio cholerae, Shigella spp., Citrobacter sp., etc. (Huntley et al.
1766; Clark et al. 1992; Liss and Allen 1992; Megraw and Farkas 1993; Gauthier
and Archibald 2001; Chandra et al. 2006). Beauchamp et al. (2006) investigated the
thermotolerant coliform population of one paper mill effluent and two paper mill
sludges and wood chips screening rejects using chromogenic media. Large numbers
of thermotolerant coliforms, i.e., 7,000,000 MPN g�1 sludge (dry weight; d.w.),
were found in combined sludges. From this first series of isolations, bacteria were
purified on the MacConkey medium and identified as Citrobacter freundii,
Enterobacter sp., E. sakazakii, E. cloacae, Escherichia coli, K. pneumoniae,
K. pneumoniae subsp. rhinoscleromatis, K. pneumoniae subsp. ozaenae,
K. pneumoniae subsp. pneumoniae, Pantoea sp., Raoultella terrigena, and
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R. planticola. Second, the presence of thermotolerant coliforms was measured at
more than 3700–6000 MPN g�1 (d.w.) sludge, whereas E. coli was detected from
730 to more than 3300 MPN g�1 (d.w.) sludge. The presence of thermotolerant
coliform bacteria and E. coli was sometimes detected from wood chips screening
rejects in large quantities. Also, indigenous E. coli were able to multiply into the
combined sludge, and inoculated E. coli isolates were often able to multiply in wood
chips and combined sludge media. This study points out that the coliform bacteria
are introduced by the wood chips in the wastewater, where they can survive through
the primary clarifier and regrow in combined sludges. Furthermore, Emeka et al.
(2011) reported the variation in physicochemical dynamics due to the impact of
paper mill wastewater that discharge into the Owerrinta River, Eastern Nigeria. Long
et al. in 2012 from the United States have reported the characterizing paper mill
wastewater using indicators and source-tracking methods. This study examined
potential public health implications of E. coli in a Wisconsin river that receives
paper mill wastewater upstream of a public beach. Furthermore, the effects of solid
wood waste discharge on the physicochemical and microbial identification of the
Warri River were reported by Idise et al. in 2012 from Nigeria. Lee et al. (2012)
carried out some significant work where they have conducted a survey and reported
the effect on the skin and health of children living in upstream and downstream
villages from a pulp and paper mill. This study has reported that the ill effect on
children who drank water directly from the river was compared with those who never
did. River water analysis has shown physicochemical variation within the acceptable
range except for fecal coliform (6 MPN/100 mL). Moreover, Lee et al. (2012)
surveyed and observed that the pulp and paper mill wastewater has created health-
related problems to the downstream population of the river.

1.5 Biological Treatment Methods of Pulp and Paper Industry
Wastewater

Pulp and paper industry is a very water-intensive industry in terms of freshwater use.
Currently, the increasing needs to reduce water consumption and to satisfy tightened
discharge standards in stringent environmental regulations have forced pulp and
paper industries to treat their effluent for safe disposal in environment using
advanced treatment processes. Most wastewater treatment processes (WWTPs) use
aerobic and/or anaerobic biological processes to remove organic contaminants in
wastewaters (Singh and Thakur 2006). The commonly available biological treatment
methods adopted in the pulp and paper industry to lower the pollution load indices
like BOD and COD include anaerobic lagoon, stabilization pond, aerated lagoon,
activated sludge process, or its modification depending on the local conditions.
Aerobic processes are preferably used in most pulp and paper mills because of
their ease of operation as well as the relatively low capital and operating costs.
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1.5.1 Aerobic Treatment Process

Among aerobic technologies, AS and aerated lagoons are commonly used wastewa-
ter treatment approach applied in pulp and paper industry (Fig. 1.5; van Ginkel et al.
1999; Erkan and Engin 2017; Pokhrel and Viraraghavan 2004; Lerner et al. 2007).
Despite the widespread usage, these technologies still suffers from instability, high
sludge production, and high operating cost. The most important operational diffi-
culty associated with activated sludge is the separation of sludge from the clarified
wastewater. Implications of conventional AS process used for pulp and paper
industry wastewater with modification to a low sludge production (LSP) process
have been studied for treating (Talat Mahmood et al. 2006). The LSP system
produced 36% less sludge than the base case system, while both systems removed
96% BOD, 73% COD, and 56% AOXs from a bleach kraft mill wastewater. The
LSP system required approximately 25% higher aeration than the conventional
activated sludge system. The LSP sludge settled much better than the conventional
activated sludge and had superior dewatering properties. This could lead to settling
and dewatering chemical cost savings. The odorous compound released from pulp
and paper mill wastewater and their reduction were also investigated byWatson et al.
(2003). They reported that the AS may be helpful for reduction of odorous gases.
However, the AS and aerated lagoons are not able to effectively mitigate the
pollution load of pulp and paper mill wastewater. Because the microorganisms
present in the conventional activated sludge system are not effective in degrading
compounds like lignin, therefore, complete treatment of such wastes remains
elusive.

Fig. 1.5 A view of the aerated activated sludge treatment of pulp and paper industry wastewater
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1.5.1.1 Bioaugmentation/Biostimulation Process for Efficient Treatment
of Pulp Paper Effluent

Bacterial Bioaugmentation/Biostimulation
In the recent past, biotechnological approaches for the remediation of contaminated
environment have gained worldwide attention (Chandra et al. 2018a, b, c, d, e;
Kumar and Chandra 2020a, b; Perestelo et al. 1989; Morii et al. 1995; Thakur 2004).
Bioremediation is considered a cost-effective and environment-friendly technology
with great potential to remove target compounds from contaminated sites or for
treatment of wastewater (Malaviya and Rathore 2007; Raj et al. 2014a, b; Kumar
et al. 2018; Kumar and Chandra 2020a, b; Chandra and Kumar 2017a, b). It is a set
of techniques that improve the degradation capacity of contaminated areas (Chandra
and Kumar 2015b). They use bioaugmentation strategy (introduction of specific
degradable strains or consortia of microorganisms) (Yu and Mohn 2002; Yadav et al.
2016) or biostimulation strategy (introduction of nutrients, inducers, and oxygen)
(Chandra et al. 2018a). Bioaugmentation is the introduction of a group of natural or
genetically engineered microorganisms to decontaminate soil and water (Chen et al.
2012b). Comparing with the common biotreatment process, the inoculated indige-
nous or allochthonous microbial strains can enhance the biodegradation of target
pollutants, serving to strengthen or complement the metabolic capabilities of the
indigenous microbial community (Mishra et al. 2014). An important factor for
successful bioaugmentation is the selection of potential bacteria that can not only
degrade contaminants but can also adapt to an adverse environment, usually higher
toxicity of the contaminated area (Dudášová et al. 2014). The major bacterial species
successfully used in bioaugmentation and biostimulation processes for kraft lignin
degradation and decolorization of pulp and paper industry wastewater are
Paenibacillus sp., Aneurinibacillus aneurinilyticus, Bacillus sp. (Raj et al.
2007a, b, 2014a), Serratia marcescens, Citrobacter sp., Klebsiella pneumonia
(Raj et al. 2007a, b; Chandra and Abhishek 2011), Pseudomonas, Bacillus,
Pannonibacter, Ochrobactrum (2011), Bacillus megaterium, Pseudomonas
aeruginosa (Tiku et al. 2010), Novosphingobium sp., Aeromonas formicans
(Gupta et al. 2001), Pseudomonas fluorescens (Chauhan and Thakur
2002), Comamonas sp. B-9 (Chen et al. 2012a) Pseudomonas, Ancylobacter, and
Methylobacterium (Keharia and Madamwar 2003). Yu and Mohn (2002) success-
fully used the Zoogloea resiniphila DhA-35 in the bioaugmentation treatment of
resin acid containing pulp and paper mill wastewater. Similarly, Muttray et al.
(2001) used Pseudomonas abietaniphila BKME-9 for the treatment of resin acid
in the pulp and paper mill wastewater. Chauhan and Thakur (2002) treated pulp and
paper mill wastewater in a fixed-film bioreactor by P. fluorescens and noted
reductions of 45% lignin, 75% color, 79% COD, and 66% phenol within 15 days
of incubation. Removal of organochlorine from bleached kraft pulp and paper mill
wastewater by dehalogenating indigenously grown Pseudomonas, Ancylobacter,
and Methylobacterium strains was reported by Fulthorpe and Allen (1995). Keharia
and Madamwar (2003) compared the degradation potential of Pseudomonas,
Ancylobacter, and Methylobacterium strains for organochlorine from bleached
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kraft pulp and paper mill wastewater. They observed that Ancylobacter showed the
broad substrate range but could significantly reduce the AOXs from softwood
wastewater only, whereas Methylobacterium with limited substrate range was capa-
ble of degrading AOXs from both hardwood and softwood effluents. Singhal and
Thakur (2009a, b) reported the decolorization and detoxification of pulp paper mill
wastewater under un-optimized and optimized conditions by Cryptococcus sp. This
bacterial isolate reduced the 27% color and 24% lignin content of the wastewater in
15 days under un-optimized conditions. However, enhanced reduction in color
(50–53%) and lignin (35–40%) was noted to occur after optimum treatment
conditions were reached during the 24 h incubation: pH 5.0, temperature
35–40 �C, shaking speed 125 rpm, dextrose 1.0% w/v, tryptone 0.1% w/v, and
inoculum size 7.5% v/v. Recently, Halomonas sp. and Bacillus sp. have been used
for BL degradation and decolorization at high pollution load (Yang et al. 2008).
Singh et al. (2011) reported bioremediation of pulp and paper mill wastewater by a
tannic acid-degrading bacterium Enterobacter sp. Prior to the bioremediation of
wastewater, authors optimized various parameters, viz., inoculum size, agitation,
temperature, and treatment duration by using Qualitek-4 software. In batch culture
experiment, the reduction of lignin up to 73% and color up to 82% along with COD
and BOD with 16 h retention time was observed. Mishra and Thakur (2010) isolated
Bacillus sp. from pulp and paper mill sludge and used this isolate in degradation and
decolorization of BL. They noted that maximum color was removed at pH 8,
temperature 35 �C, shaking speed 200 rpm, sucrose 2.5%, and inoculum size 5%
(w/v) within 48 h from 10% BL. However, after optimization of various nutritional
and environmental parameters by using the Taguchi approach, twofold increase in
the removal of color and lignin from 25–69% and 28–53%, respectively, was noted.
This study indicated the significance of Taguchi’s approach in decolorization and
delignification of lignin in pulp and paper mill wastewater. Chandra and Abhishek
(2011) studied the decolorization of BL in axenic and mixed condition by isolated
bacterial strains, i.e., Citrobacter freundii and Citrobacter sp., and characterized
their metabolites. Under mixed culture condition, the aerobic treatment could reduce
79% AOX, 79% color, 82% COD, and 60% lignin after 144 h of the incubation
period. It was also observed that mixed bacterial culture produced the optimum level
of peroxidase enzyme compared to axenic bacterial strain. The comparative GC–MS
analysis of control and degraded BL revealed that along with lignin fragment, some
chlorophenolic compounds, 2,4,6-trichlorophenol, 2,3,4,5-tetrachlorophenol, and
pentachlorophenol, were detected in BL degraded by axenic culture, whereas these
chlorophenolic compounds were completely absent in BL degraded by mixed
bacterial culture (Table 1.2). Similarly, the decolorization of BL by a potential
bacterial consortium consisting of S. marcescens, Citrobacter sp., and Klebsiella
pneumoniae under optimized environmental and nutritional conditions has been
reported by Chandra et al. (2011a). The study has shown that bacterial growth and
BL degradation were associated with ligninolytic enzyme production and numerous
metabolites were also detected in bacterial degraded BL (Table 1.2; Chandra et al.
2011a, b). The pulp and paper mill wastewater decolorization and detoxification by
using the different inoculums ratio in mixed bacterial culture have been evaluated at
laboratory scale (Chandra et al. 2011b). This study deals with the degradation and
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detoxification of pulp paper mill wastewater by three bacterial strains, i.e.,
S. marcescens, S. liquefaciens, and Bacillus cereus in different ratios, and found
that two ratios, 4:1:1 and 1:4:1, were effective for the degradation of pulp and paper
mill wastewater. These ratios reduced the various pollution parameters from pulp
and paper mill wastewater. HPLC and GC–MS analysis also showed that the mixed
bacterial culture in 4:1:1 ratio degraded 95% of lignin and 98% of chlorophenols,
and several other related compounds, whereas ratio 1:4:1 reduced lignin and
chlorophenols up to 84% and 58%, respectively, after 7 days of incubation
(Table 1.2). Chandra and Singh (2012) also studied the decolorization and detoxifi-
cation of rayon grade pulp paper mill wastewater in different nutritional as well as
environmental parameters by a developed bacterial consortium comprising
S. marcescens, Citrobacter sp., and K. pneumoniae strains. The degradation study
result showed that the ligninolytic activities were found to be growth associated and
the developed bacterial consortium was efficient for the reduction of color, BOD,
and COD up to 85%, 74%, and 83%, respectively. The GC–MS analysis also
showed that most of the compounds detected in untreated wastewater were dimin-
ished after bacterial treatment, while formic acid hydrazide, 4-cyclohexane-1,2-
dicarboxylic acid, carbamic acid, 1,2-benzenedicarboxylic acid, and erythro
pentanoic acid were found as new metabolites. Simultaneously, Chandra and
Singh (2012) also reported the decolorization and detoxification of rayon grade
(RG) pulp paper mill effluent by mixed bacterial culture comprising
Pseudochrobactrum glaciale, Providencia rettgeri, and Pantoea sp. The results
showed that mixed culture effectively reduced color, COD, and BOD up to
96.02%, 91%, and 92.59%, respectively, from pulp paper mill effluent within
216 h of the incubation period. During degradation and decolorization, maximum
enzyme activity for lignin peroxidase (LiP), manganese peroxidase (MnP), and
laccase was recorded at 48, 72, and 144 h of the incubation period, respectively.
Further, GC–MS analysis revealed that majority of the compounds present in the
untreated sample were completely removed and only a few metabolites were
generated after bacterial treatment (Table 1.2). A mammalian cell line-based toxico-
logical evaluation of pulp and paper mill BL biodegraded in a soil microcosm by
indigenous alkalotolerant Bacillus sp. was reported by Mishra et al. (2014). GC–MS
analysis performed after biodegradation showed the formation of simpler
compounds like p-hydroxyhydrocinnamic acid, homovanillic acid methyl ester,
and 3,5-dimethoxy-p-coumaric alcohol. The methyltetrazolium assay for cytotoxic-
ity, 7-ethoxyresorufin-O-deethylase assay for dioxin-like behavior, and alkaline
comet assay for genotoxicity evaluation were carried out with the human
hepatocarcinoma cell line HuH-7 before and after bacterial treatment. The result
revealed that bioremediation for 15 days reduced toxicity, as shown by a 139-fold
increase in BL LC50 value, a 343-fold reduction in benzo(a)pyrene equivalent value,
and a fivefold reduction in the olive tail moment. Similarly, Haq et al. (2016, 2017)
evaluated the bioremediation potentiality of ligninolytic enzyme producing
S. liquefaciens for detoxification of wastewater discharged from pulp and paper
industry after secondary treatment and characterized their metabolic products. The
bacterium S. liquefaciens effectively reduced color, lignin, COD, and phenol of real
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Table 1.2 Identified organic compounds present in pulp and paper industry wastewater and their
degradation and characterized metabolic products after bacterial treatment (Chandra and Singh
2012; Chandra and Abhishek 2011; Chandra et al. 2011a, b; Haq et al. 2016, 2017)

Effluent S. no. Name of identified compound UW BTW

Rayon grade pulp
paper mill
wastewater

1. 4-Isopropoxy-butyric acid + �
2. 3,7,11,15,18-pentaoxa-2,19-disilaneicosane + �
3. Butane-1-ol + �
4. Propane + �
5. 2-methyl-2,4-dimethoxy butane � +

6. 4,5-octanediol,3,6-dimethyl � +

7. Diphenylthiocarbazide + �
8. Propane,1-(1-Ethoxyethoxy) + �
9. Cyclohexanecarboxylic acid � +

10. 6-Oxabicyclo9,3,1,0,0hexan-3-one + �
11. Pyrrolo(1,2A)pyrazine-1,4-dione, hexahydro + �
12. Pyrrolo(1,2A)pyrazine-1,4-dione, hexahydro + �
13. Trichloroacetyl isocyanate + �
14. 1-Phenyl-1-nonyne � +

15. Tetradecanoic acid + �
16. 6-Chlorohexanoic acid + �
17. 2,5-Piperazinedione,3,6-bis(2-methyl propyl) + +

18. Pyrrolo(1,4-dione,hexahydro-3-(phenyl
methyl)

+ �

19. 1-Chloro Octadecane + �
20. 1,2 Benzene carboxylic acid + �
21. 4,8-Dimethyl undecane + �
22. 3-Trifluoroacetoxydodecane + �
23. Benzeneacetic acid,3-tetradecyl ester + �
24. Cyclo-(L-leucyl-l-phenylalanyl) + �
25. Butanoic acid + �

Black liquor 1. Propanoic acid � +

2. Acetic acid � +

3. Butanoic acid � �
4. Benzoic acid � +

5. 2,4,6 trichloro phenol � �
6. 2,3,4,5 tetrachloro phenol � �
7. Tetradecanoic acid � +

8. Pentachlorophenol � �
9. Dibutyl phthalate � +

10. Hexadecanoic acid � �
11. Octadecanoic acid � +

12. Bis(2-ethylhexyl) phthalate + +

Black liquor 1. Propanoic acid + �
2. Formic acid hydrazide �
3. 4-Cyclohexane-1,2-dicarboxylic acid �

(continued)
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Table 1.2 (continued)

Effluent S. no. Name of identified compound UW BTW

4. 1,2 Butanediol + �
5. Carbamic acid �
6. 3-Cyclohexane 1-methanol + �
7. 2-Methoxy phenol (Guaiacol) + �
8. 4-Methyl benzaldehyde + �
9. Benzoic acid + �

10. Benzene acetic acid + �
11. Benzylemalonic acid + �
12. 3-Hydroxy-4-methoxymandilic acid + �
13. Butylated hydroxytoluene + �
14. 2,4-Bis (1,1-dietyl)-phenol + �
15. Heptadecanoic acid + �
16. 2-Methoxy propanoyl chloride + �
17. 4-Hydroxy-3,5-dimethoxy benzaldehyde + �
18. Tetradecanoic acid + �
19. 1,2-benzenedicarboxylic acid � +

20. Dibutyle phthalate + �
21. Erythropentanoic acid � +

22. Ricinoleic acid + �
23. Phthalate + +

24. Cholesterol trimethylsilyl ether + +

25. 1,1-(1,2-ethanediyl) bis[4-methoxy] benzene + �
26. 2,4-Bis (1-phenylethyl)-pheno + �
27. Bis (2-ethylhexyl) phthalate + �

Pulp and paper mill
wastewater

1. Propanoic acid + +

2. Benzeneacetonitrile � �
3. Pyridine � �
4. Phosphoric acid + �
5. 1[(Formyl)oxymethyl]benzene � +

6. (+)-5-Hydroxy-6-(1-hydroxyethyl)-2,7-
dimethoxynapthoquinone

+ �

7. l-(+)-Tartaric acid, bis(trimethyl silyl) ether,
bis(trimethyl silyl)ester

+ �

8. 3-Octadecene, (E)- + �
9. Uric acid � +

10. D-Fructose, 1,3,4,5,6-pentakis-O-(trimethyl
silyl)-O, methyloxime

+ �

11. (2 R,3 S)-2-[(E)-2-(Ethoxycarbonyl)ethenyl]-
2, 3-dimethylaziridine

� +

12. Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-
3-(2-methylpropyl)

� +

13. 1,4-Diazo-2,5-dioxo-3-isobutyl bicyclo
(4.3.0) nonane

� +

14. 1-Octadecene + �
(continued)
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Table 1.2 (continued)

Effluent S. no. Name of identified compound UW BTW

15. Hexadecanoic acid + �
16. 1-Monolinoleoyl glycerol trimethyl silyl ether + �
17. 1-Heneicosanol + �
18. Octadecanoic acid + �
19. Tetracosanic acid + �
20. Α-D-Galactopyranoside, methyl 2,3-bis-o-

(trimethyl silyl)-, cyclic methylbronate
+ �

21. 20-40-60-Trinitro-50-phenyl-
1,10:30,100-terphenyl

+ �

22. N,N0-Dicyclohexyl-1-cyano-7-
pyrrolidinylperylene-3,4:9,10-tetracarboxylic
acid

+ �

Pulp paper mill
wastewater

1. 1-O-Pentadecylglycerol + �
2. Glycerol � +

3. L-Glutamic acid � +

4. Iron,tricarbonyl(N-(phenyl-2-
yridinylmethylene) benzenamine)

+ �

5. Butanal � +

6. Hexanedioic acid + �
7. D-galactofuranose + �
8. D-Fructose � +

9. D-Glucose + �
10. D-Gluconic acid � �
11. D-Mannitol + �
12. Glucopyranose + �
13. 1,6,8-trihydroxy-2-isopropyl-3-methoxy-

9,10-anthraquinone
� +

14. 2,4-dimethoxyphenyl + �
15. 2,6-Dinitro-4,40-di-tert-butylbiphenyl � +

16. Diethyl 3,4-dihydro-2-nepthyl-phosphonate + �
17. 4,6-dimethoxy-2,3-dimethyl + �
18. 2,4,6-trinitro-5-phenyl + �

Pulp paper mill
wastewater

1. 2-Ethoxyethoxy-Trimethylsilane � +

2. Propylene carbonate � +

3. Butanoic acid,2-oxo (acid) � +

4. Methanediamine,N,N,N,N-tetramethyl � +

5. 2-Ethoxyethoxy-trimethylsilane � +

6. Butane,2Ethoxy- � +

7. Diphenylthiocarbazide � +

8. 1-(2,4-Diethoxy-phenyl)Ethanone � +

9. 1,4-Dimethoxy-2-Phenylbutane(phenol) � +

10. Oxalic acid,Cyclobutyl heptadecylester
(cyclo)

� +

11. 8-Pentadecanone(ketone) + �
(continued)
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wastewater after 144 h of treatment at 30 �C, pH 7.6, and 120 rpm. Further, the
bacterium-treated effluent was evaluated for residual toxicity assessment by alkaline
single-cell (comet) gel electrophoresis (SCGE) assay using Saccharomyces
cerevisiae MTCC 36 as a model organism. The toxicity reduction to treated effluent
was found up to 49.4%. They also characterized the major metabolic products during
bacterial treatment of pulp paper mill wastewater as shown in Table 1.2. Tiku et al.
(2010) also reported the holistic bioremediation of pulp mill wastewater using three
autochthonous bacteria strains, P. aeruginosa, and B. megaterium, to reduce the
BOD and COD level of such wastewater up to permissible level, i.e., 30 mg L�1 and
250 mg L�1, respectively, within a retention time of 24 h in batch culture. However,
the continuous mode of treatment may further decrease the retention time. A
concomitant reduction in TDS, AOXs, and the color was also observed. The
bacterial degradation of lignin is limited compared to fungi.

Fungal Bioaugmentation/Biostimulation
Fungi are the only microorganisms studied extensively for the degradation and
decolorization of lignin and its related monomers (Hofrichter 2002). The use of
fungi has a great potential for tertiary treatment and removal of residual
organic compounds in wastewater discharged from pulp and paper industries
(Wu et al. 2005; Apiwattanapiwat et al. 2006; Da Re and Papinutti 2011; Rajwar
et al. 2017). White-rot fungi, such as Phanerochaete chrysosporium (Zouari
et al. 2002; Mittar et al. 1992; Wu et al. 2005), Trametes (Coriolus) versicolor

Table 1.2 (continued)

Effluent S. no. Name of identified compound UW BTW

12. 1,2Benzenedicarboxylic acid,Bis
(2-Methylpropyl) Ester

+ �

13. 1-Phenyl-1-nonyne(surfactant) � +

14. Sulphurousacid,Octadecyl 2-Propylester + �
15. Benzene,1,3-Bis(1-methylethenyl) � +

16. 3-Ethenyl-6-
Dimethylaminomethyleneaminobenzonitrile

� +

17. N-(3-Bromo-1-Methyloxycarbonyl-1H-
Indol-2-YLmethyl)-N-(1-Methoxycarbonyl-
2-methybutyl

� +

18. Proponoic acid,2-(Benzoylamino)-333
Trifluro-2-[(Trifluromethyl)phenyl]amino-
ethyl

� +

19. Butane,2-phenyl-3-(trimethylsilyloxy) � +

20. 2-Propanoic acid,3(4-Methylphenyl)-,
ethylester

� +

21. 2-Propanoic acid,3-(MethylPhenyl),
Ethylester

� +

22. Phthalicacid,Dodecyl 2-Ethylhexylester � +

+ present, � absent, UE untreated effluent, BTE bacterial treated effluent
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(Martin and Manzanares 1994; Manzanares et al. 1995; Modi et al. 1998; Garg and
Modi 1999; Bajpai et al. 19,993; Mehna et al. 1995; Archibald et al. 1990),
P. radiata (Lankinen et al. 1991; Hatakka 2001), Marulius tremellosus (Lankinen
et al. 1991), Rhizomucor pusillus (van Driessel and Christov 2001), Lentinus edodes
(Esposito et al. 1991; Wu et al. 2005), Pleurotus spp., P. sajor-caju, P. platypus,
P. citrinopileatus (Ragunathan and Swaminathan 2004), Steccherinum sp. (Da Re
and Papinutti 2011), Datronia sp. (Chedchant et al. 2009), and Trichaptum
(Apiwattanapiwat et al. 2006), have been reported to be effective in reducing the
various pollution parameters of pulp and paper industry wastewater. Decolorization
and detoxification of extraction-stage effluent from chlorine bleaching of kraft pulp
by Rhizopus oryzae have been investigated by Nagarathnamma and Bajpai (1999).
Table 1.3 shows the analytical results for the effluent sample. A total of 37 standards
of chlorophenols and chloroaldehydes were run, and 13 types of chlorophenols and
three types of chloroaldehydes were found in the extraction-stage effluent
(Table 1.3). R. oryzae was found to decolorize, dechlorinate, and detoxify bleach
plant effluent at lower co-substrate concentrations. With glucose at 1 g L�1, this
fungus removed 92–95% color, 50% COD, 72% AOXs, and 37% EOXs in 24 h at
pH of 3–5 and temperatures of 25–45 �C, although the fungus removed up to 78% of
the color without added co-substrate.

Bioremediation of pulp and paper industry wastewater by a novel fungal consor-
tium, comprising two basidiomycetous fungi (Merulius aureus syn. Phlebia sp. and
an unidentified genus) and a deuteromycetous fungus (Fusarium sambucinum
Fuckel MTCC 3788), isolated from pulp and paper mill wastewater-affected soils
in immobilized condition was assessed by Malaviya and Rathore (2007). First, these
fungus isolates were immobilized on nylon mesh, and the developed consortium was
further used for the treatment of pulp and paper mill wastewater in a continuously
aerated benchtop bioreactor. The treatment resulted in the reduction of lignin, color,
and COD of the wastewater in the order of 79.0%, 78.6%, and 89.4% in 4-day
incubation period. A major part of reductions in lignin, color, and COD of the
wastewater occurred within the first 24 h of the treatment, which was also
characterized by a steep decline in the pH of the wastewater. Singhal and Thakur
(2009a) evaluated the efficiency of the biological treatment process for the decolori-
zation and detoxification of pulp and paper mill wastewater for its safe disposal in
the environment. In this study, they used Emericella nidulans var. nidulans for the
treatment process. The process parameters for optimum decolorization of pulp and
paper wastewater were optimized by the Taguchi approach. Decolorization of
wastewater was improved by 31% with reduction in 66.66% color and 37% lignin
after treatment by E. nidulans var. nidulans in batch culture. Variation in pH from
6.0 to 5.0 had the most significant effect on decolorization (71%), while variation in
temperature from 30 to 35 �C had no effect on the process. Later, treated effluent was
evaluated for genotoxicity by alkaline single-cell gel electrophoresis assay using
Saccharomyces cerevisiae MTCC 36 as a model organism, indicating a 60% reduc-
tion in toxicity. Rocha-Santos et al. (2010) also evaluated the effects of a tertiary
treatment by fungi (Pleurotus sajor-caju, T. versicolor, P. chrysosporium, and
R. oryzae) on individual organic compounds of a Eucalyptus globulus bleached
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kraft pulp and paper mill wastewater discharged after secondary treatment. A total of
38 compounds (carboxylic acids, fatty alcohols, phenolic compounds, and sterols)
were detected and quantified in the E. globulus bleached kraft pulp mill final effluent
discharged after secondary treatment. The four fungus species showed an adequate
capacity to eradicate organic compounds and color from wastewater. Biodegradation
of pulp and paper mill wastewater by co-culturing ascomycetous fungi in the
repeated batch process has also been studied by Rajwar et al. (2017). A fungal
consortium (consisting Nigrospora sp. and Curvularia lunata) exhibited enhanced
biomass production under optimized medium conditions and significantly reduced
color (82.3%), BOD (85.6%), COD (80%), and lignin concentration (76.1%) under
catalytic enzyme activity; however, unutilized Lac, MnP, and LiP activities were
observed to be 13.5, 11.4, and 9.4 U mL�1 after the third cycle of wastewater
treatment in repeated batch process. The GC–MS analysis also showed the reduction
of complex organic compounds and the formation of numerous low-molecular-
weight metabolites. This indicated the massive potential of the novel fungal consor-
tium to degrade recalcitrant organic pollutants. Biological treatment of pulp and
paper industry wastewater by oleaginous yeast Rhodosporidium kratochvilovae was
integrated with production of biodiesel as reported by Patel et al. (2017).
R. kratochvilovae has the remarkable efficiency to reduce the toxicity of phenols
(99.60%) and lignin (94.27%), respectively, from the wastewater with a high
reduction in COD (94.22%), BOD (77.36%), and TDS (84.59%). The integrated
process establishes toxic removal from pulp and paper industry wastewater along
with sustainable biodiesel production for transportation fuels.

Algal Treatment (Phycoremediation)
Microalgal culture offers a cost-effective approach to remove nutrients from waste-
water discharged from pulp and paper industry after secondary treatment (Saikia
et al. 2010, 2011) . Microalgae have a high capacity for inorganic nutrient uptake,
and they can be grown in mass culture in outdoor solar bioreactors. Dileká et al.
(1999) reported the removal of color and AOXs from pulping effluent by mixed
culture of algae obtained from the oxidation pond of the wastewater treatment plant.
The mixed culture of algae was composed mainly of Chlorella, Chlorococcum, and
Chlamydomonas species. Besides these, Microcystis and Anabaena species were
present to a somewhat lesser extent, and a few species of Euglena, Phacus,
Nitzschia, Cyclotella, Pandorina, Eudorina, Gonium, and Prymnesium were also
observed. For the total mill effluent (composed of both pulping and bleaching
effluents), AOX removal was found to be independent of initial color value and
was around 70%. Up to 80% removal of color from pulping effluent was achieved
within 30 days under continuous lighting conditions. It was found that algae reduced
the color of pulping of relatively low initial color more efficiently than that of high
initial color. Under simulated field lighting conditions, up to 60% color removal
from pulping effluent was observed after 60 days of exposure, whereas for the total
mill effluent, it was up to 64% after 45 days of incubation. Tarlan et al. (2002a)
reported 58% of COD, 84% of color, and 80% of AOXs removal from pulp and
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paper industry wastewaters by using some green algae (Chlorella), and diatom
species were dominant in the treatment. This study also showed that algae grew
mixotrophically, and the main mechanism of color and organics removal from
pulping effluents was partly metabolism and partly metabolic conversion of colored
and chlorinated molecules to noncolored and non-chlorinated molecules. In a sepa-
rate study, Tarlan et al. (2002b) treated highly polluted pulp and paper industry
wastewaters in sequential batch reactors (SBR) by using algae and found up to 74%
COD and 74% color removal in about 40 days of incubation batch studies. From the
preliminary SBR experiments, filling period was found to be a critical step affecting
the overall efficiency when mixing and aeration are applied during filling. For all
filling periods, COD, color, and AOXs removal efficiencies increased with increas-
ing filling time. Maximum removal efficiencies achieved were 60–85% for COD,
42–75% for color, and 82–93% for AOXs for the filling periods of 4–12 days.
Authors stated that organics in the contaminated wastewater were both chlorinated
and non-chlorinated; algae removed these contaminants mainly by metabolism, and
chlorine cleavage from chlorinated organic molecules was more rapid than the
degradation of non-chlorinated and colored organics. Adsorbed lignin on algal
biomass was found to be varying between 10 and 20% depending on filling period
applied. Most recently, removal of nutrients and organic pollution load from pulp
and paper industry wastewater by microalgae in outdoor open pond has been
reported by Usha et al. (2016). In this lab study, a mixed culture of microalgae,
containing two Scenedesmus species, was used for pulp and paper mill wastewater
treatment and microalgal cultivation, and result showed a maximum of 82% and
75% removal of BOD and COD, respectively. The author recommended that pulp
and paper mill wastewater could be used effectively for cultivation of microalgae to
minimize the freshwater and nutrient requirements.

1.5.2 Anaerobic Treatment

Many highly chlorinated compounds are known to be quite stable and difficult to
degrade. However, anaerobes can sometimes catalyze biotransformation reactions in
which chloride ions of the chlorinated compounds are displaced by protons (Chandra
and Kumar 2015b). The more chloride ions are thus removed, the more reactive the
resultant compounds become, thereby rendering them susceptible to conventional
AS treatment. The anaerobic treatment provides advantages of pollution decreasing
with energy production. Anaerobic digestion is a process frequently employed for
the secondary treatment of industrial wastewater. It has many potential advantages in
comparison with aerobic treatment such as lower sludge production, lower chemical
consumption, smaller land requirements due to smaller reactors, and energy produc-
tion in the form of methane. Anaerobic technologies provide good treatment
efficiencies at low hydraulic retention times. However, it was reported that anaerobic
microorganisms are more sensitive to toxic substances than aerobic microorganisms
when anaerobic treatment is utilized for bleached kraft wastewaters (Johansson
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2012; Lin et al. 2012). For this reason, several authors investigated aerobic mem-
brane bioreactor (MBR) for pulp and paper mill wastewater treatment, and it was
reported that the COD removal efficiencies were found to be between 86% and
99.5% (Bérubé and Hall 2000; Galil et al. 2003; Dias et al. 2005; Gommers et al.
2007; Lerner et al. 2007; Zhang et al. 2009; Savant et al. 2006). Lafond and
Ferguson (1991) reported that anaerobic treatment in an upflow hybrid reactor
removed 17–40% of AOXs. Similarly, Mishra et al. (2016) compared the effluent
treatment efficiency of a hybrid unit of upflow fixed-bed anaerobic bioreactor
(UFBAB) along with slow sand filter (SSF) with the single-unit UFBAB for paper
and pulp mill wastewater. The hybrid system showed better treatment efficiency as
the SSF provides a polishing effect to the effluent generated after the UFBAB
treatment. Erkan and Engin (2017) used a submerged membrane bioreactor
(sMBR) to eliminate dissolved substances present in paper mill wastewater. In this
study, an sMBR was operated for the treatment of paper mill industry wastewater at
35 h of HRT and 40 days of SRT. The COD, ammonical nitrogen (NH3–N), and total
phosphorous (TP) removal efficiencies were found to be 98%, 92.99%, and 96.36%.
The results demonstrated that sMBR was a suitable treatment for the removal of
organic matter and nutrients for treating paper mill wastewater except for the
problem of calcium accumulation.

1.6 Ligninolytic Enzymes in Degradation and Decolorization
of Pulp and Paper Industry Wastewater

Lignin is difficult to biodegrade; white-rot fungi are the most widely unique
organisms able to degrade lignin efficiently to complete mineralization (Chandra
et al. 2015b; Glenn and Gold 1985; Kirk et al. 1984; Tien and Kirk 1984; Ahmad
et al. 2010). However, several bacterial species recently reported as lignin degraders
of genera Bacillus pumilus and Bacillus atrophaeus (Huang et al. 2013),
Aneurinibacillus aneurinilyticus (Raj et al. 2007a), Bacillus sp., (Raj et al. 2007b),
Novosphingobium sp. B-7 (Chen et al. 2012a, b, c), Pandoraea sp. B-6 (Shi et al.
2013), Comamonas sp. B-9 (Chen et al. 2012a), Dysgonomonas sp. WJDL-Y1
(Duan et al. 2016a), Acetoanaerobium sp. WJDL-Y2 (Duan et al. 2016b),
Xanthomonas sp. (Archana and Mahadevan 2002), Paenibacillus sp.,
A. aneurinilyticus (Raj et al. 2007a, b), Gordonia strin JW8 (Chen et al.
2012b), Citrobacter freundii, and Serratia marcescens (Abhishek et al. 2017). The
major extracellular ligninolytic enzymes involved in lignin biodegradation by fungi
as well as bacteria are lignin peroxidase (LiP; EC 1.11.1.14) and manganese
peroxidase (MnP; EC 1.11.1.13) and laccase (Lac; EC 1.10.3.2) (Ahmad et al.
2010; Abdelaziz et al. 2016; D’Souza et al. 2006; Chandra et al. 2017a). White-rot
fungi produce various isoforms of extracellular enzymes that give these fungi the
ability to degrade lignin and also allow them to grow in presence of a wide range of
recalcitrant organic pollutants. In fact, these enzymes have demonstrated to be
capable of degrading a vast number of environmental contaminants, including
dyes, polychlorinated biphenyls, melanoidins, and pesticides, making ligninolytic
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enzymes as a potential efficient tools for biotechnological processes of wastewater
pollutants (Kumar and Chandra 2018a; Kumari et al. 2002). MnP is an extracellular
oxidoreductase enzyme that belongs to class II fungal haem-containing peroxidases
produced by almost all wood-colonizing white root and several litter-decomposing
basidiomycetes during secondary metabolism in response to nitrogen or carbon
starvation (Hofrichter 2002; Chen and Wan 2017). It has also been produced by
some indigenous bacterial strains (Kumar and Chandra 2018a; Xu et al. 2018; Huang
et al. 2013). During the catalytic process, the MnP system generates highly reactive
and nonspecific free radicals that cleave carbon–carbon and ether interunit bonds of
various phenolics and non-phenolic compounds (Hofrichter 2002). Generally, MnP
catalyzes the oxidation of Mn2+ to Mn3+ chelate Mn3+ to form stable complexes that
diffuse freely and oxidized phenolic substrate (e.g., simple phenol, amines, dyes,
phenolic lignin substructure, and dimers) by one-electron oxidation of the substrate,
yielding phenoxy radical intermediate, which undergoes rearrangement, bond cleav-
age, and nonenzymatic degradation to yield several breakdown products. Figure 1.6
illustrates the catalytic cycle of MnP enzyme.

Similarly to MnP, LiP is also an extracellular H2O2-dependent heme-containing
glycoprotein produced by white-rot fungi as well as some bacterial species (Kumari
et al. 2002; Ahmad et al. 2010; Abdelaziz et al. 2016; Xu et al. 2018). Among them,
LiP was first discovered in nitrogen and carbon-limited cultures of P. chrysosporium
and since then has become one of the most studied peroxidases. It catalyzes the
oxidative cleavage of Cα–Cβ linkages, β-O-4 linkages, and other bonds present in
lignin and its model compounds (Chandra et al. 2017a, b). The enzyme also
catalyzes side-chain cleavages, benzyl alcohol oxidations, demethoxylation, ring-
opening reactions, and oxidative dechlorination. The immobilization of LiP and
MnP produced by P. chrysosporium on Amberlite IRA-400 resin and its utilization
on the remediation of effluent from pulp and paper industry were evaluated by
Peralta-Zamora et al. (1998). They reported that immobilized enzyme was very
effective in removing color and phenolics species from kraft effluent with insignifi-
cant adsorption of colored species by the support. Decolorization of kraft effluent by
free and immobilized lignin peroxidases and horseradish peroxidase was studied by
Ferrer et al. (1991). The free lignin peroxidase and horseradish peroxidase removed
color from kraft effluent. Laccases are multi-copper-containing polyphenol oxidases
that are widely distributed in microorganisms, insects, and plants, showing a specific
function in each of them. From this group, white-rot fungi are the most studied
organism to produced laccases. Laccase catalyzes the oxidation of various aromatic
compounds, particularly those with electron-donating groups such as phenols (-OH)
and anilines (-NH2), by using molecular oxygen as an electron acceptor. Laccases
use molecular oxygen to oxidize a variety of aromatic and nonaromatic hydrogen
donors via a mechanism involving radicals. These radicals can undergo further
laccase catalyzation of the reaction and/or nonenzymatic reaction such as polymeri-
zation and hydrogen abstraction. Therefore, laccase has also the ability to oxidize a
wide range of phenolic and non-phenolic substrates (Wong 2009). This enzyme has
attracted wide attention because of their number of diverse applications, namely,
delignification of lignocellulosic, cross-linking of polysaccharides, detoxification of
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waste, and transformation of dye (Manzanares et al. 1995). A wide variety of
microorganisms—bacteria, yeasts, molds, and algae—have been implicated in lignin
biodegradation as well as decolorization of pulping effluents (Garg and Modi 1999).
Lignin degradation by fungi is essentially a secondary metabolic process, as fungi
and bacteria do not utilize lignin as a carbon source for their growth. This unique
feature makes fungi suitable for their application in pulp pretreatment, which can
reduce the energy requirement during the mechanical pulping and also will increase
the efficiency of bioconversion (Kirk et al. 1992; Kang et al. 2007). Several fungus
species such as Aspergillus niger (Kannan and Oblisami 1990), Bjerkandera adusta,
Phanerochaete chrysosporium (Costa et al. 2017), Fibrodontia sp. (Kreetachat et al.
2016), Cryptococcus sp. (Singhal and Thakur 2009b), Paecilomyces sp. (Chuphal
et al. 2005), Phanerochaete chrysosporium, Pleurotus ostreatus, Lentinus edodes,
Trametes versicolor (Wu et al. 2005), and Emericella nidulans var. nidulans
(Singhal and Thakur 2009a) have been reported to decolorize and detoxify the
paper and pulp industry wastewater and remove lignin efficiently from the wastewa-
ter. Michel Jr et al. (1991) investigated the role of MnP and LiP of P. chrysosporium
in the decolorization of kraft bleach plant effluent (KBPE). They observed when
P. chrysosporium was grown in a medium with no Mn2+ and high levels of LiPs, but
negligible levels of MnP were produced, and the rate and extent of KBPE decolori-
zation by such cultures were quite low. This indicated that LiP plays a relatively
minor role in KBPE decolorization. Further, high rates of KBPE decolorization were
seen on 3 and 4 days of incubation, when the cultures exhibit high levels of MnP
activity but little or no LiP activity. The results of this study indicated that MnP plays
a relatively major role than LiPs in KBPE decolorization by P. chrysosporium.
Yadav et al. (2010) treated the kraft pulp of mixed hardwood with lignin-degrading

Fig. 1.6 Catalytic cycle of manganese peroxidase (Chandra et al. 2017a)
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fungi Ceriporiopsis subvermispora during the bleaching pretreatment. They
observed that the fungal treatment made the bleaching process energy efficient and
reduced the chlorine consumption up to 4.8%, lignin content 4.7%, and pollution
load in terms of COD and BOD by 32.6% and 41.5%, respectively. In bacterial
bioremediation of pulp and paper industry wastewater, the role of lignin-degrading
enzymes (Lac, LiP, and MnP) is already documented. A diverse spectrum of
ligninolytic bacteria capable of degrading lignin and other organic pollutants present
in pulp and paper industry wastewater has been isolated and identified over the years
(Kumar et al. 2012; Ojha and Markandeya 2016; Raj et al. 2007a, b; Chandra et al.
2011a, b; Chandra and Singh 2012; Raj et al. 2007a, b). Arica et al. (2009) used
immobilization of laccase onto nonporous poly(GMA/EGDMA) beads for degrada-
tion of industrial effluent. In addition, Sharma et al. (2008) immobilized the enzyme
tannase (E.C.3.1.1.20) to possess desirable properties such as stability at extreme pH
and temperature and board substrate specificity for industrial applications. The
studies by Chandra and Singh (2012) showed induction of Lac, LiP, and MnP during
bioremediation of rayon grade pulp and paper mill wastewater by a developed
bacterial consortium of Pseudochrobactrum glaciale, Providencia rettgeri, and
Pantoea sp. They reported a 90% reduction of lignin and chlorophenol within
216 h of treatment. The studies by Raj et al. (2014a, b) also confirmed the induction
of laccase enzyme during bioremediation of paper mill wastewater by Paenibacillus
sp. Hooda et al. (2015) conducted a study to explore the degradation of pulp and
paper mill wastewater by Brevibacillus agri strain RJH-1, a rod-shaped gram-
positive bacterium isolated from sludge, based on its efficiency to reduce COD,
color, AOX, and lignin content under batch and semicontinuous reactor processes. In
the batch study, the isolate reduced 47% color, 69% COD, 39% AOX, and 37%
lignin after 5 days, whereas in control flask, 26% color, 40% COD, 22% AOX, and
19% lignin reduction were observed by the indigenous bacterial communities
present in such wastewater. During semicontinuous reactor study, it reduced 62%
COD, 37% color, 30% lignin, and 40% AOX of wastewater at a retention time of
only 32 h, whereas the reduction in 21% color, 36% COD, 29% AOX, and 18%
lignin was reported in control reactor. This study confirmed that the B. agri has the
potential to degrade the lignin and reduce the color and COD of the pulp and paper
mill wastewater. Lignin decolorization and degradation of pulp and paper mill
effluent by ligninolytic bacteria Bacillus subtilis, B. endophyticus, and Bacillus
sp. have been reported by Ojha and Markandeya (2016). A LiP-producing Serratia
liquefaciens was used for bioremediation of pulp and paper mill effluent. The
treatment led to toxicity as well as pollution parameter reduction (Haq et al. 2016).
Gaur et al. (2018) also investigated that Klebsiella pneumoniae strain
NITW715076_2 was capable of 74.5% decolorization of pulp and paper industry
at the optimized condition. They observed that Lac and MnP activity was increased
at the optimum value of pH 6.5, temperature 35 �C, agitation speed 130 rpm,
inoculum size 4 mL, carbon source (1%), sucrose and nitrogen source (0.5%), and
yeast extract. MnP, LiP, and laccase are the most important ligninolytic enzymes
involved in biomechanical pulping and kraft pulp bleaching. In the laboratory scale,
consumption of refining energy in mechanical pulping was reduced with MnP
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pretreatment. However, MnP degraded residual lignin of kraft pulp and enhanced the
pulp bleaching effect. The laccases have also attracted considerable interest for pulp
biobleaching. During lignin degradation, laccases are thought to act on small
phenolic lignin fragments.

1.7 Emerging Approaches for Pulp and Paper Industry Waste
Treatment

1.7.1 Phytoremediation Approaches

Phytoremediation is an emerging, cost-effective, eco-friendly, in situ technology that
uses plants to remediate pollutants from the soil, sludge, sediments, and water
contaminated with organic and inorganic contaminants (Garbisu and Alkorta 2001;
Chandra et al. 2015a, 2018b, c, d; Chandra and Kumar 2017c, 2018).
Phytoremediation utilizes plants and their associated microorganisms to reduce,
remove, degrade, and/or immobilize harmful environmental pollutants (Chandra and
Kumar 2015a). This can reduce risk from contaminated soil, sludges, sediments, and
water through contaminant removal or degradation (Alkorta et al. 2004; Rajkumar and
Freitas 2008; Chandra and Kumar 2017c). Generally, phytoremediation technology is
focused on the ability of plants to accumulate higher concentrations of HMs (up to
100 times the normal concentration) in their shoot and leaves (i.e., they are
hyperaccumulator plants as defined by Baker (1981)) (Chandra et al. 2018c, d). Plants
have been found to remediate paper mill wastewater, containingmultiple contaminants
including HMs, viz., Fe, Zn, Cu, Ni, Mn, Hg, and Pb, with variable success (Kumar
and Chopra 2016). Several potential native plants that grow on pulp and paper industry
waste-contaminated sites under natural conditions have indicated the
phytoremediation potential (Fig. 1.7; Chandra et al. 2018b, c, d).

Mishra et al. (2013) assessed the phytoremediation potentials for remediation of
HMs by six aquatic macrophytes plants, including Eichhornia crassipes, Hydrilla
verticillata, Jussiaea repens, Lemna minor, Pistia stratiotes, and Trapa natans,
grown in paper mill effluent. They found that all the plants caused decreased levels
of Cu and Hg in the effluent. Among the six tested plants, L. minor and E. crassipes
were showed high tolerance to Cu and Hg with increased hyperaccumulation.
Similarly, a study was conducted by Mazumdar and Das (2015) in Northeast
India, to assess the phytoremediation potential of Pb, Zn, Fe, and Mg by 25 wetland
plants grown on paper mill wastewater-contaminated sites. Out of 25 species,
10 species were excluders, and the rest were accumulators for different HMs. All
the plant species thrived in high Fe, Mg, Pb, and Zn in soil and water, which
indicated promise for phytoremediation. Further, the same authors conducted a
separate study in 2016 to assess the potential of an aquatic fern, Salvinia cucullata,
to remediate high BOD, COD, TS, TSS, TDS, P, hardness, and chloride and several
HMs (Cd, Cu, Cr, Ni, Pb, Mg, Mn, Fe, and Zn) containing pulp and paper mill
wastewater after treating it for 28 days (Das and Mazumdar 2016). They
demonstrated that S. cucullata thrives in different concentrations of pulp and paper
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mill wastewater and was capable of accumulation of HMs in different parts, beyond
the permissible limits. The fact that this plant survived a wide range of wastewater
concentrations and flourished well, particularly at 25% (v/v) treatment, shows better
growth, augmentation of all the major antioxidant enzymes, and its capacity to resist
membrane injury and attacks of H2O2 and O2 reflected its potential as a
phytoremediator. Nevertheless, from the biochemical and anatomical perspective,
beyond 25% (v/v) wastewater, the plants suffered stress. Simultaneously, Kumar and
Chopra (2016) conducted a laboratory experiment to investigate the reduction of
pollution load of paper mill wastewater through phytoremediation technique using
water caltrop (Trapa natans). Trapa natans significantly removed TDS, BOD,
COD, TKN, PO�4

3 , Ca2+, Mg2+, K+, Cd, Cu, Fe, Ni, Pb, and Zn of the paper mill
wastewater. They recommended that T. natans can be used for the treatment of paper
mill wastewater up to 50% concentration for 60 days using phytoremediation
technique. Chandra et al. (2017b) investigated the HMs phytoextraction potential
of native wetland plants growing on organic pollutant-rich pulp paper sludge. They
selected 12 representative native plants based on their luxuriant growth on the pulp
paper sludge and evaluated the plants for their phytoextraction potential of HM

Fig. 1.7 Some native plants grown on pulp and paper industry wastewater-discharged site showing
in situ phytoremediation of hazardous pollutants. (a) Commelina benghalensis; (b) Phragmites
australis L.; (c) Argemone mexicana; (d) Alternanthera sp.
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removal. The metal accumulation pattern revealed that all the native plants growing
on sludge sediments have accumulated tested metals in root and shoot. Thus, it was
observed that all the growing plants had HM phytoextraction efficiencies in the
organic pollutant-rich environment. The HMs (Cd, Cu, Fe, Pb, Mn, and Zn) uptake
by water lettuce (Pistia stratiotes L.) from paper mill effluent (PME) with its
prediction modeling has been studied by Kumar et al. (2019). Lab-scale
phytoremediation experiments were performed in glass aquariums to grow
P. stratiotes in 0% (bore well water as a control), 25%, 50%, 75%, and 100%
concentrations of PME. The results showed that P. stratiotes was capable of
uptaking maximum contents of all heavy metals in its roots, leaves, and the whole
plant when grown in 75% PME concentration. This work represents an effective
method to model heavy metal uptake by P. stratiotes from PME. The author
recommended that this methodology can also be adopted for predicting effective
metal uptake by plant species being used for the phytoremediation of heavy metals
from industrial effluents. The potential prospect of wetland plant for bioremediation
of different pollutants from pulp paper mill effluent has also been reported through
the constructed wetlands (CWs) treatment system (Kumar and Chopra 2016; Arivoli
et al. 2015; Rani et al. 2011). Phytoremediation of HMs and organic pollutants using
CWs offer effective, reliable treatment to pulp and paper industry wastewater in a
simple and inexpensive manner. CWs are engineered systems that have been
designed and constructed to utilize the natural processes, involving wetland vegeta-
tion, soils, and their associated microbial assemblages to assist in treating wastewater
(Kadlec and Wallace 2009; Vymazal 2014). Macrophytes are the main biological
component of wetland ecosystems; they contribute directly to pollution reduction
through uptake and assimilation and indirectly by facilitating the growth of impor-
tant pollutant-degrading microorganisms through complex interactions in the rhizo-
sphere (Guan et al. 2015; Kumar and Chandra 2018b). They not only assimilate
pollutants directly into their tissues but also act as catalysts for purification reactions
by increasing the microbial diversity in the root zone through the release of oxygen
and exudates and promotion of a variety of chemical and biochemical reactions that
enhance purification (Stottmeister et al. 2003; Chandra et al. 2018e). Several
experiments with the use of CWs to treat wastewaters discharged from pulp and
paper industries were carried out by various workers (Knight et al. 1994; Tettleton
et al. 1993; Hatano et al. 1994; Moore et al. 1994). Thut (1990, 1993) studied a
3750 m2 horizontal flow-constructed wetlands (HF-CWs) planted with P. australis
and S. californicus to treat pulp mill wastewater. The system was very effective in
removing BOD with removal being consistently between 80% and 90%. Hammer
et al. (1993) reported on the use of HF-CWs for removal of color from pulp mill
wastewater. The early color removal results were encouraging despite the concomi-
tant export of BOD5. The authors suggested that a treatment system for tannins and
lignins should be designed to optimize environmental conditions and retention times
to enhance fungal decomposition of complex organics and incorporate similar
components for further decomposition by bacterial populations. Since fungal
populations require an attachment substrate, vegetated sand or porous soil substrate
is likely to simulate natural soil conditions and provide an aerobic environment and
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hydraulic conductivity needed to enhance fungal growth. Knight et al. (1994)
reported the use of free water surface (FWS)-CWs consisting of six cells receiving
secondary-treated effluent indicated that the cells with the longest length/width ratio
(10:1) performed better than cells with a lower aspect ratio (5:1 and 2.5:1). Removal
of phenol from pulp and paper mill wastewaters was studied by Abira et al. (2005) in
Webuye, Kenya. The HF-CWs with an area of 30.7 m2 was filled with gravel to a
depth of 0.3 m and planted with Cyperus immensus, C. papyrus, P. mauritianus, and
Typha domingensis. The inflow phenol concentration varied between 0.43 and
1.7 mg L�1, while the outflow phenol concentrations ranged from 0.18 to
0.23 mg L�1 and from 0.1 to 0.13 mg L�1 for the HRT of 5 and 3 days, respectively.
In India, Choudhary et al. (2010) used an HF-CWs to remove chlorinated resin and
fatty acids from a paper mill wastewater. The experimental wetlands with a total area
of 5.25 m2 were filled with gravel and planted with Canna indica. At an HRT of
5.9 days, the removal efficiency varied between 92% for 9,10,12,13-
tetrachlorostearic acid and 96% for 9,10-dichlorostearic acid. The authors concluded
that the most probable mechanisms for the removal of chlorinated resin and fatty
acids were adsorption/absorption and microbial degradation in the root zone of the
plants. Arivoli et al. (2015) demonstrated the feasibility of CWs to treat the heavy
metals from pulp and paper industry wastewater by using vertical flow constructed
wetlands (VF-CWs) planted with commonly available macrophytes such as
T. angustifolia, Erianthus arundinaceus, and Phragmites australis. The results
indicate that the removal efficiencies of VF-CWs for Fe, Cu, Mn, Zi, Ni, and Cd
were 74, 80, 60, 70, 71, and 70%, respectively. On the contrary, the removal
efficiency of the unplanted system was significantly lower ranging between 31%
and 55%. Among the macrophytes, T. angustifolia and E. arundinaceus exhibited
comparatively higher bioconcentration factor (102–103) than P. australis. Rani et al.
(2011) carried out a pilot-scale study to examine the feasibility of a CWs system for
treatment of pulp and paper mill wastewater during summers as well as winters at
different HRT, viz., 1.5, 3.5, and 6.5 day. Wetland beds were prepared with easily
available plants such as T. angustifolia and Canna indica. Comparison of mean inlet
and outlet concentrations showed that the CWs system could effectively reduce the
output of color (89.4%), BOD5 (80.01%), COD (86.6%), and TS (87.6%) during
summer and color (74.90%), BOD5 (72.07%), COD (70.94%), and TS (72.15%)
during winter at 3.5 day HRT.

1.7.2 Vermiremediation

Vermitechnology is an appropriate technique to reduce the level of hazardous
substances from wastewater sludge solids. Vermicomposting involves combined
interaction between earthworms and microbes for faster mineralization of organic
wastes to produce a mature and stable final product known as vermicompost
(Sonowal et al. 2013; Bhat et al. 2017). Earthworms carry out toxicity reduction of
industrial wastes very efficiently during vermicomposting process (Bhat et al. 2018).
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The chlorogocyte cells and the intestinal microorganisms in earthworms can detox-
ify most of the wastes/sludges (Srivastava et al. 2005). Co-composting with and
without Eisenia fetida for the conversion of toxic paper mill sludge to a soil
conditioner was studied by Kaur et al. (2010). It was observed that mixing cattle
dung with the sludge improved physicochemical characteristics (with transition
metals in the permissible range for manures) of the products of both the processes
and enhanced its acceptability for worms. A higher decline in organic carbon and
higher content of nitrogen and phosphorous along with lower electrical conductivity
and higher pH of the products of vermicomposting indicated that E. fetida helped in
the fast conversion of toxic paper mill sludge into a soil conditioner in 100 day.
Vermistabilization of paper mill wastewater sludge using E. fetida has been carried
out by several researchers (Sutharn et al. 2014). Gupta and Garg (2009) reported the
vermiremediation and nutrient recovery of nonrecyclable paper waste employing
E. fetida. In this study, an attempt has been made to vermicompost nonrecyclable
postconsumer paper waste amended with cow dung (CD), employing E. fetida
earthworm in order to transform it into a value-added product, i.e., vermicompost.
Vermicomposting of paper waste resulted in a net reduction in ash content and total
organic carbon (42.5–56.8%), but increment in total Kjeldahl nitrogen (2.0–2.4-
fold), total potassium (2.0-fold), and total phosphorous (1.4–1.8-fold) was achieved
after 91 day of worms’ activity. The C/N ratio decreased with time in all the worm-
worked vermireactors in the range of 71.9–82.0%, depicting an advanced degree of
organic matter stabilization.

1.8 Two-Stage Sequential/Phase Separation/Sequential/
Combined Approaches for Pulp and Paper Industry
Wastewater Treatment

The establishment of sequential anaerobic–aerobic/two-step wastewater treatment
facilities is a promising approach to reduce color and toxic contaminants from pulp
and paper industry wastewater. The sequential anaerobic and aerobic treatment in
two-step bioreactor was evaluated for removal of color in the pulp and paper mill
wastewater (Singh and Thakur 2006). In anaerobic treatment, lignin (25%), color
(70%), AOX (15%), COD (42%), and phenol (39%) were reduced in 15 days of
incubation. Further, the anaerobically treated wastewater was separately applied in a
bioreactor in the presence of fungal strain (Paecilomyces sp.) and bacterial strain
(Microbrevis luteum). This study showed reduction in lignin (86%), color (95%),
AOX (67%), COD (88%), and phenol (63%) by Paecilomyces sp., whereas
M. luteum showed reduction in lignin (69%), color (76%), COD (75%), AOX
(82%), and phenol (93%) by day third when 7-day anaerobically treated wastewater
was further treated by aerobic microorganisms. The two or more types of microbes
may be attempted sequentially, in which one organism may transform the original
organic pollutant by initial catabolic reactions to products that are then mineralized
by another organism(s). The potential fungal and bacterial strains (Paecilomyces
sp. and Pseudomonas syringae PV myricae) isolated from pulp and paper mill
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wastewater were applied for the treatment of pulp and paper industry wastewater in a
two-step and three-step fixed-film sequential bioreactor containing sand and gravel
at the bottom of the reactor for immobilization of microbial cells. The result revealed
that microbes exhibited significant reduction in lignin (79.5%), color (88.5%),
phenol (87.7%), and COD (87.2%) in two-step aerobic sequential bioreactor and
lignin (76.5%), color (87.7%), phenol (87.2%), and COD (83.9%) in three-step
anaerobic–aerobic sequential bioreactor. The concept of sequential treatment is
very important because both anaerobic and aerobic fungi and bacteria can be used
to treat effluent at different stages in the bioreactor (Chuphal et al. 2005). Similarly,
two-step sequential treatment of pulp and paper industry wastewater by C. albidus
and E. nidulans var. nidulans in a sequential manner in 2 L bioreactor was reported
by Singhal and Thakur (2012). In treatment (I), the wastewater was first treated by
C. albidus (stage A), and this treated wastewater was further treated by E. nidulans
var. nidulans (stage B). In treatment (II), wastewater was first treated by E. nidulans
var. nidulans (stage C), and this treated wastewater was further treated by C. albidus
(stage D). Treatment (I) was more efficient than treatment (II) with 71%, 51%, 44%,
and 70% reduction in color, lignin, COD, and genotoxicity, respectively. Class
distribution of comets also showed that treatment (I) was more efficient than
treatment (II). The author recommended that the effluent treatment process (I) can
be scaled up for industrial use.

1.9 Challenges and Future Prospects

The detoxification of pulp and paper wastewater after secondary treatment, prior to
discharge in the environment, is a thrust need of the country for sustainable devel-
opment of industry and the environment. During the papermaking process, pulping
is the most important polluting step. Pulping technologies have undergone constant
improvements due to market demands and new developments in research. Enzy-
matic processes are being developed to increase pulp brightness, to reduce trouble-
some pith, to improve paper quality, and to purify the effluent. Efforts have been
made to improve the pulp-producing process by using isolated enzymes. These
efforts have limited success as lignin, which is the major problem, and lack the
regular and ordered repeating units found in other natural polymers.

Several techno-economic analyses have been carried out recently in order to
optimize the production processes to have less environmental drawbacks while
providing more quality for the products from an economic perspective. However,
the industry is not yet able enough to minimize the pollution load in final wastewater,
and it is expected for wastewater from pulp and paper industry to remain as one of
the most polluted industrial wastewaters through the world containing recalcitrant
and complex organic compounds. The conventional biological treatments have
shown a limited efficiency for the treatment of recalcitrant and complex pollutants
such as AOXs which can remain in the treated wastewater, causing several environ-
mental and health problems. Hence, there is also a need to perform further life cycle
assessment studies for the conventional treatment methods applied to this type
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of wastewater. Certain biological treatments offer opportunities to reduce cost (both
capital and operating), reduce energy consumption, and minimize environmental
impact. The application of such versatile biological agents for the treatment of
industrial wastewater on large scale is still limited due to several factors, such as
limited amount and sources of biocatalysts, lack of optimum substrate specificities,
environmental and cultural conditions required for the growth of microorganisms,
competition from native microbes, lack of efficient microbial expression, and appro-
priate treatment reactor vessels, that make the biological treatment processes slow
compared to the conventional processes. However, the necessity of allocating a
relatively large area for biological treatments, relatively long-time treatment
requirements as well as uncompleted treatment, and local issues such as the bad
smell resulting from the bacterial activities are the main drawbacks of such systems.
Further, it appears that enzymes such as laccase and peroxidase also have great
potential for decolorization of phenolic effluents. However, the activities of the
bacterial and fungal enzyme system can be enhanced by the utilization of innovative
advanced techniques such as cell/enzyme immobilization and nanotechnology.
Protein engineering can be exploited to improve enzyme stability, substrate specific-
ity, and kinetic properties. However, further detailed studies are required to be
carried out for selected conditions, which allow more efficient decolorization process
from technical and economic viewpoints suitable for commercialization.

A large amount of enzymes required for the effluent treatment and presence of all
the enzymes in a single microorganism is difficult, thus becoming a bottleneck for
industrial application of microbes and their enzyme system in paper and pulp mill
wastewater treatment. However, the application of two or more microbes in
combinations can solve the problem of limited resource availability of enzymes.
The biodegradation efficiency can further be enhanced by exploring the microbial
expression for a specific enzyme. Furthermore, isolation, characterization of new
microbial strains, immobilization, and genetics of lignin-degrading microorganisms
are the area of future research required to make the direct use of biological agents in
wastewater treatment processes.

1.10 Conclusion

Safe disposal of wastewater from pulp and paper industry is a matter of debate which
is continuously tainting the environment as treated or raw wastewater is discharged
back into the receiving ecosystem, resulting in negative environmental impacts.
Several physicochemical methods have been attempted for the removal of color
and toxicity from discharged wastewater, but often are not implemented, because of
the high costs involved. More recently, the paper and pulp industry has been
investigating the use of biological remediation steps to replace or augment current
treatment strategies. Although, biological treatments offer opportunities to reduce
cost (both capital and operating), reduce energy consumption, and minimize envi-
ronmental impact, these methods are comparatively slow, and available natural
enzyme sources (microorganisms) cannot meet the market demand due to low yields
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and their incompatibility toward standard industrial processes. Therefore, to achieve
the desired standard norms for discharging of wastewater, successful implementa-
tion of microbes in biological treatment processes of paper and pulp mill effluent
requires the identification of optimum application conditions such as pH, tempera-
ture, substrate specificities, and reaction media. However, pulp and paper industry
wastewater containing different types of pollutants does not easily degrade by the
single-step treatment process. Therefore, treatment of wastewater by a novel
two-step treatment/phase separation method might be a novel and more promising
approach for the bioremediation of pulp and paper industry wastewater. The use of
hybrid systems, a combination of either biological and physicochemical processes or
two biological processes, for wastewater treatment under optimized operating
conditions is the most appropriate option for pulp and paper industry to obtain a
satisfactory contaminant removal performance with higher efficiencies, especially
for color removal; reduce GHG emission and energy costs; and meet environmental
regulations.
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Microbial Remediation of Heavy Metals 2
Lakhan Kumar and Navneeta Bharadvaja

Abstract
Background: The indiscriminate use of heavy metals for anthropogenic purposes
such as in color pigments, batteries, fertilizers, or other industrial products has
brought a significant change in their presence and concentration in the environ-
ment. This alteration results in accumulation of one or more heavy metals at a
place surpassing the natural admissible limits causing pollution in the air, water,
and soil. Most of heavy metals, even at very low concentrations, are toxic,
carcinogenic, and mutagenic in nature. Humans and animals contract various
diseases when they are in prolonged exposure to heavy metals through dermal
contact, inhalation, and consumption of foodstuffs having heavy metals in it. As
per the reports published by many public health organizations, several million
human populations throughout the world are suffering from heavy metal-
associated diseases.

Methods: Various approaches used to degrade heavy metals include physical,
chemical, biological, or a combination of these methods, but many of these
methods are not environment-friendly and economically viable. Not a single
method claims complete degradation of heavy metals. Salts of heavy metals, in
general, are water-soluble and cannot be separated through physical means.
Physiochemical methods bring secondary pollution at the site of treatment. The
application of microbes in heavy metal remediation and degradation has been
under investigation for decades as they transform them into a less or nontoxic
form. It is comparatively more effective, economic, and environment-friendly.
Microbial metabolic secretions, such as low-molecular-weight organic acids, can
dissolve heavy metals and soil particles containing heavy metal minerals.
Microbes use various processes such as precipitation, biosorption, and enzymatic
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transformation to degrade or reduce heavy metals into innocuous or less toxic
form that are more stable, less mobile, or inert.

Conclusion: In view of this, the present chapter investigates the abilities of
microbes in terms of tolerance and degradation of heavy metals. Further, this
study undertakes an assessment of human health risks associated with presence of
heavy metals in water and microbial bioremediation as a tool to reduce the ill
effect of these heavy metals on human health and environment. Also, recent
advances in biotechnological tools and techniques to explore microbial popula-
tion for heavy metal bioremediation and biodegradation have been discussed.

Keywords
Bioremediation · Heavy metals · Human health risks · Microbial degradation ·
Genetic engineering

2.1 Introduction

The rapid population growth, associated development and globalization for anthro-
pogenic purposes have increased the indiscriminate use of heavy metals. Metal
smelters, mining, coloring agents, batteries, fertilizers, or other compulsory indus-
trial/household products have brought a significant change in their presence and
concentration in the environment (Anyanwu et al. 2018). This alteration results in
amassing of one or several heavy metals at a place surpassing the natural admissible
limits causing pollution in the air, water, and soil. Most of heavy metals, even at very
low concentrations, are toxic, carcinogenic, and mutagenic in nature (Tchounwou
et al. 2012; Jaishankar et al. 2014). Heavy metals, particularly the nonessential
elements, when present into the soil, air, or water cause overwhelming effects on
the biological diversity of the recipient environment (Ali et al. 2019). Since metals,
due to their inherent nature, cannot be destroyed but can be transformed into one
form to another, they are highly persistent and remain in the environment and tend to
accumulate and magnify in the food chain (Li et al. 2015; Wuana and Okieimen
2011). Some metals are essential for proper growth and development (nutrition) but
may prove hazardous when consumption exceeds the required limit (Singh et al.
2011; Hejna et al. 2018). Humans and other life forms contract various diseases
when they are in prolonged exposure to heavy metals through dermal contact,
inhalation, and consumption of foodstuffs having heavy metals in it (Anyanwu
et al. 2018; Jaishankar et al. 2014; Sharma et al. 2014; Alissa and Ferns 2011). Ali
and Khan have explained bioaccumulation of heavy metals and its transfer and
associated health risks to humans in detail (Ali and Khan 2018). Effluents loaded
with heavy metals discharged from domestic, agricultural, and industrial sources
when mixed with surface water, river, and soil pollutes them (Anyanwu et al. 2018).
Galvanized metal pipes, plated plumbing fittings, etc. contaminate drinking water in
piped distribution system. As per the reports published by many public health
organizations and research articles, several million human populations throughout
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the world are suffering from heavy metal-associated diseases (Järup 2003; WHO
2011; Mamtani et al. 2011). Minamata disease (mercury poisoning) and itai-itai
(cadmium poisoning) are world famous heavy metal-associated human health
hazards (Harada 1995; Masanori Kaji 2012).

Various approaches are used to degrade heavy metals that include chemical,
physical, biological, or a combination of these methods, but many of these methods
are not environment-friendly and economically viable. Not a single method claims
complete degradation of heavy metals (Emenike et al. 2018). Salts of heavy metals,
in general, are water-soluble and cannot be separated through physical means.
Physiochemical methods such as filtration, reverse osmosis, chemical precipitation,
membrane technology, oxidation or reduction, evaporation, and ion exchange bring
secondary pollution at the site of treatment (Barakat 2011; Gunatilake 2015). The
application of microbes and plants in heavy metal remediation and degradation has
been under investigation for decades as they transform them into a less or nontoxic
form. It is comparatively more effective, economic, and environment-friendly
(Rajendran et al. 2003; Ayangbenro and Babalola 2017). Microbial metabolic
secretions such as organic acids are able to dissolve heavy metals or soil particles
containing heavy metals in them (Wuana and Okieimen 2011). Microbes use
different mechanisms such as precipitation, biosorption, and enzymatic transforma-
tion to degrade or reduce heavy metals into a less toxic form that are more stable, less
mobile, or inert (Rajendran et al. 2003; Ojuederie and Babalola 2017). In view of
this, this chapter investigates the capabilities of microbial diversity in terms of
tolerance and degradation of heavy metals. Further, this study undertakes an assess-
ment of human health risks associated with presence of heavy metals in water and
microbial bioremediation as a tool to reduce the ill effect of these heavy metals on
human health and the environment. Also, recent advances in biotechnological tools
and techniques to explore microbial population for heavy metal bioremediation and
biodegradation have been discussed.

2.2 Heavy Metals

Heavy metals, now a very common known term for its obvious harmful impacts on
the environment, refer to metals or a metalloid element having relatively high
density ranging from 3 to 7.5 gram per cubic centimeters (Alissa and Ferns 2011;
Appenroth 2009). For example, arsenic, antimony, cadmium, chromium, lead,
mercury, and selenium are metals with a high atomic weight and a density at least
five times greater as compared to water. Most of heavy metals, even at very low
concentrations, are toxic, carcinogenic, and mutagenic in nature (Tchounwou et al.
2012; Jaishankar et al. 2014). Among 35 elements considered dangerous for human
population, 23 (in box) are termed as heavy metals. They are nonbiodegradable in
nature. Heavy metals are prominent out of many causes of environmental pollution
(air, water, and the soil). Increasing level of these metals in the environment has
attracted worldwide concern for their mitigation owing to the toxicity shown by most
of them. Heavy metal compounds are often used in metal smelters, mining, coloring
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agents, fertilizers, batteries, or other compulsory industrialized/household products.
Gradually, these metals enter into the environment through evaporation or the soil as
sediment. Then, these deposited elements are absorbed and accumulated into the
biosphere (Appenroth 2009; Sahni 2011).

Arsenic (As), antimony (Sb), bismuth (Bi), cerium (Ce), cadmium (Cd), cobalt (Co), chromium
(Cr), copper (Cu), gold (Au), gallium (Ga), iron (Fe), lead (Pb), mercury (Hg), manganese (Mn),
nickel (Ni), platinum (Pt), silver (Ag), thallium (Tl), tellurium (Te), tin (Sn), uranium (U),
vanadium (V), and zinc (Zn)

Sources of heavy metals in the environment

Most significant sources of heavy metals in the environment are, first, pedoge-
netic process, i.e., the weathering and erosion of parent materials such as minerals;
second, volcanic eruptions; and, lastly, forest fires and biogenic source. They are
widely found in the earth’s crust. Apart from it, anthropogenic activity excessively
adds in its wide circulation in the environment (Wuana and Okieimen 2011; Dixit
et al. 2015). The indiscriminate use for anthropogenic purposes (Table 2.1) has
brought a significant change in the presence and concentration of heavy metals in the
environment, altering the geochemical cycle and biochemical balance. Other sources
of heavy metal contamination in the environment are wastewaters coming from
domestic households, industrial wastewater and waste discharges, agricultural wash-
off, combustion of conventional fossil fuels, sanitary landfills, biomedical equipment
and implants, etc. (Kumar et al. 2019; Elumalai et al. 2017). Industrial effluents as
well as domestic wastewater carry significant amount of heavy metals such as
cadmium, chromium, copper, lead, and mercury with them in metabolic waste
products, utensils, corrosion of water distribution and supply pipes, detergents, etc.
(Sahni 2011). Wastewater treatment does not facilitate complete removal of
pollutants from wastewater and usually removes less than 50% of the metal content.
Due to this, effluent even after treatment leaves the treatment plant with significant
metal loadings. The sludge generated in treatment plant is also found to be rich in
metal content (Akpor et al. 2014; Sharma and Bhattacharya 2017; Arjoon et al.
2013). Domestically used detergent is a source of many heavy metals like arsenic,
chromium, cobalt, iron, manganese, nickel, and zinc (Jenkins 1998; Aonghusa and
Gray 2002a, b). Similarly, mining, milling, plating and surface finishing, fire crack-
ers, vehicular pollution, biocides and fertilizers, paints, cosmetics, pharmaceutical,
computer, and communications technology-based industries are contributing to
increasing heavy metal concentration in the environment in an uncontrolled manner
(Sahni 2011).

2.3 Environmental Impact

Heavy metals, due to their higher solubility in water, easily get absorbed by
biological systems. They cannot be easily separated from water. Heavy metals
cannot be broken into further smaller forms, thus having long-lasting existences in
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Table 2.1 Anthropogenic sources of heavy metals in the environment (Sahni 2011; Aonghusa and
Gray 2002a; Sundar and Chakravarty 2010; Hutton and Hutton 1987; Tangahu et al. 2011; Jan et al.
2015; Bradl 2005; Alloway 2013; Mohammed et al. 2011; Mohammadi Roozbahani et al. 2015;
Web-5 n.d.; Web-6 n.d.; Belzile et al. 2011)

Heavy
metals Anthropogenic sources

Barium Computer hardware industries such as computer screen manufacturing; drilling
muds used by oil and gas industries; paints; bricks; tiles; glass; rubber; ceramics;
emissions from mining, refineries, or processing units of barium minerals;
manufacturing of barium products, etc.

Beryllium Beryllium production units, ceramic industries, motherboards and finger clips
manufacturing plants and wastes, coal, nuclear power production plants, space-
based industries, etc.

Antimony Alloys and organic catalytic materials, coal-fired power plants, smelting lead and
other metals, burning of fossil fuels, vehicle exhaust, plastics, textiles, rubber,
adhesives, pigments, paper, etc.

Arsenic Fungicide, pesticide, and herbicide production and application; metal smelters;
mining activities; and chemical wastes

Cadmium Fertilizer industry; nuclear fission plants; by-products from refining of copper,
lead, and zinc; pesticide manufacturers; cadmium–nickel batteries; petroleum
additives such as TEL; plating industries; cathode ray tubes; semiconductor chips;
welding; cigarette smoke; etc.

Copper Iron and steel industry, fertilizer industry, burning of wood, discharge of mine
tailings, disposal of fly ash, municipal and industrial wastes without proper
treatment, etc.

Cobalt High-temperature alloys, permanent magnets, hard metal tools, etc.

Chromium Asbestos, cement, and steel industries; metallurgical and chemical industry
processes using chromium compounds; etc.

Iron Cast and wrought iron; rusting; steel and alloys; construction, transportation, and
Machine manufacturing; etc.

Lead Lead smelters, automobile emissions, glass panels, computer monitors, burning of
coal and oil, lead arsenate pesticides, smoking, paints and chemical industries,
mining and plumbing, etc.

Mercury Major electrical and electronics equipment and parts like sensors, thermostats,
switches, relays, mobile phones, batteries, and flat panel displays (replaces the
cathode ray tubes’ use); mining and refining of mercury; pesticides; laboratories
using mercury; etc.

Nickel Burning of coal, oil, and other fossil fuels; mining and refining industries; nickel–
alloy manufacturing/nickel-based metallurgical industries; surgical instruments;
nickel refining; electroplating; chemical reagents; incineration of municipal
wastes; etc.

Zinc Artillery and smoke grenades, pesticides, fertilizers, coal and fuel consumption,
iron and steel production plants, zinc refinery plants, galvanizing processes,
corrosion of galvanized structures, etc.

Vanadium From cleaning oil tanks, metallurgy, etc.

Selenium Coal mining, oil refineries, burning of fossil fuels, glass manufacturing industry,
chemical synthesis, etc.
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the environment. Arsenic, cadmium, copper, lead, nickel, chromium, and zinc cause
reduction in species diversity in an ecosystem (Appenroth 2009).

2.3.1 Effect of Heavy Metal Contamination

Soil: Heavy metal contamination affects soil respiration. Heavy metals exert lethal
effects toward composition of soil microflora by disturbing key microbial processes
and enzyme activity. Heavy metals bind with active groups of the enzyme meant to
bind with essential nutrients. It causes reduction in the number and activity of
microbes and thus soil microbial biomass. Microbial metabolic entropy increases,
and carbon fixation from organic to bio-carbon decreases in soil polluted with heavy
metals. Accumulation of heavy metals reduces the crop yield and fertility and
productivity of the soil. Vegetables and fruits grown on heavy metal-contaminated
soils are more prone to insect attacks (Singh and Kalamdhad 2011; Rzymski et al.
2015).

Microbial Population: Microbes play major roles in nutrient recycling in the
environment. Heavy metal contamination affects the respiration and metabolism of
microorganisms and affects their community structure. Thus, ecosystem functioning
can be dangerously disturbed, and long-term soil activity and productiveness may be
threatened. Metals exert a range of detrimental effects on microbial cells. Heavy
metal exposure hinders cellular processes and limits growth. For example, arsenic
causes enzyme deactivation (Singh and Kalamdhad 2011; Igiri et al. 2018). Cad-
mium, mercury, and lead are responsible for denaturing protein, destroying nucleic
acids, altering transcription process, hindering cell division, etc. Chromium reduces
oxygen uptake, elongates lag phase, and thus inhibits growth. Copper inhibits
enzymatic activities, thus disrupting cellular processes. Nickel and mercury disturb
cell membrane structure. Selenium, silver, and zinc affects microbial growth rate.
Zinc causes reduction in biomass and sometimes death to microbial system. Chro-
mium and cadmium are responsible for major bacterial community structure changes
(Hodson 2013; Ding et al. 2017; Xie et al. 2016; Sobolev and Begonia 2008; Giller
et al. 2009; Abdu et al. 2017; Hattori 1992; Oliveira and Pampulha 2006).

Plants: Plants normally absorb heavy metals and utilize them for their metabo-
lism. But when present in excess of required concentration, heavy metals impart
physiological dysfunction, biochemical processes, and malnutrition in plants and, at
higher concentration, it can be deadly to the plants. For example, hexavalent
chromium causes yellowing of wheat and paddy leaves. Generally, immediate
adverse hazardous effects on plants are not observed on heavy metal contamination.
The reason for that lies in accumulation of these metals in vacuoles, cell walls, and
barks of plants. Arsenic is toxic to legumes, onions, and rice (Singh and Kalamdhad
2011). Cadmium, lead, nickel, and chromium cause growth inhibition. Lead enters
into plant through stomata. Lead contamination is toxic to leafy vegetables at low
pH. Selenium causes mutation, and mercury affects plant in various ways. Heavy
metal uptake in plants can hinder natural uptake of nutrients, homeostasis, and
ultimately their growth and development. Their uptake can also cause delayed
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germination, induced genotoxicity, reduction in photosynthesis efficiency and rate of
respiration, loss of enzymatic activities, oxidative stress, premature leaf fall, reduc-
tion in biomass, and stunted growth (Yadav 2010; Hegedüs et al. 2001; Wojcik and
Tukiendorf 2004; Mohanpuria et al. 2007; Li et al. 2009; Fryzova et al. 2018;
Viehweger 2014).

Heavy Metal-Associated Diseases in Animals/Livestock: Heavy metals when
consumed or accumulated in concentration more than permitted disturb biochemical
and physiological functions in animals. Various studies on effects of heavy metals
on animals have demonstrated reproductive and teratogenic effects. The toxic effects
usually associated with chronic exposure to pollutant heavy metals are mutagenicity,
carcinogenicity, teratogenicity, immunosuppression, poor body condition, and
impaired reproduction. Chromium poisoning causes irritation and ulcers in stomach
and small intestines, anemia, and damages to reproduction system; mercury causes
adverse neurological and behavioral changes, cellular degeneration, and brain
necrosis; cadmium poisoning results into osteoporosis (skeletal damage),
disturbances in calcium metabolism, renal stones formation, etc. in animals (Pandey
and Madhuri 2014; Ayangbenro and Babalola 2017; Juwarkar and Yadav 2010;
Rzymski et al. 2015).

Humans: Heavy metals enter into the human body via air, water, food, and body
implants and start accumulating in the human body, causing great and irreversible
harm to human health (Anyanwu et al. 2018; Ngole-Jeme and Fantke 2017). Heavy
metals may cause steady decline in sperm count, troubled ovulation cycles, increas-
ing menstrual disorders, infertility, spontaneous abortions, premature births, and
birth defects (Tchounwou et al. 2012). Children, in particular, are more vulnerable
to heavy metal-exposure-associated diseases (Jaishankar et al. 2014). Human health
hazards associated with heavy metals have been discussed in detail in later section.

2.4 Human Health Hazards

Humans and other life forms contract various diseases (Table 2.2) when they are in
prolonged exposure to heavy metals through dermal contact, inhalation, and con-
sumption of foodstuffs having heavy metals in it (Anyanwu et al. 2018; Ngole-Jeme
and Fantke 2017). Owing to their physiochemical characteristics, heavy metals
persist in the environment. In many cases, only change occurs in chemical state
from one to another one and ultimately accumulating in the food chain (Gall et al.
2015). As per the reports published by many public health organizations, several
million human populations throughout the world are suffering from heavy metal-
associated diseases. Long-term heavy metal exposure may result in gradually devel-
oping muscular, physical, and neurological degenerative processes that mimic
Parkinson’s disease, Alzheimer’s disease, multiple sclerosis, and muscular dystro-
phy (Anyanwu et al. 2018). It may cause various forms of cancer. Major health
hazards are produced with exposure to arsenic, cadmium, lead, mercury, etc.
(Mamtani et al. 2011; Hutton and Hutton 1987). Heavy metals, if present in more
than permissible limit, may result in acute or chronic toxicity (poisoning), conse-
quentially damaged or reduced mental and central nervous functions, altered blood
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Table 2.2 Heavy metal-associated health hazards (Järup 2003; Harada 1995; Barakat 2011; Sahni
2011; Sundar and Chakravarty 2010; Hutton and Hutton 1987; Jan et al. 2015; Mohammed et al.
2011; Singh and Kalamdhad 2011; Huff et al. 2007; WHO 2010, 2011; Rafati Rahimzadeh et al.
2017)

Heavy
metals

Associated health hazards/health
effects Other remarks

Arsenic Cardiovascular diseases, skin cancer,
leucomelanosis, arsenicosis, gangrene
also known as “black foot,” disturbance
in the peripheral vascular and nervous
systems, diabetes, enlargement of the
spleen and lever, high blood pressure,
stillbirths, spontaneous abortions, etc.
malnutrition may aggravate the effects
of arsenic in blood vessels

Major routes of arsenic absorption in
human body are inhalation, ingestion,
and skin contact. Consequently, it
enters into the gastrointestinal tract and
lung and then into the bloodstream.
Arsenic-contaminated water is a major
threat to consumers’ health

Mercury Nervous disorders, insomnia, memory
loss, excitability, irritation, tremor,
gingivitis, and Minamata diseases.
Fetus is more vulnerable to mercury
exposure

Autoimmune diseases, depression,
disturbance of vision, hair loss, etc.

Lead Cause damage to many organs such as
the brain, kidneys, endocrine system,
reproduction system; inhibits blood cell
formation which results into anemia;
affects the central nervous system;
abnormality in pregnancy and fertility;
young children more vulnerable toward
mental retardation, semipermanent
brain damage, etc.

Pb interferes with heme synthesis and
thus creates a barrier in blood
formation. Pb induces renal tubular
dysfunction and thus brings anomalies
in kidney’s function. Pb poisoning
compromises with immune system,
interfering with cell maturation and
skeletal growth. Lead can cross the
placental barrier and may reach the
fetus, causing miscarriage, abortions,
and stillbirths

Cadmium Affects the heart; accumulation in
kidneys causes renal tubular
dysfunction, salivation, difficulty in
breathing, nausea, vomiting, pain,
anemia, kidney failure, and diarrhea;
causes high blood pressure and damage
and cancer to lungs. Cadmium fumes
cause cardiovascular diseases and
interferes with zinc and copper
metabolism

The gastrointestinal tract is the major
route of cd uptake in both humans and
animals. Inhalation of cadmium dust or
smoke results into dryness of the throat,
pain to the chest and stomach,
coughing, increased uneasiness, and
bronchial complications

Chromium Causes damage to DNA, ulcerations,
dermatitis and allergic skin reactions,
asthmatic bronchitis, bronchospasms,
edema, etc.

Oxidation state of chromium decides its
toxicity level; respiratory symptoms
may include coughing and wheezing,
shortness of breath, and nasal itch

Copper Causes demyelination, kidney diseases,
headaches, stomachaches, dizziness,
vomiting and diarrhea, liver damage,
death if consumed in high amount,
Wilson’s disease characterized by a
hepatic cirrhosis, brain damage, etc.

Demyelination refers to damage to the
defensive or protective covering
(myelin sheath) that surrounds nerve
fibers in the brain, optic nerves, and
spinal cord

(continued)
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composition, and damage to the lung, liver, kidney, and other vital organs.
Symptoms associated with heavy metal poisoning are sometimes vague and difficult
to diagnose at early state. In general, heavy metal toxicity can cause chronic
degenerative diseases, gastrointestinal disorders, chronic fatigue, vision problems,
and susceptibility to fungal infections. Genotoxicity and cancers can also occur
(Tchounwou et al. 2012; Järup 2003; Harada 1995; Sahni 2011; Singh and
Kalamdhad 2011; Huff et al. 2007). According to the World Health Organization
(WHO 2011), the common toxic “heavy metals” that can be of public health
concerns include beryllium (Be), aluminum (Al), chromium (Cr), manganese
(Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As),
selenium (Se), molybdenum (Mo), silver (Ag), cadmium (Ca), tin (Sn), antimony
(Sb), barium (Ba), mercury (Hg), thallium (Tl), and lead (Pb) (WHO 2010, 2011).

Toxic effects of heavy metals on cellular processes and components (Igiri et al.
2018; Fashola et al. 2016):

1. Cell membrane disruption (Cd, Cu, Ni, Hg, Pb, Zn).
2. Inhibition of enzymatic activities (As, Cd, Cu, Hg, Pb).

Table 2.2 (continued)

Heavy
metals

Associated health hazards/health
effects Other remarks

Iron Haemochromatosis When present in more than the required
amount in humans, it results in
haemochromatosis

Barium Cancer; birth defects; brain swelling;
damage to the heart, liver, and spleen;
paralysis in humans; fluctuations in
blood pressure; etc.

Symptoms include vomiting, diarrhea,
muscle weakness, abdominal cramps,
difficulties in breathing, numbness
around the face, etc.

Beryllium Lung cancer, skin diseases, etc. Symptoms include shortness of breath,
weight loss, cough, heart and lung
damages, lung cancer on inhalation

Antimony Pneumonitis, non-cardiogenic
pulmonary edema, etc.

Symptoms include irritation in the eyes
and lungs, stomach pain, vomiting,
diarrhea, stomach ulcers, etc.

Cobalt Reduction in white blood cell number,
lung fibrosis, pneumonitis, etc.

Symptoms include hair loss, skin burn
on exposed areas, vomiting, diarrhea,
coma, mutation, etc.

Nickel Lower respiratory irritation,
pneumonitis, delayed systemic toxic
effects, dermatitis also known as
“nickel itch,” etc.

Symptoms include dizziness,
weakness, headaches, vomiting,
nausea, and epigastric pain. Nickel
fumes cause irritation to respiratory
tracts.

Zinc Food poisoning, upper and lower
irritation, fever, diarrhea, abdominal
pain, delayed onset pneumonitis, lack
of coordination in muscles, acute renal
failure, etc.

Symptoms of zinc poisoning include
dizziness, nausea, dehydration,
stomach ache, electrolyte imbalance,
vomiting, lethargies, and sometimes
bleeding
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3. DNA damage (As, Cd, Hg, Pb), inhibition of transcription (Hg), and translation
(Cd, Hg, Pb).

4. Protein denaturation (Cd, Hg, Pb).
5. Inhibits cell division (Cd, Hg, Ni, Pb).

2.4.1 Acceptance Limits of Various Heavy Metals

In general, an elemental concentration in the environment, air, water, and soil, arises
due to natural as well as anthropogenic activities. This alteration results in accumu-
lation of one or more heavy metals at a place surpassing the natural admissible limits
causing pollution in the air, water, and soil. Living organisms utilize some metals
such as calcium, chromium, cobalt, copper, iron, magnesium, manganese, molybde-
num, nickel, potassium, selenium, sodium, and zinc as essential nutrients for their
growth and development. Increased concentration or certain oxidation states of some
metals, however, cause detrimental effects toward growth and development of living
organisms. The permissible limits of various metals are given in Table 2.3.

2.4.2 Indian Rivers Polluted with Heavy Metals

From time immemorial, human civilizations have discharged their wastes either
solid or liquid into running water sources or rivers. Now, due to rapid industrializa-
tion and globalization, many contaminants including most dangerous and nonbiode-
gradable heavy metals from industries, households, and agricultural fields are
finding their ways to the rivers and polluting them. To prevent heavy metal contami-
nation, water quality monitoring to reduce adverse effect on river ecosystem in our
country and at global platform has emerged as a critical challenge today. According
to a report published by Central Water Commission (CWC), 42 Indian rivers possess

Table 2.3 Permissible limits of heavy metals in soil/water/foodstuffs/air (Elumalai et al. 2017;
Yadav et al. 2019; Sharma et al. 2018)

Heavy
metals

Permissible limits as BISa 10500: 2012 in river water
(μg/L)

EPA regulatory limit
(PPM)b

Arsenic 10.0 0.01

Cadmium 3.0 5.0

Copper 50.0 –

Chromium 50.0 0.1

Iron 300.0 –

Lead 10.0 15.0

Mercury – 2.0

Nickel 20.0 0.2 (WHO limit)

Zinc 5000.0 0.5
aBureau of Indian Standards
bEnvironmental Protection Agency
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extremely high concentration of neurotoxic heavy metals. These rivers have at least
two heavy metals beyond the acceptable limits. Most of the Indian rivers are having
copper (10), chromium (21), cadmium (25), nickel (25), lead (69 rivers), and iron
(137) beyond the permissible limits. The most revered river, the Ganga, has been
found to be contaminated with five heavy metals, namely, chromium, copper, nickel,
lead, and iron. Unavailability of safe and sound water for drinking and farming is
transforming to become a major public health issue in India today (Pandey et al.
2018).

2.4.3 Indian Scenario

2.4.3.1 Delhi
A recent study conducted by the Centre for Occupational and Environmental Health
in 2017 in association with Central Pollution Control Board (CPCB) reported that
there were excessive watering, redness, and burning sensation in the eyes post
Diwali in some parts of Delhi. Urine sample collected from the some population
(sample size 787) when investigated was found to have increased level of heavy
metals including lead, barium, and strontium. The main reason behind this was the
direct or indirect exposure to firecrackers. Four hospitals under observation were
found to have admitted 20% more patients with stroke-related symptoms. There was
a 40% surge in admission due to cardiac problems at eight hospitals and 45%
increase due to respiratory problems post Diwali in nine hospitals (Web-1 2018).

2.4.3.2 Bangalore (Karnataka)
Researchers from Vijaya College, Bangalore, found accumulation of various heavy
metals on fur, feathers, and human hair across the city. At least seven different heavy
metals, most of them toxic, were absorbed from air. Six different heavy metals
including mercury were found to be present on human hair. Birds like hens were
found carrying seven heavy metals on their feathers and crows five heavy metals
including cadmium, iron, nickel, and zinc. Various heavy metals were found in
sheep, goats, cats, and dogs, some even carrying molybdenum. Under long-term
exposure, it facilitates easy absorption of these heavy metals into bloodstream and
poses higher risks of allergies and adversities in metabolism. Arsenic, a gaseous
by-product of industries, was found in higher concentration in industrial areas in
Rajajinagar, Bangalore. Similarly, the amount of lead and cadmium (as a result of
battery production or disposal) was also higher in industrial areas (Web-2 2018).

2.4.3.3 Karnataka, Kerala, and Tamil Nadu
Banana cultivation field soils were found to have higher amount of Cu, Mg, Cr, and
Co than normal limits. An extensive study of over 250 soil samples from three Indian
states, Karnataka, Kerala, and Tamil Nadu, has revealed that the majority of the
banana cultivation fields are contaminated with copper, magnesium, chromium, and
cobalt at concentration higher than the threshold levels for normal soils (Pacha
2018).
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2.4.3.4 Coimbatore (Tamil Nadu)
Untreated sewage water which irrigated some leafy vegetables investigated for
presence of heavy metals was found to be contaminated with high level of cadmium,
copper, lead, manganese, and zinc. Long-term application of raw untreated sewage
water, which contains heavy metals, attributed the presence and concentration of
heavy metals in the area under irrigation (Web-3 2003).

2.4.3.5 Malwa Region (Punjab)
Indiscriminate use of chemical fertilizers, pesticides, insecticides, and herbicides has
changed the subsoil of this region to an extent that many newborns have developed
limb deformities and many have attracted neuronal disorders. Heart ailments and
cancer are rampant among adult population. The reason behind this is that the level
of many heavy metals in soils in Punjab is beyond their permissible limit (Web-4
2018).

2.5 Remediation Techniques of Heavy Metal Degradation
and Removal from Contaminated Sites

Various approaches used to degrade heavy metals include physical, chemical,
biological, or a combination of these methods, but many of these methods are not
environment-friendly and economically viable (Emenike et al. 2018). In addition to
this, many of these methods do not ensure restoration without residual effects. Not a
single method claims complete degradation or removal of heavy metals. Salts of
heavy metals, in general, are water-soluble and cannot be separated through physical
means. Physiochemical methods bring secondary pollution at the site of treatment
(Sharma et al. 2018). Conventional physicochemical methods are costly and not
efficient and successful in areas with low metal toxicity (Barakat 2011; Gunatilake
2015). A comparison between biological and physiochemical methods of heavy
metal removal or degradation has been provided in Table 2.4. Biological remediation
is based on application of microbes and plants and their derivatives for metal
removal from the environment (Rajendran et al. 2003; Ayangbenro and Babalola
2017; Gadd 2004). Several plants such as Spartina maritima (arsenic, lead, copper,
and zinc), Arundo donax (cadmium and zinc), Eichhornia crassipes (water hyacinth)
(cadmium, copper, chromium, iron, and zinc), Plectranthus amboinicus (lead),
Amaranthus paniculatus (nickel), Carex pendula (lead), and genetically engineered
Arabidopsis thaliana (arsenic) have been investigated for their heavy metal removal
from soils, known as phytoremediation (Tangahu et al. 2011). Different methods
based on the removal or degradation mechanism of phytoremediation can be
categorized into phytoextraction (extraction of accumulated metal ions in aerial
plants by disposing or burning), phytofiltration (removal of metals from aqueous
waters by roots or seeds of plants), phytostabilization (plant roots absorb the heavy
metals and maintain them in rhizosphere), phytovolatilization (volatilization of
heavy metals from plant’s foliage), and phytodegradation (degradation of heavy
metals through plant materials and associated microorganisms) (Ojuederie and
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Babalola 2017; Arjoon et al. 2013). Microbes, for example, Acinetobacter
calcoaceticus, Aureobacterium esteroaromaticum, Achromobacter sp., Aeromonas
sp., Bacillus licheniformis, Enterobacter sp., Escherichia sp., Micrococcus sp.,
Klebsiella oxytoca, and Pseudomonas putida, have been reported in heavy metal
removal and degradation (Rajendran et al. 2003; Igiri et al. 2018; Gadd 2004; Tabak
et al. 2005). Some cyanobacteria and algae like Chlorella sp. and Neochloris
sp. have been reported to remove chromium from wastewater (Igiri et al. 2018;
Kaplan 2013). There is a vast literature dealing with diverse use of plants and
microbes in biotransformation and removal of heavy metals from contaminated
soil. Bioremediation is therefore an environment-friendly, green, and proficient
way of reclaiming environments polluted with heavy metals by making use of the
intrinsic as well as induced biological mechanisms of biological systems to get rid of
harmful contaminants.

Table 2.4 Biological methods vs. physiochemical methods (Kumar and Bharadvaja 2019)

Biological methods Physiochemical methods

1. It includes methods based on biosorption,
bio-immobilization, bioleaching,
biomineralization, phytoremediation, plant–
microbe interaction, rhizoremediation, hyper-
accumulators, designer microbe approach, etc.
2. It utilizes plants, microbes, and
components derived from them like enzymes
or any biopolymer for heavy metal degradation
and remediation
3. Natural process with a scope to increase its
efficiency and rate of removal by introducing
modern tool and techniques of biotechnology
4. Eco-friendly and efficient methods as it
possesses the ability to remove even trace
amount of heavy metals from the polluted site
5. Minimal exposure of on-site workers to
the contaminants and any ill effects of them
6. Eliminates the need of transport, thus less
expensive to physiochemical methods
7. Adaptability of microbes and other
biological systems in non-native environment
decreases their metal removal efficiency
8. No universal application. Different
biological systems are required for different
metals depending upon the nature of the metal
to be removed. Also, biological processes are
slow as compared to physiochemical processes

1. It includes methods based on
electrochemical treatment, oxidation or
reduction, membrane technology, reverse
osmosis, chemical precipitation, ion exchange,
evaporation and filtration, etc.
2. Expensive method, as it needs an
institutional setup comprising dedicated skilled
workers and specialized instruments,
continuous power supply, chemicals, etc.
3. Lesser impact of abiotic factors such as
relative humidity, temperature, light
availability as compared to bioremediation.
Quicker in comparison to bioremediation.
4. Synthesis of toxic gases, thus detrimental
impact on human and environment.
Posttreatment monitoring of effluents is highly
required.
5. Ineffective in areas with low heavy metal
toxicity or concentration.
6. Physiochemical methods bring secondary
pollution at the site of treatment.
7. Expensive method, as it needs an
institutional setup comprising dedicated
workers and specialized instruments,
continuous power supply, chemicals, etc.
8. Transportation of waste materials or
contaminants from human settlements to
predecided site of treatment or otherwise
transport, installation, and operation of
equipment/chemicals/power supply at the
heavy metal-contaminated site
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2.6 Microbial Bioremediation of Heavy Metals

Bioremediation of heavy metal pollutants is a sustainable approach that utilizes the
metabolic activity of microbes to remove, reduce or transform, or degrade them. It
facilitates heavy metal decomposition or immobilization by exercising the existing
metabolic potential of microbes with new catabolic functions resulting from selec-
tion or by introduction of genes encoding such functions. The application of
microbes in heavy metal remediation and degradation has been under investigation
for decades as they transform, degrade, or chelate various toxic compounds into a
less or nontoxic form. Change in oxidation state of metals alters their water solubility
and toxicity (Rajendran et al. 2003; Ayangbenro and Babalola 2017). Bacillus sp.,
Pseudomonas sp., Streptomyces sp., Aspergillus sp., Rhizopus sp., Penicillium sp.,
etc. have significant heavy metal removal ability. It is comparatively more effective,
economic, and environment-friendly. Microbial metabolic secretions such as organic
acids are able to dissolve heavy metals or soil particles containing heavy metals in
them. Microbes use different mechanisms such as precipitation, biosorption, and
enzymatic transformation to degrade or reduce heavy metals into a less toxic form
that are more stable, less mobile, or inert (Arjoon et al. 2013; Tabak et al. 2005).
Microbes use two processes, namely, aerobic and anaerobic, depending upon use
and not use of oxygen for cellular respiration to generate energy-utilizing chemical
energy stored in the bonds of organic molecules. Difference between these two
processes has been summarized by Kumar and Bharadvaja (2019). Different
microbes have different adaptability to be an inhabitant of a heavy metal-
contaminated environment. Microbes have a limited range of tolerance toward
heavy metals. It also depends upon the toxicity of heavy metals. Their degradation
ability mainly depends on degradative plasmids and spores. pH, temperature, etc.
affects the degradation efficiency. Several factors which determine microbial degra-
dation have been elaborated in later sections. The mechanisms of microbial degra-
dation of heavy metals are mainly biosorption, bioaccumulation, biotransformation,
bioleaching, biomineralization, and co-metabolism (Igiri et al. 2018; Tabak et al.
2005). Biosorption, which solely depends on cell surface structure, is established to
be the prime mechanism. Biomass, in both living and dead conditions, can be used
for heavy metal removal. Application of dead biomass/biological system is more
feasible than using living biological system and bioaccumulation for metal removal
at large scale. It avoids the requirement of continuous nutrient supply and mainte-
nance of proper growth conditions and operation of a complicated bioreactor system
(White et al. 1995).
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Advantage of microbe-assisted heavy metal remediation (Jin et al. 2018; Kumar
and Bharadvaja 2019):

1. Both microbes and pollutant heavy metals can be completely removed from soils;
thus, soil structure remains unaltered. It facilitates a low-cost treatment and
maintenance of soil structure.

2. Secondary pollution can be avoided at treatment sites. Thus, no any further
harmful effect on the population in direct or indirect contact or exposure.

3. Native microbial population can be used for remediation purposes which do not
need any effort or manipulation in the environment for microbial growth.

4. Microorganisms can be trained to degrade and remediate the target heavy metals
through natural selection or by means of insertion and expression of functional
genes of the desired purpose.

2.6.1 Mechanisms of Microbial Heavy Metal Bioremediation

Microbial remediation occurs in two ways—either microbes secrete enzymes like
oxidases and reductase having capable of metal degradation or they develop resis-
tance against the harmful effects of heavy metals present in their internal or external
environment. Microbial cell surface due to having negatively charged surface
becomes the active site for metal cations binding. The cell wall of microbes contains
hydroxyl, alcohol, carboxylate, amine, phosphoryl, carbonyl, ester, sulfhydryls,
thiol, and thioether like functional groups which facilitate metal binding through
different interactions including covalent bonding, ionic interactions, or van der Wall
forces of attraction, and thus, removal of metals from the environment is exercised.
Major microbial mechanisms of heavy metal removal from the environment are
biosorption and bioaccumulation. Biosorption is metabolism-independent mecha-
nism, while bioaccumulation is metabolism-dependent. Biosorption is a passive
uptake of heavy metals, while bioaccumulation involves active uptakes of heavy
metals from the environment. In bioaccumulation, metal ions under cellular meta-
bolic processes pass across cell membrane and enter into cytoplasm.
Bioaccumulation, also known as active uptake, is dependent on a range of physico-
chemical and biological mechanisms. Also, accumulating microbes should have
adaptability and tolerance toward a wide range of heavy metals at varying
concentrations. It must include the abilities to simultaneously transform heavy
metals from one to another less toxic and less harmful form and keep the metal
contained. Bioaccumulation includes sequestration, redox reactions, species trans-
formation, etc. Biosorption process utilizes living as well as dead biomass, carried
out as passive uptake of metals through surface complexion onto the cell wall and
surface layers. It includes ion exchange, precipitation reaction, redox process, and
surface complexation. Efficiency of biosorption mechanism depends upon the pH
and temperature of the surrounding environment, biological system, nature and
concentration of heavy metals, etc. Among all, pH exerts maximum effect on
biosorption as it causes alteration in metal surface properties, functional properties,
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and competition of metallic ions with hydrogen ions present in the system. Another
mechanism, extracellular sequestration, is accumulation of heavy metals in the
periplasm in the form an insoluble complex. For example, sulfate-reducing bacteria
generate large amount of hydrogen sulfide that causes precipitation of heavy metal
cations. Transfer of some heavy metals from cytoplasm to periplasm also occurs. In
intracellular sequestration, complexion of heavy metals which occurs by various
cellular compounds is termed as fourth mechanism. Remediations of heavy metals
which interact with surface ligands and gradually transported into the cell cytoplasm
go through this channel. Some other mechanisms include reduction of heavy metal
ions by microbial cell which involves change in oxidation states of metals or
metalloids in order to reduce toxicity toward their own, that is, known as biotrans-
formation. Microbial plasma membrane, cell wall, or capsule prohibits the entry of
metals into cell cytoplasm which is termed as exclusion by permeability membrane
or barrier. In extrusion mechanism, metals are pushed out through the cell under
plasmid or chromosomal mediated events.

2.6.2 Factors that Affect Microbial Heavy Metal Degradation
Capacity

Microbes due to their smaller size easily get into contact with contaminants and
facilitate quick and effective treatment or deduction of pollutants to admissible or
less hazardous state. The success of microbial remediation depends upon the nature
of microbes involved, characteristics of contaminants, and chemical and geological
conditions at the contaminated sites. Other critical factors that affect bioremediation
efficiency of microorganisms include temperature, pH, soil structure, air/oxygen
availability, dissolved oxygen, redox potentials, availability and solubility of
nutritional contents, nutrient diffusion, mass transfer, moisture content, water solu-
bility, chemical composition, and concentrations of heavy metals (Igiri et al. 2018;
Kumar and Bharadvaja 2019).

2.7 Advancements in Microbial Technologies for Promising
Heavy Metal Removal from the Environment

1. Integration of immobilization techniques (adsorption, electrostatic and/or cova-
lent binding on a surface, flocculation, entrapment, encapsulation) for better
adsorption and absorption of heavy metals from polluted environmental sample
(Macaskie 2007). Immobilization helps in fixing the microbial cells or enzymes,
limiting their mobility, and washing off at their places and increases the retention
time, their reusability, viability, and catalytic activity. It increases the efficiency
of bioremediation process and makes them economically competitive (Dzionek
et al. 2016). Adsorption of heavy metals on cell surface takes place by weak
forces of interaction. Because of weak forces of interaction, there is high proba-
bility of leakage of cells from the adsorbed surface. Covalent and/or electrostatic

64 L. Kumar and N. Bharadvaja



binding methods are similar but comparatively more stable to physical adsorption
immobilization; thus, it provides a lesser degree of cell leakage from the biore-
mediation setup (Bayat et al. 2015). Entrapments provide a limited mobility to
microbial cells or derivatives inside a protected and manipulatable environment
of heterogeneous matrix. They cannot leak out from the matrix but can move
freely inside the matrix. It increases the exchange of nutrients and metabolites
into a limited space. Thus, it increases the bioremediation efficiency of microbial
cells. The ratio of pore size of the carrier to the cell size is a critical determinant of
successful entrapment technique. Encapsulation refers to use of some semiper-
meable coating materials over the cell to protect it from the harsh environmental
conditions. Limited permeability of the membrane and its degradation by the
growing cells make this technique undesirable for microbial bioremediation
(Dzionek et al. 2016; Datta et al. 2013; Mohamad et al. 2015).

2. Application of modern biotechnological tools such as genetic engineering or
recombinant DNA technology has been exercised to increase heavy metal biore-
mediation and biodegradation (Timmis and Pieper 1999; Xu et al. 2010). Syn-
thetic biology and system biology approach can facilitate a microbial consortia
having ability to transform, degrade, leachate, or remove heavy metals from
environmental sample of concern. Metagenomics and metabolic studies provide
information on microbial diversity and population and functional composition of
diverse microbial population for metal resistance genes which can be used for
improving the ability of microbial strains for heavy metal removal or degradation.
Genetic engineering has provided ability to transfer one or more desired traits
from one species to another to establish a particular strain for bioremediation of
soil, sludge, or contaminated water (Diep et al. 2018; Pandey et al. 2018; Lv et al.
2018). Researchers have listed many microbes, plants in individual capacity as
well as microbes–plants, and genetically modified microbes assisting plants in
heavy metal bioremediation (Sharma et al. 2018; Tiwari and Lata 2018; Gupta
and Diwan 2017; Igiri et al. 2018). Programmed death of the synthetic
microorganisms soon after the heavy metal bioremediation could minimize the
risks of horizontal gene transfer and any possible ill effects like uncontrolled
growth and proliferation.

3. Application of naturally occurring biofilms for heavy metal removal from the
environment can be a better strategy (Teitzel and Parsek 2003; Meliani and
Bensoltane 2016). Biofilms bind substantial quantities of heavy metals under
pristine conditions and serve as a medium for the precipitation of insoluble
mineral phases. Biofilms contain diverse range of microbial population having
exopolymeric substances which exhibits excellent surfactant or emulsifier
properties. It increases the bioavailability of heavy metal contaminants.
Microalgae–bacteria aggregates can be also used for heavy metal removal from
wastewater water (Igiri et al. 2018).

4. New omics-based approaches include proteomics, genomics, transcriptomics,
and metatranscriptomics which provide extraordinary information starting from
genes, to proteins, to metabolites that can be used for effective bioremediation
(Singh et al. 2015). Genes involved in microbe responsible for any heavy metal
degradation or reduction to an innocuous state can be determined; genome
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sequence of that involved microbe can be analyzed (genomics), and further, the
whole microbial population and their genome can be used to construct a library
for identification and utilization of microbes for heavy metal remediation (Malla
et al. 2018). It can be helpful in establishment of microbial consortia capable of
efficiently and effectively removing diverse range of heavy metals from the site of
pollution.

5. Nanotechnological approach for heavy metal removal: Nanotechnology has
provided the manipulation of material’s properties for removal of pollutants
including heavy metals from wastewater (Kahrizi et al. 2016; Mitra et al.
2017). The dimension of material reduces to nanoscale which imparts it excellent
surface properties and quantum effects (Parvin et al. 2019). It contributes an
extraordinary adsorption capacity and reactivity to the material which favors the
removal of heavy metals (Zhao et al. 2016). Several nanomaterials including
carbon, silicon, zinc, grapheme-based nanomaterials and nanostructure or their
composites, zero-valent metals, and several metal-oxide-based nanocomposites
and nanomaterials have been investigated for heavy metal removal from waste-
water (Sheet et al. 2014; Gangadhar et al. 2012; Le et al. 2019). Carbon nanotubes
(CNTs) have excellent adsorption capacity toward manganese, thallium, copper,
lead, chromium, etc. owing to possible adsorption active sites like interstitial
channels, internal sites, and external groove sites. High production cost, difficulty
in separation of CNTs from wastewater which further increases the treatment
cost, risk of secondary pollution, etc. limit the suitability of large-scale applica-
tion of CNTs for heavy metal removal from wastewater (Parvin et al. 2019; Yang
et al. 2019). Grapheme is another carbon-based nanomaterials which can be used
for heavy metal removal from wastewater. Grapheme-based nanoscale materials
show high affinity toward adsorption of lead, mercury, cadmium, etc. Silica-
based nanomaterials possess excellent surface characteristics and have been
tested for heavy metal adsorption from heavy metal-polluted water (Liu et al.
2019). Nanosilica can be surface modified by groups like –NH2 and –SH or serve
as the support of nanocomposites. Zero-valent metal nanoparticles have shown a
great potential for wastewater remediation in recent times (Arjoon et al. 2013).
Zero-valent iron nanoparticles have been found to have a potential to remove
mercury, chromium, copper, nickel, and cadmium from polluted water. Metal-
oxide-based nanomaterials of iron, manganese, zinc, titanium, aluminum, mag-
nesium, cerium, zirconium, etc. have been reported to be efficient in treating
wastewater contaminated with heavy metals such as cadmium, copper, lead, zinc,
and mercury along with other pollutants (Le et al. 2019; Yang et al. 2019; Parvin
et al. 2019; Sheet et al. 2014; Singh et al. 2013).

6. Others: Microbial bioremediation efficiency can be increased by amending the
reaction environment by adding inorganic nutrients, biosurfactants, bulking
agents, composts, and biochar (Igiri et al. 2018). Modifications in microbes
have been tried in order to achieve high metal uptake over broad range of pH,
temperature, and prevailing atmospheric conditions. Microbial fuel cell-based
techniques are also in recent trends and have been extensively studied (Mathuriya
and Yakhmi 2014; Gajda et al. 2017; Ezziat et al. 2019) for heavy metal removal
from wastewater or bioremediation (Igiri et al. 2018; Wu et al. 2017).
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2.8 Challenges

1. Reliable and inexpensive biological mass/system for effective heavy metal
removal from the site of interest.

2. Assessment of future health hazards associated with genetically modified
organisms.

3. Prevention of horizontal gene transfer, uncontrolled growth, and expansion of
genetically modified organisms.

4. Prevention of air, water, and soil contamination with heavy metals.
5. Prevention of heavy metal-associated diseases to living beings.
6. Conservation of biodiversity.

2.9 Control Measures

The unwanted chemical nature (toxicity) and bioavailability of heavy metals can be
altered through redox reactions; however, the elemental property remains
unchanged. Therefore, removal of heavy metals from the environment in entirety
is an impossible task. The following measures can be adopted to prevent the
environment from hazardous effects of heavy metal contamination:

1. To control the dust emissions through chimneys, and use electrostatic precipitator
units.

2. Establishment of effluent treatment plants and sewage treatment plants to treat the
wastewater before their release into the environment. Frequent monitoring of
quality of discharge water. Use of chemical, biological, or combination of both in
order to complete removal of heavy metals from the discharged water.

3. Promotion of effective and efficient implementation of air, water, and soil
pollution control laws and regulations. Enforcement and monitoring are critical
to its success.

4. Prevent or reduce the use of fertilizers and biocides containing heavy metals and
promotion of organic farming.

5. Awareness programs on heavy metal-contamination-associated hazards, preven-
tion, and mitigation strategies.
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Constraints

3

Kunal Jain, Chirayu Desai, Onkar Tiwari, and Datta Madamwar

Abstract
The early excitement of industrialization during the twentieth century and unprec-
edented population rise have now compelled us to think about developing
environmental remediation strategies on a priority basis to save the basic essential
components of life. Understanding the impact of dyes and dye intermediates
which have been the major component of industrial pollutants in the environment
is the prime need, to reclaim the pristine environment. Physical and chemical
environmental cleanup technologies developed for dye and textile effluents are
proven to be expensive and energy consuming, often generate toxic by-products,
and more importantly are faced with limited success in a narrower scope.
Consequently, the need for an alternate approach has led to the development of
self-sustainable, greener biological methods (i.e., bioremediation). It offers a
great advantage of astonishing catabolic diversity of the innate microbial popula-
tion inhabiting the polluted environment. Factors like geological aspects, climate,
soil and water characteristics, waste and disposal facilities, etc. play a vital role in
the success of different technologies (including bioremediation). Besides chemi-
cal structure, degree of recalcitrance, toxicity, and bioavailability of dye
molecules are considered significant parameters for their treatments. In this
review, an attempt has been made to understand the complexities and constraints
of existing technologies and few optimistic scenarios to improve and develop new
methodologies for treatment of industrial effluents from dye and textile industries.
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3.1 Introduction

Waste generation is an inevitable side effect of production and consumption
activities which tends to increase along with socioeconomic advancement of the
human society. The concern is the presence of compounds such as aliphatics,
aromatics, polychlorinated biphenyls, halogen, and other organic and inorganic
pollutants in the open environment. Not only their presence but their concentrations
also greatly affect the ecosystem functioning in several ways. And once into the
environment, with due course of time, these xenobiotic compounds become threat-
ening to the self-regulating capacity of the biosphere (Sen and Chakrabarti 2009;
Beltrame et al. 2010; Prasad et al. 2010). The human perturbation in the environment
can be classified into two main categories – (a) waste generation (food waste, kitchen
waste, sewage, wastewater, agricultural waste, etc.) and (b) use of chemicals (in the
form of chemical fertilizers, pesticides, insecticides, toxic products and by-products
from chemical industries, industrial waste, effluents, etc.) – since most of the
problems can be traced to either of them directly or indirectly.

The approaches for restoring or cleaning of any contaminated sites generally
include (a) identification of the problem (i.e., whether it is soil or water or air
pollution and what type of contaminant is present) and (b) assessment of the nature
and degree of the hazard (i.e., level and strength of pollution). The recognition and
identification of the problem and its characteristics is highly imperative for selection
of best methods available for remedial action. Over the years, the need to remediate
the perturbed sites has led to the development of diverse technologies (over the
conventional approach of disposal at an isolated region) which emphasizes the
molecular breakdown (i.e., degradation) and detoxification of the contaminants
(Wang and Chen 2007; Weber 2007; Kulkarni et al. 2008; Busca et al. 2008).

Dye and dye intermediates are among the few xenobiotic and recalcitrant
compounds which persist longer in the environment and often found to be harmful
to the biosphere. Therefore, along with the other xenobiotic compounds, studies
have been directed toward exploiting the potential sources to remove dye
compounds from the contaminated environment. The methods, systems,
technologies, and strategies developed, applied, and improvised are well discussed.
However, nearly after four decades of widespread study on developing remediation
strategies, we are still searching for an optimistic, comprehensive, and universal
solution to reclaim the contaminated environment across the globe.

In this chapter, an attempt has been made to understand the complexities and
constraints of existing technologies which led to their limited use in already
established setups. Further, this chapter focuses on few optimistic scenarios to
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improve and develop new methodologies for treatment of industrial effluents from
dye and textile industries.

3.2 Effect of Dyes on the Environment and Biosphere

Considering both the volume and composition of the waste effluents, the dye
industry is rated as one of the foremost industrial sectors that pollute the environment
(Cristovao et al. 2008). Many organized and non-organized small, medium, and
large industrial sectors are involved in dye production and its applications. There-
fore, estimation of the correct amount of dye produced globally would be difficult.
However, for an approximation, the annual production of various classes of dyes has
reached up to >7.5 � 105 metric tons annually (McMullan et al. 2001; Mate and
Pathade 2012). Of this, nearly 280,000 tons (i.e., 2–50%) from textile dyes are
discharged as effluents (Mass and Chaudhari 2005; Jegatheesan et al. 2016). To dye
1 kg of cotton, it requires 70–150 L water, 30–60 g dyestuff, and 0.6–0.8 kg NaCl.
Therefore, at the end of the process, it generates nearly 20–30% of applied unfixed
dyes at a concentration of ~2000 ppm along with high inorganic salts, few acids and
bases, and other auxiliary compounds (Solis et al. 2012; Dasgupta et al. 2015). Thus,
the textile industrial wastewaters always contain pollutants of multicomponent
origin, making them highly heterogeneous and thereby extremely difficult to reme-
diate by available technologies. Therefore, no single treatment process can treat
these effluents effectively adequately (Pang and Abdullah 2013).

Among the different dyes used globally, azo dyes represent nearly 60% of total
dyes (Fu and Viraraghavan 2001). In aquatic environments, many dyes including
azo compounds exert an inhibitory effect on photosynthesis, increase the rate of
dissolved oxygen depletion, and are toxic to flora and fauna (Solis et al. 2012). The
acute toxicity of dyes is generally low; however, few purified azo dyes are directly
mutagenic and carcinogenic (van der Zeer 2002). Moreover, in many cases, the
intermediates generated during molecular breakdown of dye compounds are
reported to be more toxic than parent molecules. In the case of azo dyes, in the
environment, azo cleavage is purely a chemical reaction. Under oxygen-deficient
conditions, redox mediators of abiotic or biotic origin catalyze the transfer of redox
equivalent from donor to azo bond, and dyes are reduced (Hong et al. 2007).
Therefore, upon entering the environment, the reduction of native compounds results
in formation of constituent aromatic amines which have been recognized as more
toxic/carcinogenic than their parent compound and toxic to cellular mechanisms
(Jadhav et al. 2010; Forss et al. 2013).

According to Saratale et al. (2011), bacterial toxicity of azo dyes depends on the
mechanisms of their degradation. First, several azo dyes are toxic only after the
reduction of azo bonds and generation of aromatic amines, mostly through anaerobic
mode. These aromatic amines are further oxidized to reactive electrophilic species
that covalently bind to DNA. In a second mechanism, oxidation of azo dyes without
cleavage of azo bonds generates free aromatic amines, while in the last mechanism,
azo bonds are directly oxidized to form highly reactive electrophilic diazonium salts
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of azo dyes. All the three mechanisms are found to be compound (and/or bacteria)
specific. Therefore, the toxicity because of azo dyes might be caused by a single or
combinatorial effect of different degradation mechanisms. The toxicity or mutage-
nicity of reduced dye or aromatic amines is strongly correlated to its three-
dimensional molecular structure. The nature and position of substitutions (like
amino, carboxy, halogen, methyl, methoxy, nitro, or sulfonate groups) on aromatic
rings greatly influences the toxicity of the dye molecules with various degrees of
intensity (Chung and Cerniglia 1992). It was found that Acid Red 18 and Acid Red
27 are non-mutagenic, while structurally similar Acid Red 26 is carcinogenic due to
the presence of a methyl group and the substitution position of the sulfonate group
(Solis et al. 2012).

However, the results of several studies on dye toxicity revealed contradicting
observations. Ferraz et al. (2011) observed that 3-methoxy-4-aminoazobenzene is a
strong mutagen in a bacterial system and a potent hepatocarcinogen in a mammalian
system (in rat studies), whereas 2-methoxy-4-aminoazobenzene is an extremely
weak mutagen (in bacteria) and apparently noncarcinogenic. The azo toxicity is
well established in a bacterial system, but for animal models, more studies are
required to correlate mutagenicity and carcinogenicity. The lack of correlation is
probably due to existence of complex metabolic pathways, in a mammalian system
(Brown and DeVito 1993). Furthermore, the physicochemical treatment also leads to
the production of toxic intermediates. The products generated during oxidation of
indigo blue through coagulation with Al2(SO4)3, electroincineration, or the use of
laccase proved to be more toxic than the dye itself (Solis-Oba et al. 2009). Thus, the
treatment (or restoration) of an environment contaminated with dyes and dye
intermediates is highly important.

3.3 Technologies for Dye Removal

Before we discuss about the technologies and their limitations, we need to under-
stand what makes it so difficult for the technologies to remove or to remediate the
wastewaters containing dyes. For metabolism and degradation of any compounds
(either natural or synthetic), their chemical and molecular structures play a signifi-
cant role, which is equally true for dyes. The basic raw materials used for the
manufacturing of dye and dye intermediates are benzene, toluene, xylene, and
naphthalene along with certain heavy metals. To increase the solubility of dyes,
polar groups like sulfonic acids are substituted on the aromatic nucleus; and they are
subtly designed to make chemically, photolytically, and biologically very stable
molecules. All these properties provide highly persistent characteristics to dye
compounds (in the environment), and even at a concentration of 1 mg/L (ppm),
they can be visible in the aquatic ecosystems (Nigam et al. 2000; Rieger et al. 2002;
Savin and Butnaru 2008). Moreover, benzene rings are thermodynamically very
stable, which contributes to their persistent nature in the environment (Diaz 2004).

The initial results of numerous experimental observations revealed that dyes with
simple chemical structures and low molecular weights are degraded faster. Dyes
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with complex chemical structures and higher substitutions and molecular weights
require more energy and time and are difficult to degrade (Sani and Banerjee 1999).
In other studies, the decolorization and degradation of dyes were found to be
dependent on dye class rather than chemical and molecular structures (Greaves
et al. 1999).

Hitz and his co-workers had few interesting but prominent observations: (1) the
rate of decolorization and degradation of reactive dyes is lower; (2) for acidic dyes,
the number of sulfonate groups reduces the rate of decolorization; and (3) direct dyes
are decolorized at a faster rate, irrespective of the number of sulfonate substitutions
(Hitz et al. 1978). With the above observations, it could be concluded that the rate of
dye decolorization and degradation is directly related to sulfonate substitutions.
However, its effect is related to mechanisms by which dyes are being decolorized.
In biological methods, if dyes are being decolorized through an enzymatic process,
which is cytoplasmic bound, the presence of sulfonate groups would decrease the
rate of dye decolorization. The sulfonate group would hinder the transfer of dye
molecules through the cell membrane. Moreover, with the increase in the number of
sulfonate groups, the rate of decolorization would decrease. But when decolorization
takes place outside the cells, the sulfonate group has little effect on dye decoloriza-
tion (Pearce et al. 2003).

For azo dyes, along with the number of azo bonds, the nature and position of
substitutions on the aromatic nucleus are directly correlated and play an important
role for dye decolorization and degradation. The monoazo compounds are
decolorized at a higher/faster rate when compared to diazo or triazo compounds
(Pearce et al. 2003). Dyes with carboxyl substitution are difficult to decolorize, as
compared to sulfonated dyes (Kulla 1981). Dyes with hydroxyl and amino groups
have more chances to be decolorized and degraded at higher rates, than compounds
with nitro, methyl, or methoxy groups (Nigam et al. 1996). Zimmerman and
co-workers, after their study on Orange II dye, have made the following
generalizations: (1) substitutions with charged groups in the proximity of azo
bonds/group would decrease the rate of decolorization; (2) a hydroxyl group at the
ortho position of dye containing the naphthol ring is a prerequisite for initiation of
decolorization reaction; (3) another (second) polar substituent inhibits the reaction,
by lowering the dye affinity for enzymes; and (4) the rate of decolorization will
increase with electron-withdrawing substituents on the phenyl ring of the dye
compound (Zimmerman et al. 1982). Moreover, Walker and Ryan (1971) also
noticed that substitutions with electron-withdrawing groups (–SO3H), (–SO2H) at
the para position relative to azo bonds in the phenyl ring may increase the rate of
decolorization.

The major route by which dyes enter into the environment is through industrial
effluents (either from production or textile and finishing industries) (Easton 1995).
Industrial effluents from the textile industry are a complex mixture of many
substances ranging from easily degradable starch molecules to recalcitrant polluting
compounds including unused dyes and their intermediates and organochlorine
pesticide-like compounds and to heavy metals associated with dyes and the dyeing
process, besides high concentration of different salts. The unused proportion of dye
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compounds forms a large proportion of the effluents. Depending upon the usage,
wastewater contains different dye classes, which in turn depend on dye consump-
tion, along with degree of fixation of different dye compounds on various fabrics
(Easton 1995). The dye fixation for reactive dyes is lowest, while basic dyes have
higher affinity for their substrates (Easton 1995). It is estimated that about 800 mg/L
of hydrolyzed reactive dye remains in the dye bath after the dyeing process
(Steenken-Richter and Kermer 1992). Several modifications in the dyeing process
are being made to increase the rate of fixation of reactive dyes. However, degree of
fixation varies and ranges between 50 and 90% depending upon the dye and
substrate used and may increase with dyes containing two reactive groups (Carr
1995).

Textile effluents are typically characterized by residual color (as high as 50% of
unused dyes), pH ranging from 5 to 12, excess TDS content, high chemical oxygen
demand (COD) and relatively low biological oxygen demand (BOD) values,
BOD/COD ratio ranging between 0.2 and 0.5 (which indicates that effluent contains
a large amount of organic matter which is nonbiodegradable), and a host of other
auxiliary chemicals (Yusuff and Sonibare 2004; Faryal and Hameed 2005; Savin and
Butnaru 2008; Akan et al. 2009; Kuberan et al. 2011). Consequently, due to release
of these hazardous dyes as effluents, it also increases their potential ecotoxic risk to
environmental flora and fauna, and through biomagnification it enters in the food
chain and may affect humans (van der Zeer 2002). Thus, the wastewater, upon
discharging into the water bodies without any adequate treatment, affects the multi-
segments of the environment leading to irreversible persistent changes.

3.3.1 Physicochemical Technologies

Technologies available for dye removal can broadly be classified based on their
mode of action into physical, chemical, and biological methods, which are either
pretreatment, main treatment, or posttreatment procedures. These technologies can
be applied either at a dye house or at a common treatment plant (or can be at a
sewage plant) (Southern 1995; Pearce et al. 2003). Treating the dye effluent at a
sewage plant has cost impediment, while at a dye house or common treatment plant
(i.e., single universally applicable), the solution is unrealistic due to color and
chemical composition of the effluent which changes at every production cycle
along with other accessory chemicals (Pearce et al. 2003).

The initial conventional wastewater treatment technologies have gradually
evolved into diverse physicochemical methods. The methods were either used as
standalone or in combination or in sequential manner depending on the type of
effluents to be treated. The major physical/chemical methods for dye/textile effluent
treatment involve membrane filtration, coagulation/flocculation, precipitation, flota-
tion, adsorption, ion exchange, ion pair extraction, ultrasonic mineralization, elec-
trolysis, advanced oxidation (chlorination, bleaching, ozonation, Fenton’s oxidation,
and photocatalytic oxidation), chemical reduction, use of nanoparticles, carbon
nanotubes, etc. (Slokar and Le Marechal 1998; Robinson et al. 2001; Pizzolato
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et al. 2002; Alaton and Ferry 2003; Kusvuran et al. 2004; Gogate and Pandit
2004a, b; Gupta et al. 2013). These technologies are not recently developed. An
ample amount of literature and information is available discussing their principal
mode of action, type of application, merits and limitations, etc. As mentioned above,
here we would highlight constraints and limitations of various existing methods and
technologies for wastewater treatment. Though through steady research the other
newer technologies have been developed, no technologies have been replaced with
another. Instead, they have been combined and integrated to form hybrid or sequen-
tial systems.

3.3.1.1 Limitations of Physicochemical Technologies
Among the different technologies used, coagulation is very simple and widely used
for a long time. Though it is economical, it produces a large quantity of sludge, and
the process is pH dependent. Coagulation is inefficient in removing highly soluble
dyes including azo, reactive, acid, and basic dyes, but easily removes disperse,
sulfur, and vat dyes (Hao et al. 2000; Fu and Viraraghavan 2001; Robinson et al.
2001). Like coagulation, activated carbon adsorption (ACA) is pH dependent, but
efficient in removing azo and reactive dyes and more suitable for basic dyes and
inefficient for disperse, sulfur, and vat dyes. The major limitation of ACA is its
regeneration. It involves adsorbent loss, and its disposal is economically not feasible
(Hao et al. 2000; Fu and Viraraghavan 2001; Robinson et al. 2001; Fernandez et al.
2014). In the ion exchange technique, the resins are dye specific and economically
not feasible to use for a large volume of wastewater, and resin regeneration is cost
intensive. The only limited advantage of this technology is adsorbent used for dye
recovery can be regenerated without any loss (Slokar and Le Marechal 1998;
Robinson et al. 2001; Yagub et al. 2014).

With more advance technologies like chemical oxidation, the generation of
secondary pollution persists, along with thermodynamic and kinetic limitations.
One of the major limitations of the process is release of aromatic amines; hence,
complete mineralization (breakdown) of the dye compound is not possible (Slokar
and Le Marechal 1998; Robinson et al. 2001). In advanced oxidation processes
(AOPs), a large quantity of highly reactive free radicals are produced, which aid in
achieving better decolorization than the conventional oxidation process. However,
generation of secondary pollution is also a major problem along with cost consider-
ation, while the efficiency is also reduced by the presence of radical scavengers,
some of which are pH dependent (Slokar and Le Marechal 1998; Robinson et al.
2001). In an advance form of AOPs, i.e., electrochemical advanced oxidation
processes, the advantages are their high energy efficiency, easy handling and simple
requirement for operation, amenability to automation, and application to remove
COD in the range from 0.1 to 100 g/L. However, the main drawbacks of some of
these technologies are high cost of electrical supply, low conductance in many
wastewaters (thus requiring supplementing extra electrolytes), and loss of activity
and limited life span of electrode because of fouling and deposition of organic matter
of the surface (Sirés et al. 2014).
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With the development of few more chemical processes, such as application of
Fenton’s reagent, the efficiency of treatment technologies also enhanced. Fenton’s
reagent is simple to use and easy to apply, effectively removes soluble and insoluble
dyes from the effluents even from high suspended solids of wastewater, and even
reduces certain levels of COD. However, Fenton’s reagent is effective in the very
narrow pH range (<3.5), and the reaction time is comparatively longer, with obvious
inherent drawback of secondary sludge generation (Marechal et al. 1997; Hao et al.
2000; Robinson et al. 2001; Wang et al. 2011).

There is no sludge formation when ultraviolet (UV)/ozone (O3) is used for
remediation of dye-containing wastewater. The reaction time is comparatively
shorter, and different dyes (except disperse dyes) can be removed, but the treatment
shows better results for reactive dyes. The treatment is again pH dependent, with
negligible removal of COD. UV/O3 has a short half-life and requires special/
dedicated handling, its generation is economically not feasible during large-scale
application, and one of the major constraints is gas-liquid mass transfer (Marechal
et al. 1997; Hao et al. 2000; Robinson et al. 2001; Fu and Viraraghavan 2001;
Gogate and Pandit 2004a, b). Another physical method involving UV/H2O2 also
suffers the limitation of penetration of light, and it requires primary separation of
solids before the application of UV. The treatment is dye specific (i.e., it cannot be
used for all dyes) and pH dependent (preferably lower pH to nullify the scavenging
effect of the radical). The only advantage of applyingUV/H2O2 is it does not produce
sludge and treatment time is relatively shorter (Marechal et al. 1997; Gogate and
Pandit 2004a, b).

In electrochemical methods, COD reduction is an added advantage which can be
effectively applied for both soluble and insoluble dyes. The inherent limitation of
these methods is high cost of electricity. Different variants have different drawbacks
such as high amount of sludge formation posttreatment and generation of secondary
pollution during treatment of chlorinated organics and heavy metals. The treatment
efficiency depends on type and nature of dye to be treated (Robinson et al. 2001;
Chen 2004). In photocatalysis methods, light penetration is a major issue along with
the fouling effect of catalysts, and they require posttreatment separation of (fine)
catalysts. The added advantage of these methods is reduction of COD with no sludge
formation (Konstantinou and Albanis 2004).

The observations from above methods and technologies can be summarized as
follows: Many of the technologies are economically not feasible at large scale,
generation of secondary pollution normally is toxic, and accumulation of sludge
due to excessive chemical treatment or secondary by-products in turn requires
disposal and further treatment. Some technologies are dye specific and therefore
cannot be used for complex dye effluents. Textile effluents contain a spectrum of
dyes, natural impurities extracted from the fibers, and other accessory products like
dispersants, leveling agents, acids, alkalis, salts, and heavy metals (Laing 1991).
Consequently, the effluent is highly colored with high biological oxygen demand
(BOD) and chemical oxygen demand (COD). It has a high conductivity and is
alkaline in nature. Thus, such technologies are complicated and cost restrictive.
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3.3.2 Biological Technology

As noted above, conventional wastewater treatment involving physicochemical
processes tasted initial success, but sooner it was realized that such technologies
have inherent drawbacks. The limitations of physicochemical technologies have
forced us to explore for alternative methods which led to the development of
biological techniques (i.e., bioremediation) for treatment of dye and textile effluents.
Biological methods are natural processes, comparatively simpler, and economically
feasible; require less water and energy consumption as compared to other methods;
and generally mineralize the whole compound, a therefore environmentally greener
technology (Banat et al. 1996; Saratale et al. 2011). However, biological treatment
procedures are ambiguous, different, and divergent when employing
microorganisms for remediation of dye-containing effluents (Forgacs et al. 2004).

In bioremediation (different variants are developed over time), microorganisms
(bacteria, fungi, algae), plants (phytoremediation), and enzymatic degradation are
the major driving forces which have an immense potential to restore the pristine
environment by binding, immobilizing, oxidizing, volatilizing, or other means of
transforming xenobiotic compounds (Lovely 2003). The simplest and basic mecha-
nism of color (dye) removal from industrial effluents by a microbial source (whole
bacterial/fungal cell) is adsorption of dye on the biomass (live/dead). But it is similar
to many other physical adsorption mechanisms for color removal and is not suitable
for long-term treatment. During adsorption, dye is concentrated onto the biomass,
which in turn becomes saturated with time, and the dye-adsorbent complex needs to
be disposed at a safer place (Southern 1995). Another mechanism of bioremediation
involves enzymatic cleavage of chromophore groups (viz., azo bonds –N¼N– of azo
dyes) and sequential mineralization of intermediates, termed as biodegradation (Jain
et al. 2012; Shah et al. 2016). It may be either anaerobic or aerobic and involves a
combination of both the conditions. While considering the reaction between azo
dyes and microbial cells (especially bacterial and fungal), there are significant
differences between the physiology of microorganisms grown under aerobic and
anaerobic conditions (Stolz 2001). Reduction of azo bonds (chromophore) under
aerobic conditions is generally considered as a specific reaction, and microorganisms
need to be specifically adapted (Nakanishi et al. 2001; Blumel et al. 2002; Pearce
et al. 2003; Blumel and Stolz 2003; Bin et al. 2004; Chen et al. 2004; Hong et al.
2007).

Dye degradation studies in the authors’ laboratory have revealed that dyes are a
poor source of carbon and energy, due to their synthetic origin and structural
complexity, and generally regarded as recalcitrant compounds for microorganisms
(Khan et al. 2014). They require an additional source of easily metabolizable carbon
compound(s) (viz., glucose, yeast extract, etc.) for their growth and subsequent
metabolism of dye molecules (Jain et al. 2012; Balapure et al. 2014; Shah et al.
2016). Most of the traditional methods employing microorganisms for dye decolori-
zation involve molecular oxygen (i.e., under aerobic conditions) as final electron
acceptor for microbial respiration. But wastewater effluents and/or
dye-contaminated sites (sediments or aquifers) are often anoxic or hypoxic. We
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have frequently observed better dye-degrading efficiency by bacterial consortia
under anoxic conditions (Jain et al. 2012; Balapure et al. 2014; Shah et al. 2016).
Therefore, in the presence of co-metabolites and under oxygen-limiting conditions,
better dye decolorization was observed (Jain et al. 2012; Balapure et al. 2015).

Depending upon their molecular structures, three-dimensional orientation of a
functional group, they persist in the natural environment. Some of the dye molecules
are simpler in structure and consumed early without affecting the native microbial
community at the disposal or polluted sites, while some dyes are highly recalcitrant
and persist longer in the environment, which might exert selective pressure on
microbial communities, eliminating the sensitive species, resulting in the perpetua-
tion of adapted communities (Nojiri et al. 2004). The flexibility in adaptation is
accelerated during accidental releases and discharge of industrial effluents at higher
concentrations. The degree of adaptation in communities is due to their versatile
catabolic diversity which is often shared by phylogenetically unrelated strains of
either same or different geographic regions (Nojiri et al. 2004).

3.3.2.1 Bioremediation Is Still an Empirical Science!
Bioremediation has an immense potential to reinstate the pristine environments in an
ecologically accepted manner. Microbially mediated bioremediation has generated
significant interest because of its minimalism, cost-effectiveness, and promises to
deliver environmentally friendly outcome than nonbiological approaches (Lovely
2003). However, bioremediation is still far behind to reach its true potential as
anticipated from its initial success. It was generally observed that strategies which
are successful at one site might not work in another location. Further, a microbial
system that demonstrates good remediation potential under laboratory conditions
might not function equally in an open environment. On the other hand, though
bioremediation appears to be simple, its implementation (unlike other physicochem-
ical methods whose parameters are known and controlled) and the mechanisms of
controlling the growth and functioning of microorganisms at a contaminated envi-
ronment are still poorly understood (Lovely 2003).

Since bioremediation is a natural process and dye degradation is a biochemical
mechanism, besides microbial community involved in bioremediation, certain vital
parameters are critical and need to be recognized, characterized, and understood.
Factors like temperature, pH, availability of co-substrates, dissolved oxygen con-
centration, salt concentration, type and source of reduction equivalents, etc. affect
the biodegradation of dyes. As noted above, dye-related parameters like class and
type of dyes (viz., azo, anthraquinone, azine, lactone, reactive, acidic, direct, dis-
perse, vat, monoazo, diazo, etc.), dye concentration, dye side groups (i.e.,
substitutions), degradation intermediates and reduction metabolites, and organic
dye additives also affect their biodegradability. Therefore, the factors mentioned
above and also described in Table 3.1 need to be studied before developing any
technology. In the authors’ laboratory, they often study (major) factors which are
found to influence dye degradation under environmental conditions (Moosvi et al.
2007; Jain et al. 2012; Shah et al. 2016; Balapure et al. 2014).
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It has now been understood nearly after five decades of studies that a successful
implementation of biological remediation techniques for restoring the sites
contaminated with dyes and dye intermediates requires a multidisciplinary approach
from expertise of various fields including but not limited to microbiology, chemistry,
chemical engineering, soil science, geology, and environmental engineering
(Juwarkar et al. 2010). In order to use bioremediation more effectively, comprehen-
sive understanding of the matrix characteristics of the ecosystem to be treated and
the properties of the dyes is needed. The performance monitoring of any applied

Table 3.1 Factors affecting the bioremediation process in the natural environment with respect
to dyes

No. Factors Characteristics

1 Microbial source Bacteria and fungi proved to be efficient dye degraders

Requires adaptation, acclimatization, and enrichment of
potential microbes

Minimum cell numbers are required for efficient treatment
(i.e., biomass concentration is critical)

Production of enzymes either constitutive or inductive

Chances of mutation and horizontal gene transfer of
genetically modified strain

Generation of toxic intermediates/metabolites in pure
culture system

2 Aerobic vs. anaerobic
process

Oxidation and reduction potential

Type of microbial population at the site

Availability of electron acceptors

3 Growth
substrate vs. co-metabolism

Presence of alternate carbon sources and their
concentration

Degree of recalcitrance (i.e., type of dyes)

Microbial interaction within the community (competition,
succession, predation, etc.)

4 Environmental condition Major and foremost is lack of nutrients in natural habitat

Variation in temperature and pH

Presence of growth inhibitory compounds

Availability of redox mediators

5 Dye Chemical structure and type and position of substitutions

Concentration of dyes

Solubility and toxicity at high concentration

6 Bioavailability of dyes
(physicochemical)

Equilibrium sorption

Irreversible sorption

Incorporation into humic matters

7 Mass transfer limitations Oxygen diffusion and solubility concentration (either for
aerobic or anaerobic processes)

Diffusion of nutrients

Solubility/miscibility of dyes in/with water (e.g., disperse
dyes are insoluble in water)

Modified from Boopathy (2000)
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remediation technologies is always a significant part for site remediation (Lai et al.
2007). This usually involves periodic measurement of site parameters (viz., physical,
chemical, and microbiological) to assess whether the applied remediation
technologies are performing as anticipated, including well-defined and measurable
remediation objectives, such as reduction in mass discharge rate from contaminant
sources and so on (Juwarkar et al. 2010).

More precisely, microbial communities need to be characterized in terms of their
structure, phenotypic potential (what are their biocatalytic capabilities?), function
(which ones among those biocatalytic capabilities are known?), and interactions with
the environment. Therefore, knowing the absolute phylogenetic diversity of the
contaminated environment would readily aid in understanding the type of commu-
nity involved in sustaining the perturbed ecology which in turn helps in the biore-
mediation process. Unfortunately, in actual practices and in majority of the studies,
much of the obligatory information is not readily available, and the application of
microorganisms in the bioremediation approach is highly empirical rather than
knowledge based (Lovely 2003). Traditionally, microbes (majority of them are
culturable—which represent merely <2% of the total community) involved in the
bioremediation were characterized taxonomically rather than phylogenetically. This
predictable limitation has hindered the understanding of the interacting community
at the contaminated environment, and complete advantage of bioremediation has not
been realized. Thus, bioremediation as a science is still far from its target.

Nevertheless, through the recent advances made in gene technology, bioremedia-
tion is now succeeding to take the real advantage of genomic-driven strategies for
analyzing, monitoring, and assessing its course by considering multiple
microorganisms simultaneously with various genomes, expressed transcripts, and
proteins depending upon the environmental conditions (Stenuit et al. 2009; Juwarkar
et al. 2010). High-throughput methodologies, including microarrays and fingerprint-
ing (Karpouzas and Singh 2010), real-time polymerase chain reaction (Baek et al.
2009), genotypic profiling, ultrafast genome sequencing (i.e., using different next-
generation sequencing platforms), and multiomics technologies (viz.,
metagenomics, metatranscriptomics, metaproteomics, and metabolomics) (Jerez
2009; Desai et al. 2010), show huge promise for developing effective technologies
against recalcitrant dye molecules (Juwarkar et al. 2010). The emerging genomic and
multiomics methodologies are now providing us better design to promote and restore
environmental health at contaminated sites. Monitoring of remediation activities,
identifying the key microbial players and their metabolic processes under specific
xenobiotic compounds, and finally assembling an intelligent, site-specific, and
dye-specific database of genes used for targeted bioremediation are becoming
imperative (Stenuit et al. 2009; Juwarkar et al. 2010).

Another biological method which is comparatively newly developed is
phytotechnology or phytoremediation. It is solar energy driven, ecologically
greener, and carbon neutral for wastewater treatment (Ma et al. 2011; Khandare
and Govindwar 2015). Various phytoremediation methods and technologies were
developed in the last two decades and are now frequently being used in many
laboratory studies and at few large-scale applications. Khandare and Govindwar
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(2015) have recently discussed the different types of plants used in the textile
effluent remediation. They have also described the various technologies like
constructed wetlands, lagoons, soil-bed and pack-bed systems, and floating wetlands
and few integrated methods like constructed wetland microbial fuel cells and so
on. Phytotechnology is autotrophic; therefore, the cost consideration is less, and it is
an economically more viable approach. It requires less nutrient supply and less
maintenance, has theoretically no generation of secondary pollutants, and is self-
regulating and a real practical tool for on-site and in situ applications.

Though numerous promising results were obtained, looking at its application and
current state of research, phytoremediation is still an emerging technology. Most
importantly, we lack the transition of lab-driven results and observations into filed-
scale on-site application especially for the treatment of textile effluents. Another
important limitation is availability of the main driving force of this technology,
which is plants. Plants which are routinely used are seasonal which may further limit
the application all over the years. Moreover, phytoremediation cannot be considered
as primary or secondary treatment technology, unlike other physical/chemical/
biological methods. The time and cost consideration is the biggest limitation in
phytotechnology. Since it is mainly dependent on plants, the time required for a
batch treatment is much longer as compared to conventional or even few biological
methods.

3.4 Evolved Integrated Technologies

Along with the individual physicochemical and biological technologies, integrated
processes (combination of physicochemical and/or biological) have been also used
for treatment of dye effluents. These methods are employed as pretreatment or
posttreatment to main processes. Conventionally, coagulation coupled with
biological methods is widely used, which may be coagulation-biological or
biological-coagulation; the choice depends on the type of dye effluent (depending
upon the amount of nonbiodegradable substances and other toxic compounds),
sludge quantity, and amount of coagulant required for treatment (Shah 2014). In
the authors’ laboratory, they have used a three-stage integrated system involving
coagulation, anaerobic process, and aerobic process for the treatment of CETP
wastewater (of equalization tank, where wastewater was collected from 525 small-
scale industrial units manufacturing dyes and dye intermediates, pigments, textiles,
and pharmaceuticals) (Moosvi and Madamwar 2007). The integrated method
improved the treatment efficiency of the then existing CETP process by the com-
bined use of ferric chloride and lime for coagulation, bringing the BOD5/COD ratio
of the wastewater between 0.4 and 0.6, to increase the efficiency of the subsequent
biological treatment. In a secondary step, mixture of bacterial consortium DMAB
and cow dung slurry was used in an anaerobic upflow fixed film bioreactor (for
reduction of COD and color from the effluent) followed by aerobic treatment using
Pseudomonas aeruginosa for degradation of aromatic amines and further removal of
remaining COD and color. This combined process has removed 94% of COD and
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89% of color from the effluent, thereby increasing the treatment efficiency from
COD removal of 40–45% and color removal of 35–40% after aerobic treatment at
CETP (Moosvi and Madamwar 2007).

In an advance form of integrated processes, treatment strategies are designed such
that to make the technology more synergetic rather than additive as a conventional
approach (Sarria et al. 2003). In this process, advanced oxidation is coupled with an
activated sludge treatment, where pretreatment of chemical oxidation would partially
degrade more complex compounds (dye structure) to simpler intermediates to
enhance the remediation potential of biological processes. Such combination not
only improves the overall efficiency of the process but also simultaneously reduces
the cost of any individual process (Shah 2014).

In another process, to make effluent readily reusable for industrial use, low-
pressure reverse osmosis frequently referred to as nanofiltration is employed after
biological treatment. The method was found to produce less fouling smell as
compared to direct nanofiltration of dye baths. The sensitivity of the process can
be enhanced by using a specific molecular cutoff-size membrane in a segregated dye
bath, where the membrane retains dye molecules and allows passage of salts from
the effluent. The filtrate containing salts can be reused for dye bath reconstruction,
and the retained concentrated dye sludge may be degraded by any suitable biological
processes (Shah 2014).

In certain cases, different adsorbents and chemicals (generally activated carbon)
are directly added during the activated sludge process. A fine balance between
adsorbent and biomass has to be maintained, because under relatively higher bio-
mass concentration, the adsorbents might lose their properties of adsorption by
entrapping floc matrix and gradually impair microbial growth and decrease dye
reduction efficiency of the system (Bes-Piá et al. 2003). For example, during
oxidative degradation, subsequent adsorption on dye on the adsorption material
gradually declines. It has been observed that dye removal by such process is more
additive rather than synergistic (as the basic properties of integrated technologies)
(Kim et al. 2004). Nevertheless, such processes are economically more sustainable
as color and COD removal can be obtained in a single step, without any further
requirement of physicochemical step (Shah 2014). Few of the initial successes of
integrated or hybrid treatment systems are listed in Table 3.2.

A large number of studies (for treatment of dye-containing wastewater based on a
physicochemical, biological, or integrated approach) are reported either under con-
trolled laboratory conditions or at pilot scale, but very selective technologies are
being commercialized at industrial level. One of such technologies (for textile
wastewater) has been successfully applied at Northern Ireland, in United Kingdom,
based on bioadsorption mechanisms; commercially the technology is known as
“BIOCOL.” The process involves immobilization of whole cells of Shewanella
putrefaciens on activated carbon support material. This carbon biocatalyst (bacterial
cells) is enclosed in an adsorption cartridge through which the textile effluent is
being pumped for removal of color from the effluent. Activated carbon adsorbs dye
molecules by providing large surface area for decolorization of dyes by cells of
Shewanella putrefaciens (Pearce et al. 2003).
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Table 3.2 Few typical examples of initial success of integrated/hybrid technology used in dye
degradation

No.
Combinatorial
technology Applied to Remediation efficiency References

1 Anaerobic/
aerobic stage
I/aerobic stage II
(MBR)/
ozonation

Wastewater containing
reactive azo dyes
[stream A (40%):
Dyeing/color
preparation/ printing
Stream B (60%): Fiber
pretreatment, washing]

Stream A: After
anaerobic/aerobic
pretreatment, was
diverted into municipal
wastewater
Stream B: Mean
combined DOC and
color removal after
anaerobic, aerobic
stage I, MBR, and
ozonation (1 g O3/m

3)
were 53%, 65%, 87%,
and 87%; DOC and
color removal after
anaerobic, aerobic
1, MBR, and ozonation
[67%, 65%, 72%, 87%]

Krull and
Döpkens
(2004)

2 Membrane
filtration (NF)/
UV-H2O2/wet
air oxidation
(WAO) /
Biological
(immobilization)

Textile wastewater After membrane
filtration and advanced
oxidation process,
wastewater was reused
along with reuse of
membrane concentrate
treatment by WAO and
biological treatment

Lee et al.
(2001)

3 Biological/
flocculation/O3+
H2O2

Textile wastewater Treatment process
begins with activated
sludge removal
followed by
flocculation. Removal
of 85, 99.5, and 85%
DOC, BOD, and
CODcr. Concurrent
subsequent O3+ H2O2

treatment completely
removed BOD and 50%
of remaining DOC and
CODcr

Lim et al.
(2004)

4 Biological
(anaerobic/
aerobic)/O3/
biological
(aerobic)

Concentrated dye bath
containing azo dye
C.I. reactive black
5 and
High salt
concentrations

Pretreatment by
biological method
removed >70% color
from dye bath, and
ozonation further
increased its
biodegradability in
following aerobic
reactor. Ozonation at
6gO3/gDOC was

Libra and
Sosath (2003)

(continued)
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3.5 Perspective

The expansion of modern chemistry, advancement in structural dynamics, and
development of more environmentally resistant dye compounds have released indef-
inite structurally diverse dyes into the environment that have never been present in
the biosphere in such significant amounts. After more than four decades of study, we
are still finding a promising answer to how to deal with increasing evidence of the
deteriorative effect of dyes and dye intermediates on the environment which has
been significantly perturbed since industrialization from the twentieth century.

Before realizing the massive role of microorganisms in sustaining the active
biosphere, various physical, chemical, and physicochemical environmental cleanup
technologies (for dye removal) have been developed and universally applied, but
they have gradually succumbed to their inherent limitations. Economic constraints,
greater energy consumption, and generation of sludge and secondary pollution are
few of the major limitations; and more importantly, these technologies were unable
to treat wide varieties of dye-containing effluents.

However, bioremediation proved to be a promising technology. Many of the
dye-degrading microorganisms isolated and characterized under laboratory
conditions are now recognized to make a minor contribution to bioremediation in
an open environment (Watanabe 2001). Therefore, total field bioremediation is
becoming a difficult task, using both native microflora and genetically engineered
microorganisms. The strategies need to be refined in that continued study would aid

Table 3.2 (continued)

No.
Combinatorial
technology Applied to Remediation efficiency References

applied to achieve
combined removal of
>95% decolorization
and 80% DOC

5 Coagulation by
sodium
bentonite/
activated sludge

Wastewater from
dyeing industry and
finishing natural/
synthetic fiber industry

Pretreatment by sodium
bentonite (2 g/L) prior
to activated sludge
treatment reduced 40%
of initial biodegradable
and inert soluble COD,
while sodium bentonite
treatment
(posttreatment)
followed by activated
sludge treatment did
enhance decolorization
but only 20% residual
soluble COD removal
achieved

Dulkadiroglu
et al. (2002)

Modified from Hai et al. (2007)
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in discovering the metabolic route followed by the dye molecules during their
metabolism (i.e., which microbial physiological machinery contributes to the catab-
olism), mechanistic factors governing the degradation system, and types of
metabolites generated though different routes of breakdown (i.e., environmental
and enzymatic chemical transpiration).

3.6 Conclusion

One of the major shortcomings of any environmental cleanup technologies (includ-
ing biological processes) is that no two environmental problems occur completely
under identical conditions. The variation has always been observed in the type, class,
and concentration of dyes and accessory elements found in effluent, climatic
conditions and hydrogeodynamics of the polluted sites; and most importantly, it is
unrealistic to mimic completely the natural contaminated ecology in the laboratory
(Watanabe 2001). Thus, looking at the magnitude of such complexities, current
knowledge about remediation of dye and textile effluents has lagged behind to
provide universal technologies that are governed by common rationales. Consider-
ing the immediate need for a technically, scientifically, and economically satisfying
treatment technology, a flurry of combination of basic and advance technologies are
being studied and developed at different stages of commercialization. More
validations and integrations of various methodologies or processes into the current
technologies are required. There should be a common underlying principle for the
combination/s of technologies so as to provide a comprehensive system eliminating
the limitations of individual processes which can render both an efficient and
economically viable solution.

Acknowledgment The authors acknowledge the Department of Biotechnology, Ministry of Sci-
ence and Technology, New Delhi, for financial support (BT/Env/BC/01/2014).

References

Akan JC, Abdulrahman FI, Ayodele JT, Ogugbuaja VO (2009) Impact of tannery and textile
effluent on the chemical characteristics of Challawa River, Kano state Nigeria. Aust J Basic
Appl Sci 3:1933–1947

Alaton IA, Ferry JL (2003) Merits of polyoxotungstates as environmental remediation catalysts: a
novel wet oxidation technology for refractory industrial pollutants. J Environ Sci Health A Tox
Hazard Subst Environ Eng 38:2435–2445

Baek KH, Yoon BD, Cho DH, Kim BH, Oh HM, Kim HS (2009) Monitoring bacterial population
dynamics using real-time PCR during the bioremediation of crude-oil contaminated soil. J
Microbiol Biotechnol 19:339–345

Balapure KH, Jain K, Chattaraj S, Bhatt NS, Madamwar D (2014) Co-metabolic degradation of
diazo dye—reactive blue 160 by enriched mixed cultures BDN. J Hazard Mater 279:85–95

Balapure K, Bhatt N, Madamwar D (2015) Mineralization of reactive azo dyes present in simulated
textile waste water using down flow microaerophilic fixed film bioreactor. Bioresour Technol
175:1–7

3 Dyes: Effect on the Environment and Biosphere and Their Remediation Constraints 89



Banat MI, Nigam P, Singh D, Marchant R (1996) Microbial decolorization of textile-dye-
containing effluents: a review. Bioresour Technol 58:217–227

Beltrame MO, De Marco SG, Marcovecchio JE (2010) Effects of zinc on molting and body weight
of the estuarine crab Neohelice granulata (Brachyura: Varunidae). Sci Total Environ
408:531–536

Bes-Piá A, Mendoza-Roca JA, Alcaina-Miranda MI, Iborra-Clar A, Iborra-Clar MI (2003) Combi-
nation of physico-chemical treatment and nanofiltration to reuse wastewater of a printing,
dyeing and finishing textile industry. Desalination 157:73

Bin Y, Jiti Z, Jing W, Cuihong D, Hongman H, Zhiyong S, Yongming B (2004) Expression and
characteristics of the gene encoding azoreductase from Rhodobacter sphaeroides AS1.1737.
FEMS Microbiol Lett 236:129–136

Blumel S, Stolz A (2003) Cloning and characterization of the gene coding for the aerobic
azoreductase from Pigmentiphaga kullae K24. Appl Microbiol Biotechnol 62:186–190

Blumel S, Knackmuss HJ, Stolz A (2002) Molecular cloning and characterization of the gene
coding for the aerobic azoreductase from Xenophilus azovorans KF46F. Appl Environ
Microbiol 68:3948–3955

Boopathy R (2000) Factors limiting bioremediation technologies. Bioresour Technol 74:63–67
Brown MA, DeVito SC (1993) Predicting azo dye toxicity. Crit Rev Env Sci Technol 23:249–324
Busca G, Berardinelli S, Resini C, Arrighi L (2008) Technologies for the removal of phenol from

fluid streams: a short review of recent developments. J Hazard Mater 160:265–288
Carr CM (1995) Chemistry of the textile industry. Blackie Academic and Professional, Glasgow,

p 276
Chen G (2004) Electrochemical technologies in wastewater treatment. Sep Purif Technol 38(1):11
Chen H, Wang RF, Cerniglia CE (2004) Molecular cloning, over expression, purification, and

characterization of an aerobic FMN-dependent azoreductase from Enterococcus faecalis. Pro-
tein Expr Purif 34:302–310

Chung KT, Cerniglia CE (1992) Mutagenicity of azo dyes: structure-activity relationships. Mutat
Res 277:201–220

Cristovao RO, Tavares APM, Ribeiro AS, Loureiro JM, Boaventura RAR, Macedo EA (2008)
Kinetic modelling and simulation of laccase catalyzed degradation of reactive textile dyes.
Bioresour Technol 99:4768–4774

Dasgupta J, Sikder J, Chakraborty S, Curcio S, Drioli E (2015) Remediation of textile effluents by
membrane based treatment techniques: a state of the art review. J Environ Manag 147:55–72

Desai C, Pathak H, Madamwar D (2010) Advances in molecular and “-omics” technologies to
gauge microbial communities and bioremediation at xenobiotic/anthropogen contaminated
sites. Bioresour Technol 101:1558–1569

Diaz E (2004) Bacterial degradation of aromatic pollutants: a paradigm of metabolic versatility. Int
Microbiol 7:173–180

Dulkadiroglu H, Dogruel S, Okutman D, Kabdasli I, Sozen S, Orhon D (2002) Effect of chemical
treatment on soluble residual COD in textile wastewaters. Water Sci Techol 45:251–259

Easton JR (1995) The dye maker’s view. In: Cooper P (ed) Colour in dye house effluent. Society of
Dyers and Colourists, Bradford, pp 9–21

Faryal R, Hameed A (2005) Isolation and characterization of various fungal strains from textile
effluent for their use in bioremediation. Pak J Bot 37:1003–1008

Fernandez ME, Nunell GV, Bonelli PR, Cukiermana AL (2014) Activated carbon developed from
orange peels: batch and dynamic competitive adsorption of basic dyes. Ind Crop Prod
62:437–445

Ferraz ERA, Umbuzerio GA, de-Almeida G, Caloto-Oliveria A, Chequer FMD, Zanomi MVB
(2011) Differential toxicity of disperse red 1 and disperse red 13 in the Ames test, HepG2,
cytotoxicity assay and daphnia acute toxicity test. Environ Toxicol 26:489–497

Forgacs E, Cserhati T, Oros G (2004) Removal of synthetic dyes from wastewaters: a review.
Environ Int 30:953–971

90 K. Jain et al.



Forss J, Pinhassi J, Lindh M, Welander U (2013) Microbial diversity in a continuous system based
on rice husks for biodegradation of the azo dyes reactive red 2 and reactive red 5. Bioresour
Technol 130:681–688

Fu Y, Viraraghavan T (2001) Fungal decolourization of dye wastewaters: a review. Bioresour
Technol 79:251–262

Gogate PR, Pandit AB (2004a) A review of imperative technologies for wastewater treatment I:
oxidation technologies at ambient conditions. Adv Environ Res 8:501

Gogate PR, Pandit AB (2004b) A review of imperative technologies for wastewater treatment II:
hybrid methods. Adv Environ Res 8:553–597

Greaves AJ, Phillips DAS, Taylor JA (1999) Correlation between the bioelimination of anionic
dyes by an activated sewage with molecular structure. Part 1: literature review. J Soc Dyers
Color 115:363–365

Gupta VK, Kumar R, Nayak A, Saleh TA, Barakat MA (2013) Adsorptive removal of dyes from
aqueous solution onto carbon nanotubes: a review. Adv Colloid Interf Sci 193–194:24–34

Hai IF, Yamamoto K, Fukushi K (2007) Hybrid treatment systems for dye wastewater. Crit Rev
Environ Sci Technol 37(4):315–377

Hao OJ, Kim H, Chaing PC (2000) Decolourization of wastewater. Cri Rev Environ Sci Technol
30:449–505

Hitz HR, Huber W, Reed RH (1978) The absorption of dyes on activated sludge. J Soc Dyers Color
94(2):71–76

Hong YG, Xu M, Guo J, Xu Z, Chen X, Sun G (2007) Respiration and growth of Shewanella
decolorationis S12 with an azo compound as the sole electron acceptor. Appl Environ Microbiol
73(1):64–72

Jadhav JP, Kalyani DC, Telke AA, Phugare SS, Govindwar SP (2010) Evaluation of the efficacy of
a bacterial consortium for the removal of color, reduction of heavy metals and toxicity from
textile dye effluent. Bioresour Technol 101:165–173

Jain K, Shah V, Chapla D, Madamwar D (2012) Decolorization and degradation of azo dye –

reactive violet 5R by an acclimatized indigenous bacterial mixed cultures-SB4 isolated from
anthropogenic dye contaminated soil. J Hazard Mater 213–214:378–386

Jegatheesan V, Pramanik BK, Chen J, Navaratna D, Chang CY, Shu L (2016) Treatment of textile
wastewater with membrane bioreactor: a critical review. Bioresour Technol 204:202–212

Jerez CA (2009) Biomining microorganisms: molecular aspects and applications in biotechnology
and bioremediation. In: Advances in applied bioremediation. Springer, Berlin, pp 239–256

Juwarkar AA, Singh SK, Mudhoo A (2010) Comprehensive overview of elements in bioremedia-
tion. Rev Environ Sci Biotechnol 9:215–288

Karpouzas DG, Singh BK (2010) Application of fingerprinting molecular methods in bioremedia-
tion studies. Methods Mol Biol 599:69–88

Khan Z, Jain K, Soni A, Madamwar D (2014) Microaerophilic degradation of sulphonated azo
dye—reactive red 195 by bacterial consortium AR1 through co-metabolism. Int Biodeterior
Biodegrad 94:167–175

Khandare RV, Govindwar SP (2015) Phytoremediation of textile dyes and effluents: current
scenario and future prospects. Biotechnol Adv 33:1697–1714

Kim TH, Park C, Yang J, Kim S (2004) Comparison of disperse and reactive dye removals by
chemical coagulation and Fenton oxidation. J Hazard Mater 112:95

Konstantinou IK, Albanis TA (2004) TiO2-assitated photocatalytic degradation of azo dyes in
aqueous solution: kinetic and mechanistic investigations: a review. Appl Catal B Environ
49:1–14

Krull R, Döpkens E (2004) Recycling of dyehouse effluents by biological and chemical treatment.
Water Sci Technol 49(4):311

Kuberan T, Anburaj J, Sundaravadivelan C, Kumar P (2011) Biodegradation of azo dye by Listeria
sp. Int J Environ Sci 1:1760–1770

Kulkarni PS, Crespo JG, Afonso CAM (2008) Dioxins sources and current remediation
technologies - a review. Environ Int 34:139–153

3 Dyes: Effect on the Environment and Biosphere and Their Remediation Constraints 91



Kulla HG (1981) Biodegradation of synthetic organic colorants. In: Leisinger T, Hutter R, Cook
AM, Nuesch J (eds) Microbial degradation of xenobiotics and recalcitrant compounds: FEMS
symposium no. 12. Academic Press for the Swiss Academy of Sciences and the Swiss Society of
Microbiology on behalf of the Federation of European Microbiological Societies, London

Kusvuran E, Gulnaz O, Irmak S, Atanur OM, Yavuz HI, Erbatur O (2004) Comparison of several
advanced oxidation processes for the decolorization of reactive red 120 azo dye in aqueous
solution. J Hazard Mater 109:85–93

Lai KCK, Surampalli RY, Tyagi RD, Lo IMC, Yan S (2007) Performance monitoring of remedia-
tion technologies for soil and groundwater contamination: review. ASCE practical periodical of
hazardous, toxic and radioactive. Waste Manag 11(3):132–157

Laing IG (1991) The impact of effluent regulations on the dyeing industry. Rev Prog Color Relat
Top 2:56–70

Lee HHW, Chen G, Yue PL (2001) Integration of chemical and biological treatments for textile
industry wastewater: a possible zero-discharge system. Water Sci Technol 44(5):75

Libra JA, Sosath F (2003) Combination of biological and chemical processes for the treatment of
textile wastewater containing reactive dyes. J Chem Technol Biotechnol 78:1149

Lim BR, Hu HY, Ahn KH, Fujie K (2004) Oxidative treatment characteristics of biotreated textile-
dyeing wastewater and chemical agents used in a textile-dyeing process by advanced oxidation
process. Wa. Sci Tech 49(5–6):137

Lovely DR (2003) Cleaning up with genomics: applying molecular biology to bioremediation. Nat
Rev Microbiol 1:35–44

Ma Y, Prasad M, Rajkumar M, Freitas H (2011) Plant growth promoting rhizobacteria and
endophytes accelerate phytoremediation of metalliferous soils. Biotechnol Advanc 29:248–258

Marechal AM, Slokar YM, Taufer (1997) Decolourization of chlorotriazine reactive azo dyes with
H2O2/UV. Dyes Pigments 33:281–298

Mass R, Chaudhari S (2005) Adsorption and biological decolourization of azo dye reactive red 2 in
semicontinuous anaerobic reactors. Process Biochem 40:699–705

Mate MS, Pathade G (2012) Biodegradation of C.I. reactive red 195 by Enterococcus faecalis strain
YZ66. World J Microbiol Biotechnol 28:815–826

McMullan G, Meehan C, Conneely A, Kirby N, Robinson T, Nigam P, Banat IM, Marchant R,
Smyth WF (2001) Microbial decolourisation and degradation of textile dyes. Appl Microbiol
Biotechnol 56:81–87

Moosvi S, Madamwar D (2007) An integrated process for the treatment of CETP wastewater using
coagulation, anaerobic and aerobic process. Bioresour Technol 98:3384–3392

Moosvi S, Kher X, Madamwar D (2007) Isolation, characterization and decolorization of textile
dyes by a mixed bacterial consortium JW-2. Dyes Pigments 74:723–729

Nakanishi M, Yatome C, Ishida N, Kitade Y (2001) Putative ACP phosphodiesterase gene (acpD)
encodes an azoreductase. J Biol Chem 276:46394–46399

Nigam P, Banat IM, Singh D, Marchant R (1996) Microbial process for the decolorization of textile
effluent containing azo, diazo and reactive dyes. Process Biochem 31(5):435–442

Nigam P, Armour G, Banat IM, Singh D, Marchant R (2000) Physical removal of textile dyes from
effluents and solid-state fermentation of dye-adsorbed agricultural residues. Bioresour Technol
72:219–226

Nojiri H, Shintani M, Omori T (2004) Divergence of mobile genetic elements involved in the
distribution of xenobiotic-catabolic capacity. Appl Microbiol Biotechnol 64:154–174

Pang YL, Abdullah AZ (2013) Current status of textile industry wastewater management and
research Progress in Malaysia: a review. Clean (Weinh) 41(8):751–764

Pearce CI, Lloyd JR, Guthrie JT (2003) The removal of colour from textile wastewater using whole
bacterial cell: a review. Dyes Pigments 58:179–196

Pizzolato TM, Carissimi E, Machado EL, Schneider IAH (2002) Colour removal with NaClO of
dye wastewater from an agate-processing plant in Rio Grande do Sul, Brazil. Int J Miner Process
65:203–211

92 K. Jain et al.



Prasad MNV, Freitas H, Fraenzle S, Wuenschmann S, Markert B (2010) Knowledge explosion in
phytotechnologies for environmental solutions. Environ Pollut 158:18–23

Rieger PG, Meier HM, Gerle M, Vogt U, Groth T, Knackmuss HJ (2002) Xenobiotics in the
environment: present and future strategies to obviate the problem of biological persistence. J
Biotechnol 94:101–123

Robinson T, McMullan G, Marchant R, Nigam P (2001) Remediation of dyes in textile effluent: a
critical review on current treatment technologies with a proposed alternative. Bioresour Technol
77:247–255

Sani RK, Banerjee UC (1999) Decolorization of triphenylmethane dyes and textile and dye-stuff
effluent by Kurthia sp. Enzym Microb Technol 24:433–437

Saratale RG, Saratale GD, Chang JS, Govindwar SP (2011) Bacterial decolourization and degrada-
tion of azo dyes: a review. J Taiwan Inst Chem Eng 42:138–157

Sarria V, Deront M, Péringer P, Pulgarin C (2003) Degradation of a biorecalcitrant dye precursor
present in industrial wastewaters by a new integrated iron (III) photoassisted-biological treat-
ment. Appl Catal B Environ 40:231

Savin II, Butnaru R (2008) Wastewater characteristics in textile finishing mills. Environ Eng Manag
J 7:859–864

Sen R, Chakrabarti S (2009) Biotechnology-applications to environmental remediation in resource
exploitation. Curr Sci 97:768–775

Shah M (2014) Effective treatment systems for azo dye degradation: a joint venture between
physico-chemical and microbiological process. Int J Environ Biorem Biodegrad 2(5):231–242

Shah B, Mohan V, Jain K, Madamwar D (2016) Microaerophilic symmetric reductive cleavage of
reactive azo dye—Remazol brilliant violet 5R by developed consortium VIE6: community
synergism. Appl Biochem Biotechnol 180:1029–1042

Sirés I, Brillas E, Oturan MA, Rodrigo MA, Panizza M (2014) Electrochemical advanced oxidation
processes: today and tomorrow. A review. Environ Sci Pollut Res 21:8336–8367

Slokar YM, Le Marechal AM (1998) Methods of decolourization of textiles. Dyes Pigments
37:335–356

Solis M, Solis A, Perezb HI, Manjarrez N, Floresa M (2012) Microbial decolouration of azo dyes: a
review. Process Biochem 47:1723–1748

Solis-Oba M, Eloy-Juarez M, Teutli M, Nava JL, Gonzalez I (2009) Comparison of advanced
techniques for the treatment of an indigo model solution: electro incineration, chemical coagu-
lation and enzymatic. Rev Mex Ing Quim 8:275–282

Southern TG (1995) Technical solutions to the colour problem: a critical review. In: Cooper P
(ed) Colour in dyehouse effluent. Society of Dyers and Colourists, Bradford, pp 73–91

Steenken-Richter I, Kermer WD (1992) Decolourizing textile effluents. Color Technol 108
(4):182–186

Stenuit B, Eyers L, Schuler L, George I, Agathos SN (2009) Molecular tools for monitoring and
validating bioremediation. In: Advances in applied bioremediation, vol 17. Springer, Berlin, pp
339–353

Stolz A (2001) Basic and applied aspects in the microbial degradation of azo dyes. Appl Microbiol
Biotechnol 56:69–80

Walker R, Ryan AJ (1971) Some molecular parameters influencing rate of reduction of
azocompounds by intestinal microflora. Xenobiotica 1(4/5):483–486

Wang GD, Chen XY (2007) Detoxification of soil phenolic pollutants by plant secretory enzyme.
In: Willey N (ed) Phytoremediation. Methods in bioremediation, vol 23. Humana, Totowa, pp
49–57

Wang Z, Xue M, Huang K, Liu Z (2011) Textile dyeing wastewater treatment. In: Hauser P
(ed) Advances in treating textile effluent. InTech, pp 91–116

Watanabe T (2001) Microorganisms relevant to bioremediation. Curr Opin Biotechnol 12(3):237–
241

Weber R (2007) Relevance of PCDD/PCDF formation for the evaluation of POPs destruction
technologies-review on current status and assessment gaps. Chemosphere 67:109–117

3 Dyes: Effect on the Environment and Biosphere and Their Remediation Constraints 93



Yagub MT, Sen TK, Afroze S, Ang HM (2014) Dye and its removal from aqueous solution by
adsorption: a review. Adv Colloid Interf Sci 209:172–184

Yusuff RO, Sonibare JA (2004) Characterization of textile industries’ effluents in Kaduna Nigeria
and pollution implications. Global Nest: Int J 6:212–221

van der Zeer FP (2002) Anaerobic azo dye reduction. Ph.D. thesis. Wageningen University,
Wageningen

Zimmerman T, Kulla HG, Leisinger T (1982) Properties of purified Orange II azoreductase, the
enzyme initiating azo dye degradation by pseudomonas KF46. Eur J Biochem 129:197–203

94 K. Jain et al.



Microbial Bioremediation
and Biodegradation of Hydrocarbons,
Heavy Metals, and Radioactive Wastes
in Solids and Wastewaters

4
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Abstract
In this era of rapid industrialization, there is an increase in humongous use of
nonrenewable resources which generate wastes in terms of hydrocarbons, heavy
metals, and radioactive wastes. Increase in the wastes generated is a great threat to the
environment as well as human life. The hydrocarbon industry, mining industry, and
increase in the use of radioactive sources of energy created enormous toxic heaps,
which are not degradable for years to come.No novel technology has been developed
to rapidly tackle these critical masses of toxic wastes. Underground dumping and
deep-sea disposal are the only treatment methods are being carried out. The great
marine oil spill in the Mexican Gulf and wastes of nuclear warheads are a critical
threat to humankind. The primary focus of the chapter is the treatment of these wastes
through different biological processes and routes. Ahuge number of treatment studies
on differentwastes utilizaing biologicalmethods are being done. Less heed is given to
wastes such as hydrocarbon wastes, heavy metals, and more specifically radioactive
wastes. Major challenges in the treatment of these wastes are that they have slower
rate of degradation and handling of these kinds of wastes becomes amajor roadblock.
Chemolithotrophs and chemoorganotrophs are the major microorganisms which
utilize chemical energy for their functioning. Facultative anaerobes and obligate
anaerobes are known for their high COD treatment efficiency which is highly
effective in treatment of such category of wastes. This chapter focuses on the use
of these microorganisms for the treatment of the three main kinds of wastes, i.e.,
hydrocarbons, heavy metals, and radioactive wastes from solids and wastewaters.
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4.1 Introduction

According to the WHO, around 1 billion across the globe are deprived of healthy air
and water. Approximately around three million die due to bad air and water quality.
September 2003–November 2003 is the warmest quarter recorded. Across the globe,
around 1 million seabirds die due to pollution and global warming every year. A
colossal amount of untreated sewage water is released (approximately 1.2 trillion
gallons) dumped in natural water bodies. More than 3 million children <5 years of
age die annually (WHO). The major causes for this are the rate at which industriali-
zation is occurring, increased growth rate of the population, and complete negligence
toward environmental conditions and health, which results in global crisis in terms of
environmental pollution. Anthropogenic activities release pollutants into the envi-
ronment at different levels such as in air, water, and soil which leads to air, water,
and soil pollution and respective health issues (Bannister 1992). A vast array of
chemicals, heavy metals, nonrenewable fuels such as polycyclic aromatic hydrocar-
bon (PAHs), and radioactive wastes are the major environmental toxic pollutants.
These pollutants enter the food chain and become the very part of the toxic intake of
food, which imparts various hazards to human health and is toxic to the environment.
These chemicals tend to accumulate and are serially transferred from one food chain
to another creating a toxic network of multiple food chains. Soil, water, and air get
contaminated with these toxic components such as chemicals, heavy metals, PAHs,
and radioactive wastes raising health concerns over the past decade as they are
mutagenic and carcinogenic. From the mentioned components, PAHs are the most
lethal and chronic disease-causing component. Radioactive wastes tend to be bound
in particular zones and are harmful when released untreated and uncontrolled in the
environment (Dash et al. 2012; Mangwani et al. 2014). As for heavy metals, they are
present in minimum concentration as a part of the environment in natural form.
Increase in the concentration of heavy metals is lethal for environmental health, and
it is increasing due to anthropogenic activities. The increase in concentration of
heavy metals such as arsenic, cadmium, lead, mercury, chromium, and selenium is
found in soil as well as water. Soil pollution with any of the mentioned components
is the most critical problem. Toxic components such as heavy metals, radioactive
wastes and hydrocarbons will penetrate the soil deep into the bottom layers, contam-
inate groundwater, and again enter the food chain (Perfus-Barbeoch et al. 2002;
Vinodhini and Narayanan 2008; Duruibe et al. 2007). Major sources of pollutants,
their level of contamination, and respective health hazards are shown in Table 4.1.

Bioremediation utilizes living microorganisms, i.e., microbes and plants, for the
treatment of pollutants or contaminants affecting the environment. Contaminants are
transformed from harmful and toxic to degradable and less toxic form. The bioreme-
diation process is classified into two broad categories, i.e., in situ and ex situ
bioremediation. In situ remediation demands the treatment of contaminated soil
and marine life at the site of the source of the contaminated waste. The advantage
of this process is being less expensive, and the transportation factor is absent.
Furthermore, in situ remediation can be classified again into intrinsic and
engineered. Intrinsic bioremediation requires substrates in the form of nutrients,
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and other required gases are supplied to the site contaminated via aqueous systems.
In the case of engineered bioremediation, engineered or specific types of microbes
along with the nutrients are added to enhance the degradation efficiency
(Chowdhury and Chandra 1986).

Ex situ remediation requires the contaminated unit, whether soil or water, to be
treated at a different location from that of the site of origin. The process becomes
expensive. Depending upon the type of contaminants, ex situ bioremediation is
classified into two categories, i.e., solid-phase treatment and aqueous-phase or
slurry-phase treatment. In case of solid-phase treatment, wastes such as agricultural
wastes, wastes from industries, biodegradable wastes from animals, plant wastes,
and domestic wastes are treated. In case of slurry-phase treatment, a slurry-phase
reactor which involves the aqueous systems is used for maintenance of culture or
microbial growth conditions which in turn increases the metabolic activity of
microbes and the efficiency of the treatment process. Biomass generated is reused
to treat another batch of contaminated units to decrease the overall cost of the process
(Halder 2014; Evans and Furlong 2003; Ike et al. 2007; Cunningham and Philp
2000).

4.2 Heavy Metals

4.2.1 Introduction

Revolution of the modern industrial era in order to satisfy the requirements of the
growing population resulted in the release of the exceedingly hazardous and danger-
ous chemicals into the environment which in turn created an imbalance in the
environment and human health as well. Lethal heavy metals are the chemicals
which result from such anthropogenic activities which get accumulated in our

Table 4.1 Major components of environmental pollution, their source, their minimum level of
contamination, and respective health hazards

Contaminant Exposure source Permissible level Health effects

Arsenic Food, air, and
drinking water

Air, 1–3 ng/m3; drinking water,
2 μg/L; and soil, <97 mg/kg

Carcinogenic,
cardiovascular
effects

Cadmium Cigarette smoking,
food, air, and water

Air, <5 ng/m3; drinking water,
<5 μg/L; soil, <0.27 mg/kg

Bone mineralization

Lead Lead-based paint,
food, drinking
water

Air, <0.05 ng/m3; drinking
water, <10 μg/L; soil, <30 g/kg

High blood pressure,
decrease in fertility

Mercury Dental fillings,
incinerators

Air, <1.5 ng/m3; drinking
water,<100 ng/L; soil,<17 mg/
kg

Diarrhea, kidney
damage

PAHs Air and food Air, <1 ng/m3; drinking water,
<0.01 μg/L; soil, <0.01 μg/g

Cancer, mutations,
skin irritation

Source: WHO (2000)
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environment; and their lethal effects are clearly visible on human health, flora and
fauna, and marine life as well. Heavy metals usually are the metals or the metalloids
having high atomic mass and specific gravity five times more than water (Girma
2015). The main reason behind the accumulation of heavy metals and their high
concentration in the environment is due to the various anthropogenic activities such
as mining, smelting, and various chemical pesticides used for various agricultural
purposes. Effluents from various industries are releasing a huge amount of heavy
metals into the environment, primarily aquatic bodies. A wide array of applications
of heavy metals in medical, agricultural, and industrial settings make them more
available and increase their exposure to humans as well as the environment. Heavy
metals such as Cu, Fe, Co, Mn, and Se are required for human growth in traces but
within certain limits. In excess, these heavy metals are lethal in nature. On the other
hand, heavy metals such as As, Hg, Pb, and Cd are effective carcinogens as per the
WHO and United States Environmental Protection Agency (USEPA) (Saraswat
2014; Olaniran et al. 2013).

Multiple methods and techniques have been developed to get rid of this increas-
ing heavy metal concentration in the environment. Physical and chemical methods
are being employed such as adsorption, ultrafiltration, reverse osmosis, ion
exchange, chemical precipitation, etc. All these chemical techniques are much
expensive and lead to the generation of secondary wastes and are unable to achieve
the desired level of treatment efficiency at low heavy metal concentration (Verma
and Kaur 2016). The need is the kind of treatment technique that does not compro-
mise or put external secondary load on ecological health and human health across the
globe and goes along with industrial growth as well. In this regard, bioremediation is
considered as a useful approach; and being eco-friendly in nature, it also does not
create a secondary load on the environment. The microbes metabolize the deadly
heavy metals and release important components, and bio-products, which are less
toxic and easily degradable. Different microbes such as bacteria, fungi, and algae
have cellular machinery to metabolize and remove heavy metals from the environ-
ment, i.e., from different sources such as marine (aquatic systems), which is
contaminated with industrial effluents, and soil, which is contaminated due to
different anthropogenic activities (Gawali Ashruta et al. 2014).

4.2.2 Toxicity of Heavy Metals

Heavy metals are also an important part in the growth of the human body, and
deficiency of such heavy metals leads to various serious disorders and diseases. For
example, copper acts as an important co-factor of different metalloenzymes such as
cytochrome oxidase, catalase, and ferroxidase; therefore, it is a crucial factor in
different metabolic synthesis (Tchounwou et al. 2012). However, increase in copper
concentration leads to lethal effects such as Wilson’s disease. Arsenic, cadmium,
chromium, copper, mercury, lead, and nickel are considered as heavy metals. Their
permissible limits and lethal effects are shown in Table 4.1. Metals dissolved in
water are usually utilized or consumed by marine or aquatic life which leads to
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initiation of a chain reaction and begins this vicious cycle in the aquatic life where
these heavy metals get accumulated at each stage of the cycle. Mercury in aquatic
systems leads to formation of methylmercury, the most lethal and toxic compound
occurring via a process known as methylation of mercury (Olukanni et al. 2014).
This state of mercury becomes efficient enough to cross cellular membranes and gets
accumulated in fatty tissues of different species of aquatic or marine life. High
concentration of methylmercury also leads to the decrease in rate of hatching as
well as decreased growth rate among marine flora and fauna (Yadav et al. 2016).
Toxicity due to mercury also leads to neurological disorders such as partial blind-
ness, weakening of muscles, and body spasms. High concentration of cadmium
causes itai-itai disease as well as dysfunction of the kidneys, soft bone, and muscle
tissues. Low concentration of Cr(VI) induces the inhibition of the natural growth of
marine flora and fauna. Concentration greater than 60 ppb of Cr(VI) leads to
inhibition of algal growth. Toxicity due to lead majorly affects the skeleton structure
of fish. Fish in comparison to microalgae are more sensitive to lead contamination.
Concentration higher than 550 ppb of lead in microalgae inhibits the photosynthesis
process and the enzymes involved in it, while only 100 ppb of lead concentration
inhibits the functioning of fish’s gills (Rajendran et al. 2003; Kumar et al. 2010).

Exposure of high concentration of heavy metals to plants effects different meta-
bolic activities in plants. According to WHO guidelines maximum threshold level of
heavy metals in soli is 08 mg/kg for cadmium, 35 mg/kg nickel, 36 mg/kg of copper,
50 mg/kg of zinc, 85 mg/kg and for cadmium it is 10 mg/kg (Rieuwerts et al. 1998).
High heavy metal concentration leads to the decrease in stomatal conductance and
reduced concentration of photosynthetic pigments such as chlorophyll and phycocy-
anin. Toxic effects of heavy metals were also reported to affect the cell wall and
plasma membrane of cells. Alteration of lipid content and concentration was
observed due to toxic effects of heavy metals. High concentration of aluminum
leads to the lipid peroxidation process by generating free radicals. In the case of
microbes, heavy metals such as cadmium, chromium, and lead when present in soil
in different ratios have lethal effects on soil microbes. Acid phosphatase and urease
activity is affected by soil microbes. Phospholipids and other fatty acid compositions
are altered in different soil microbes. Effects of heavy metals on microbes depend on
various factors such as solubility, bioavailability, and toxicity of the metal (Stern
2010; Harvey and McArdle 2008; Tchounwou et al. 2008).

4.2.3 Bioremediation: Heavy Metal Removal

Numerous microbes have established efficiency for the removal of heavy metals and
are resistant to heavy metals. Microbes usually survive heavy metal contamination
via two ways: (1) Microbes have the capacity to bind the metal to the cell wall or
EPS (extrapolymeric substances) or induce metal precipitation inside or outside the
cell. (2) Microbes adopt specific metabolic modifications to tackle high-metal
concentration surroundings and aid in the detoxification of the contaminant.
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Different mechanisms are involved and developed as shown in Fig. 4.1 to remove
and tackle toxicity of heavy metals (Bradl 2005).

A process known as metal efflux pumping is similar to various bacteria. Bacte-
ria which is resistance to Arsenic possesses arsenic efflux mechanism of ATPase and
also arsenate reductase which reduces As(V) to As(III). Another bacterial system has
shown resistance to mercury due to the presence of mercury reductase which reduces
Hg(II) to elemental mercury. Different mechanisms and techniques to detoxify heavy
metals are developed bymicrobes such as biotransformation, bio-leaching, biosorption,
biomineralization, and bioaccumulation. All the mechanisms and techniques are
discussed below (Wayne et al. 1999; Wright and Welbourn 2002; Taub Frieda 2004).

4.2.3.1 Biotransformation
In microbial systems, biotransformation means the heavy metal is converted to a less
toxic form or a form from which it can be easily recovered. There are two major
types of microbial biotransformation, i.e., the redox reaction conversion process of
inorganic forms and conversion from inorganic to organic form and vice versa. The
process is basically methylation and demethylation. Source of energy for microbes is
the oxidation of metals like Fe, S, Mn, and As (Ogundele et al. 2015). While in
reduction of metals such as As, Se, Cr, and Ur are reduction process where microbes
use metals as a terminal electron acceptor for anaerobic respiration. Coupling of
reduction and respiration reactions might take place or not depending upon the
microbe used. Examples of aerobic and anaerobic reduction are Cr(VI) to Cr(III),
Se(VI) to elemental Se, U(VI) to U(IV), and Hg(II) to elemental Hg. These examples
of biotransformation are major components of biological geochemical cycles of
heavy metals, and these properties of microbes are utilized in microbial

Fig. 4.1 Mechanisms involved in removing heavy metals from different contaminated sites
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bioremediation of soil and aqueous systems (Srivastava et al. 2012; Bibi and Hussain
2005; Shanker et al. 2005).

4.2.3.2 Biosorption
The process is related to nonspecific binding of heavy metals to the surface of the
cells or the extrapolymeric substances known as exopolysaccharides. Dead cells also
contribute in providing surface for heavy metal binding, and the process does not
involve any enzymes. The process is capable of adsorbing heavy metals even from
diluted solutions. Two different types of biosorption are observed, i.e., active and
passive biosorption. Passive biosorption does not involve formation of any chemical
bonds, and the energy for interaction is low; therefore, the process is reversible in
nature. The process also does not depend upon the external environmental
conditions such as pH, temperature, and concentration of ions. In the case of the
active biosorption process, it is slow and is dependent on cell metabolism (Barajas-
Aceves 2005; Chander et al. 2002; Misra 1992). Specific proteins such as
metallothioneins form complexes with heavy metals. This process is controlled by
external environmental conditions such as temperature, pH, and effects of different
inhibitors. Cell walls of different microbial species such as microalgae, yeast,
bacteria, and fungi are efficient biosorbents. Regeneration of biosorbents is easy
with techniques such as the action of acid or the use of a chelating agent. EPS are the
polymers microbes produce and release outside the cell wall, which comprise
polysaccharides, proteins, and other small moieties. The EPS have characteristic
property to adsorb heavy metals when cations of metals are interacting with oppo-
sitely charged regions of EPS. For this the reason, EPS are generally used for the
treatment of aquatic systems such as wastewater (Huckle et al. 1993).
Exopolysaccharides from active sludge adsorbed 45 mg/g Cd(II) and 80 mg/g Zn
(II). Rhodobium marinum species are a kind of non-sulfur bacterial species found to
have heavy metal removal efficiency of 90–97% for different heavy metal
compositions such as Cd, Cu, Pb, and Zn using the EPS they produce. Gloeothece
sp. removed 25 mg/g of Cu(II) and 44 mg/g of Pb(II) by the EPS it produced. EPS of
Cu-tolerant Sinorhizobium meliloti were found to tolerate Cu concentration of up to
1.4 mM. Variations in binding efficiencies of different EPS from different species
are due to the presence of different functional groups on the protein moieties on the
polymers of EPS. EPS from microbes have the great potential to remove heavy
metals from soil as well as aqueous systems and play a critical role in bioremediation
of heavy metals (Morby et al. 1993; Turner et al. 1995; Choudhury and Srivastava
2001).

4.2.3.3 Bioaccumulation
The process is considered to have very high energy requirement and to be energy
dependent. The process is similar as of heavy metal transportation system. The
reason why the process is highly energy dependent due to the influx of heavy metals
across bacterial membrane via different mechanisms, which requires energy to
occur. Mechanisms such as ion pump channels, endocytosis channels, carrier
mediated transport channels, complex and lipid permeation requires high energy to
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occur resulting in the process being high ATP requirement dependent. Numerous
active transport channels were reported for different bacterial and fungal species.
Cadmium intake by Pseudomonas putida, silver influx by Thiobacillus
ferrooxidans, lead and cadmium uptake by Citrobacter sp., and Cr influx by Bacillus
subtilis are few examples of heavy metal uptake by different microbial species
(Vasudevan et al. 2001; Issazadeh et al. 2013; Lei et al. 2008).

Bioaccumulation of heavy metals such as Cu, Cd, Co, and Zn is shown in
Table 4.2 for an initial metal concentration of 1 mM and for a mixed solution of
metals.

4.2.3.4 Bioleaching
Bioleaching is a bio-hydrometallurgical process where the heavy metals contained
inside the sulfur fraction of the sediments are solubilized. In the case of treatments of
sediments, bioleaching is preferred, also known as bioaugmentation. The process is
carried out using chemolithoautotrophic bacteria such as Acidothiobacillus sp.,
capable enough to oxidize sulfur elemental forms and Fe ions as well in an acidic
environment and also having the capacity to solubilize heavy metals. Extraction of
Cd, Pb, Hg, Cu, and other heavy metals was studied using mixed cultures of
acidophilic Fe or S oxidizing bacteria via bioleaching from a sediment. Biomining
is a broad term that covers bioleaching and bio-oxidation (Panwichian et al. 2011;
Pereira et al. 2011; Hou et al. 2013). Metabolic activity of microorganisms secretes
low-molecular-weight organic acids, which are capable of dissolving heavy metals
and small particles of soil containing heavy metals. Microbes are efficient enough to
use the substrates, i.e., the nutrients, and energy to produce organic acids which
encourage leaching of cadmium. In the presence of additional nutrients for the
metabolic activity of microbes, the leaching rate increased to 36% as compared to
the leaching rate in the absence of nutrients, which was 9%. Microbes which are
majorly prokaryotic readily undergo redox reactions and alter the valence of the
heavy metals which in turn alters the property of the heavy metals that can be utilized
in their elemental forms and are much less toxic than their previous forms (Beolchini
et al. 2007; Li et al. 2014).

Table 4.2 Bioaccumulation of different heavy metals by different microbes at an initial concen-
tration and single solution (Issazadeh et al. 2013)

Species Cu2+ (mg/g) Cd2+ (mg/g) Co2+ (mg/g) Zn2+ (mg/g)

Aspergillus niger 3.96 7.52 4.34 2.41

Aspergillus awamori 4.32 8.15 5.17 2.51

Aspergillus ussamii 4.50 7.95 5.03 2.56

Rhizopus delemar 17.16 33.12 18.82 10.31

Candida blankii 6.61 16.54 9.54 5.35

Saccharomyces cerevisiae 7.44 18.60 10.73 6.12

Debaryomyces senii 3.72 9.25 4.31 3.27
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4.3 Radioactive Wastes

4.3.1 Introduction

Uranium (U), technetium (Tc), thorium (Th), neptunium (Np), and plutonium
(Pu) are the major and most common wastes generated due to anthropogenic
activities such as coal mining, burning of coal in thermal power plants, deep-sea
oil exploration, nuclear power generation, medical wastes from radiotherapy of
cancer patients, etc. The mining industry is a major producer and generator of
radioactive wastes into the environment. A maximum number of ores contain limited
yet non-extractable radioactive minerals. The industries and companies extract the
required concentration from the ore; and the remaining amount of the mineral in the
ore, which is not extractable or requires higher downstream costs, is dumped (Coates
et al. 2001). This series of extraction and dumping leads to increase in concentration
of radioactive wastes in the environment leading to lethal and carcinogenic results in
plants, marine life, as well as humans. Higher oxidation state of these compounds or
minerals is highly toxic and is treated and reduced to low oxidation state and
dumped. After long-term accumulation, these wastes tend to oxidize for higher
oxidation states. Furthermore, groundwater is affected, contaminating the area for
a longer period. Increased solubility of radioactive waste contaminants renders the
toxic and lethal effect in groundwater for a longer time. Some of the suggestion is the
anaerobic reduction of the radioactive wastes to render them insoluble in water.
Three different major techniques as discussed are generally utilized in the treatment
of radionuclides, namely, bioaccumulation, biosorption, and biotransformation.
Biotransformation is a majorly used method as compared to other methods, which
are ineffective (Nelson and Lovett 1978).

4.3.2 Microorganisms and Treatment of Radioactive Wastes

Treatment of radionuclides is done using anaerobic microorganisms, which act on
the radionuclides enzymatically resulting in a reduction reaction from higher-state
radionuclides to lower-state radionuclides of uranium and neptunium. There are few
groups of microorganisms, which are responsible for anaerobic reduction of
radionuclides: (1) mesophilic sulfate-reducing bacteria, (2) thermophilic bacteria,
and (3) mesophilic Fe(III)-reducing microorganisms and acid-tolerant
microorganisms. Radioactive wastes due to elements present in actinide series can
be treated based on enzymatic or chemical treatments. The following are the
different processes of treatments, which can be and are being utilized for the removal
of radionuclides (Karmakar et al. 2012). Reactions involved in the removal of
radioactive contaminants are shown in Fig. 4.2:

4 Microbial Bioremediation and Biodegradation of Hydrocarbons, Heavy Metals. . . 103



1. Using oxidoreductase enzyme for oxidation-reduction reactions (enzymatic
modes of treatment).

2. Prevention of the solubility of the actinides altering the pH of the contaminated
aqueous system.

3. Use of a chelation agent.
4. Removal using biomass and exopolysaccharides via biosorption.
5. Process of biomineralization and creating a stable mineral form.
6. Biodegradation of actinides with the aid of organic components.

Uranium reductase reduces U(VI) to uraninite, i.e., UO2, in the presence of
electron donors (organic compounds) or hydrogen. Uranium reductase is the enzyme
used in the process and is obtained from Geobacter, Desulfovibrio, and
S. putrefaciens. The periplasmic space ofGeobacter is reported to have the reductase
enzyme. In the case of Desulfovibrio vulgaris, the enzyme is present in soluble
fraction which requires the presence of cytochrome and hydrogenase. S. putrefaciens
have the capability to reduce U(VI) with the aid of nitrite-reducing enzymes (Lovley
et al. 1993a). Saccharomyces cerevisiae is known to accumulate uranium externally
on the surface subject to the external conditions such as pH, temperature, and
interference by the presence of charge on the cell, which alters due to the interference
of anions and cations. Reduction in positive charge on the external surface of the
cells of Saccharomyces cerevisiae results in the increased uptake of the metal
uranium (Lovley et al. 1993b). The uranium gets accumulated in the sites of
phosphate groups and the carboxyl group of the cell wall. In the case of Rhizopus
arrhizus, the primary binding site for uranium and thorium is a chitin component.
Jilsk et al. reported the removal of 95% of radium (226Ra) from waste stream using
the mycelia of Penicillium chrysogenum within 3 months of growth. Plutonium is
found lethal for microorganisms due to its very high radiation rather than its effects
due to toxicity. Still, very highly resistant bacteria and fungal strains are capable of
integrating the Pt in the cell walls, which results in the change of form in the cell, and
variation in mobility was observed in the solution (Lovley 2003). Filamentous algae
Cladophora, Oedogonium, and Rhizoclonium amass uranium on the cellular
surfaces, and in the case of Chlorella species, absorption takes places intracellularly.
The absorption of uranium in Chlorella species is independent of whether metabo-
lism can be easily enhanced using chelating agents such as EDTA. Dead biomass of
Chlorella species killed with the application of heat was observed to amass large

Fig. 4.2 Reactions involved in the removal of radionuclides
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concentration of uranium intracellularly. In the case of technetium (Tc), reduction
can take place using any microorganism. Species such as Geobacter, Desulfovibrio,
and S. putrefaciens reduce Tc at neutral pH. Acidithiobacillus ferrooxidans reduces
Tc at acidic conditions, and other halophilic bacterial species reduce Tc at alkaline
conditions. In the case of neptunium (Np), the reduction is done using ascorbic acid
produced by S. putrefaciens.Microbes mentioned in the discussion can be utilized to
treat mine wastes and unutilized fuel wastes ensuring that no radionuclide escapes
into groundwater. Reduction is also useful in the prevention of radioactive disinte-
gration by reducing the radionuclide to a lower state. After the reduction, solubility
of radionuclide is reduced which induces precipitation in the case of water bodies.
Precipitated radionuclide must be handled with utmost caution and safety and must
be dumped/stored in a leak-proof container (Macaskie et al. 1996; Lloyd et al. 2000).

4.4 Hydrocarbon Wastes

4.4.1 Introduction

Carbon and hydrogen are the major components of the hydrocarbons. In this century,
hydrocarbons are the major source of energy. A tenfold increase in hydrocarbon
consumption in different industries and in daily utilization of automobiles leads to
contamination of soil as well as aquatic systems. Implications of hydrocarbon
pollution are far worse in terms of terrestrial, marine, and air pollution. Oil spills,
leakage of pipelines, production, refining, and other processes are increasing the
concentration of pollution exponentially in the ecosystem. This threatens the life of
the humans and other life forms present on the planet. In 2010, an oil leakage took
place in Mumbai, which polluted the Arabian Sea at a very vast extent. Accumula-
tion of these pollutants in plants and animals leads to mutation and proves lethal in
majority of cases (Macaulay 2015).

Numerous physiochemical methods have been developed to treat and decontam-
inate the site. The major disadvantage of such methods is that they are labor intensive
and capital cost intensive and generate secondary wastes due to the involvement of
chemicals and other raw materials, which are not ecofriendly. Other nontoxic
techniques such as evaporation, burying, dispersion, and washing are available;
but the efficiency of treatment is considerably low. A simple yet cost-effective
method is required in order to limit the pollution (Thapa et al. 2012).

4.4.2 Bioremediation: Hydrocarbon Waste

Bioremediation is such method, which harnesses the capability of microorganisms to
utilize hydrocarbons as substrate and convert them into useful products.
Hydrocarbons contain different categories of wastes such as alkanes, aromatic
hydrocarbons, phenols, and polycyclic aromatic hydrocarbons.
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4.4.2.1 Alkanes: Bioremediation and Biodegradation
Air Pollution due to alkane-based hydrocarbons is major in percentage and is related
to petroleum pollution. Alkanes having shorter carbon chain are degraded easily as
compared to other hydrocarbon components, which in turn decreases their
hydrophobicity. Straight-chain alkanes (C10–C24) are the most rapidly degrading
component. Strains of A. calcoaceticus and nocardioforms are among the
microorganisms that grow easily on n-alkane having C30–C40 carbon atoms.
Increase in chain length also decreases the degradation efficiency of alkanes using
microorganisms, also reducing the solubility of n-alkanes in aqueous systems (Jain
and Bajpai 2012).

Pseudomonas sp. and Acetobacter sp. have been observed to degrade alkane, and
biodegradation begins by oxidizing the methyl group and results in alcohol produc-
tion. Alcohol is then dehydrogenated to form aldehyde and further oxidized to
carboxylic acid. The resulting carboxylic acid further goes in the metabolic pathway
and gets metabolized in the β-oxidation pathway of fatty acids. Rhodococcus sp. is
known to reduce terminal as well as subterminal methyl units. This oxidation is
carried out by an enzyme known as monooxygenase and results in the production of
secondary alcohol, which is then converted to ketone followed by conversion into
fatty acids. A. calcoaceticus S19 genetically modified species was able to convert
octadecane to octadecanol, and the final product was octadecanoic acid (Salleh et al.
2003; Das and Chandran 2011; de la Cueva et al. 2016).

4.4.2.2 Aromatic Hydrocarbons: Bioremediation and Biodegradation
Toluene, benzenes, and ethyl benzenes are among the high-percentage pollutants in
the aromatic hydrocarbon category. Together, the compounds are known as BTEX.
BTEX compounds are toxic when released into groundwater. These compounds are
monoaromatic in nature which increases their solubility in water and contaminate
water at high concentration. Increase in mobility makes the BTEX contaminate
surface and subsurface water bodies. For BTEX biodegradation, microbial activity
was observed at different temperature zones, i.e., cold and temperate zones; and it
was found that the BTEX compounds are getting degraded at both temperatures
without lowering the microbial activity. In case of BTEX degradation, it was found
to degrade in shallow aquifers at natural gas producing sites (Franchi et al. 2016).
Toluene gets reduced in methanogenic conditions. Regions were identified such as
sulfate reduction zones and found out that the maximum degradation of BTEX was
in region of sulfate-reducing bacteria. Thermophilic bacteria were found to biode-
grade the aromatic hydrocarbons. Certain species of Pseudomonas were found to
degrade a variety of aromatic hydrocarbons having aromatic side chains such as
phenols, anilines, and other combinations. Thermus aquaticus and Thermus
sp. isolated by Chen and Taylor are two thermophilic bacteria found to degrade
BTEX co-metabolically (May and Katopodis 1990; Bajpai et al. 1998; Whyte et al.
1998).

Oxidation of benzene is a result of three-enzyme system where two hydroxyl
groups are attached to the benzene ring resulting in the formation of cis-dihydrodriol.
After the formation of dihydrodriol, it is then dehydrogenated to catechol. Catechol
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formed is cleaved using two different oxidative methods, i.e., cleavage at different
site meta-cleavage and ortho-cleavage to generate semi-aldehyde and further oxida-
tion leads to formation of muconic acid. Toluene degrades at a faster rate as
compared to other BTEX compounds and is biodegraded easily in aerobic conditions
and is studied with Pseudomonas sp. Apart from Pseudomonas, other
microorganisms that show the ability to degrade toluene are Mycobacterium,
Rhodococcus, and Acinetobacter. Toluene is degraded in different manners by
different microorganisms such as formation of benzoic acid when degraded at the
methyl group by Pseudomonas sp. In the case of xylenes, biodegradation occurs via
oxidation at the methyl group resulting in the formation of toluic acid, tolualdehydes,
and methyl-catechol (Bradley and Chapelle 1995; Gieg et al. 1999; Lugowski et al.
1997).

4.4.2.3 Phenols: Bioremediation and Biodegradation
Phenol is a by-product of oil industries and is among the most common components
of wastewaters. Treatment of wastewater containing phenol is affected by variation
in temperature. Onysko et al. (2000) found out that the most appropriate temperature
range when using psychrotrophic Pseudomonas putida is 10–25 �C for treatment of
wastewater containing phenol. In a similar case, Pills and Davis concluded and
found out that another species of psychrotrophic Pseudomonas putida was capable
of removing a variety of phenolic compounds. This species of psychrotrophic
Pseudomonas putida can be integrated and used in different processes such as active
sludge treatment processes and trickling filters. The strain could work in combina-
tion with other strains for bioremediation of a combination of hydrocarbons (Chen
and Taylor 1995, 1997; Müller et al. 1998).

4.4.2.4 Polycyclic Aromatic Hydrocarbons (PAHs): Bioremediation
and Biodegradation

As per the United States Environmental Protection Agency (USEPA), there are
about 16 different types of PAHs which are responsible for pollution. Out of the
16 types of PAHs, naphthalene, phenanthrene, and pyrene are among the major ones
responsible for the contamination of soil. Species of Sphingomonas and Pseudomo-
nas have been isolated which can degrade naphthalene, phenanthrene, and fluorene
(Hubert et al. 2001). It was also observed that the species isolated are capable of
degrading BTEX compounds. Degradation of PAHs due to thermophilic bacteria
still requires major experimental studies to establish significant results. Thermophilic
bacteria isolated by Muller in 1998 were capable of degrading anthracene.
Metabolites were different for these microorganisms and have different pathways
for degradation of hydrocarbons, which are very little known as compared to
mesophilic bacteria. Bacillus thermoleovorans was found to degrade naphthalene
at 60 �C (Juteau et al. 1999).

Naphthalene is among the simplest forms of PAHs and is easily degraded by the
microorganisms. Catabolism of PAHs starts with the oxidation of PAHs to a
dihydrodriol by multiple enzymes acting on the PAHs. Similarly, two different
types of cleavage occur, i.e., meta cleavage and ortho cleavage of the dihydroxylated
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intermediates of PAHs resulting in the formation of catechol followed by the
conversion of this catechol into acids such as tricarboxylic acid. In the case of
naphthalene, it is first degraded via oxidation to cis-1,2-dihydroxy-1,2-
dihydronapthalene. After another round of oxidation of this compound, this com-
pound is converted into 1,2-dihydroxynapthalene. After the ortho or meta cleavage,
this compound is converted into salicylaldehyde and pyruvate (Onysko et al. 2000;
Margesin and Schinner 2001; Pillis and Davis 1985). Salicylaldehyde is then further
oxidized to salicylate and then to catechol. Cerniglia and Heitcamp in 1989
concluded that biodegradation of PAHs is inversely related to the number of benzene
rings fused together. PAHs have low water solubility, and low energy of their
resonance structure makes them persistent to low molecular weight.
Co-metabolism is the process that has been used to biotransform high-molecular-
weight PAHs to lower-molecular-weight PAHs using different microorganisms
when testing their growth on fluoranthene. Pyrene also has been found to be
degraded by different microorganisms using different metabolic pathways and
co-metabolic pathways (Aislabie et al. 2000; Cerniglia 1993; Jain et al. 2010).

4.5 Conclusion and Future Prospects

Removal of hydrocarbons, heavy metals, and radioactive wastes is still a major
challenge. The rate at which the wastes are generated in any of the category is far
higher than the rate of treatment of these wastes even with the right techniques. This
creates imbalance in the production to treatment ratio in terms of time. The focus
must be on the efficiency in terms of time after selecting an optimum technique.
Engineering methods to minimize the time for treatment should be the major focus
after defining the treatment technique. Still, bioremediation faces challenges such as
chlorinated hydrocarbons and higher aromatic hydrocarbons still resistant to degra-
dation by microbes. Genetically modified microorganisms will improve the effi-
ciency of biodegradation but possess disadvantages of mutation and other side
effects, but bioremediation techniques are economical as compared to their chemical
counterparts and can be implemented at large scale. Use of bioreactors must be put
into action in order to increase the removal efficiency and decrease treatment time.
Majority of the techniques are aerobic in nature which makes the process in
bioremediation limited. More anaerobic processes are required to be developed to
biodegrade the contaminants in anaerobic regions.
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Advancement of Omics: Prospects
for Bioremediation of Contaminated Soils 5
Kriti Gupta, Rimi Biswas, and Angana Sarkar

Abstract
The soil is a complex mixture of organic matter and minerals, supporting a
discrete array of life. Severely polluted soils have been detoxified using a variety
of microorganisms. Bioremediation is a process of removal of environmental
contaminants utilizing microbes through a variety of enzymatic processes. In situ
processing, high public acceptance, and a comparatively lower cost hasten the
overall process of bioremediation. However, it is not always effective due to its
relatively long time scales and the variable range of contaminants. Varying
degrees of success rate have been noticed at different sites worldwide. This
chapter attempts to link the traditional and cutting edge technologies such as
metagenomics, metatranscriptomics, metaproteomics, and metabolomics to
numerous bioremediation techniques as they play a symbolic role in the study
of the regulation of numerous mineralization pathways. Extensive data are being
generated using these techniques, but their application is still in the infant stage. A
stepwise organization of data is needed within the instructive databases.
Microbial-assisted contaminant attenuation and in-depth analysis of the
organism’s metabolism will accelerate the overall process of bioremediation.
Thereafter, the next decade will going to decipher the cellular mechanisms and
molecular manipulations using an integrated omic tool approach.
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5.1 Introduction

The soil is the most common home of more than 1016 diverse microbes/ton due to its
heterogeneity, favoring the formation of micro-niches (Olaniran et al. 2013). Soil
contamination is a change in the biological and physiochemical nature of the soil
which has a detrimental effect on the living organisms residing in it. The different
types of soil contamination (Fig. 5.1) are agricultural waste, industrial waste, urban
waste, and radioactive waste. The fertilizers, pesticides, industrial effluents, and
radionuclides flow down to the nearby water bodies or any other soil location
resulting in biomagnification. This creates an interruption in the biochemical
pathways and leads to harmful diseases. Improper dumping of waste in landfills
and public places results in erroneous disintegration of the waste and deposition of
contaminants in the soil. Limitless deposition of waste results in increased bacterial
growth that causes a rise in the generation of methane gas which eventually leads to
global warming. Nuclear power plants and nuclear testing add wavering amount of
radioactive material to the soil (Mishra et al. 2015).

Earlier, the disposal of waste was done by throwing the waste in a hole, but due to
the lack of new areas, the practice was difficult. With the emerging techniques like
chemical decomposition and incineration at high temperature, the disposal of waste
became effective, but they came with several disadvantages like obscure methods,
expensive, and others. Alternative techniques like bioremediation were hence
implemented (Karigar and Rao 2011).

Fig. 5.1 Classification of soil contamination pertaining to their source
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Bioremediation is the process of speeding up the process of natural biodegrada-
tion in the contaminated areas by the application of microbes (Calvo et al. 2009). The
various strategies that are being used to remediate the soil are either removing the
pollutant present in the soil or reducing its effect by stabilizing it (containment)
(Cunningham and Berti 1993). In general, bioremediation strategies can be classified
into the following three processes:

1. Biodegradation: Organic compounds are fragmented down into reduced inor-
ganic or organic compounds.

2. Biotransformation: The hazardous molecules are reformed into a reduced or
nonhazardous molecule.

3. Biomineralization: The organic compounds are entirely degraded into inorganic
compounds like carbon dioxide or H2O4.

The type of contaminant determines the remediation process that will be
implemented. The soil remediation cost depends on soil properties, site conditions,
volume to be remediated, and type of contaminant. The increasing urbanization and
industrialization lead to contamination of soil by organic and inorganic pollutants
and, hence, have led to the deterioration of the environment and the human health
(Dong et al. 2013).

5.2 Traditional Technologies for Soil Remediation

Along with biological, physical, and chemical concerns, remediation strategy
depends upon the legitimate and economic considerations as well. Such strategies
are preferred that result in minimum adulteration to the soil.

Different strategies for bioremediation of contaminated soil (Fig. 5.2) are:

5.2.1 Physical Remediation

It includes predominantly thermal desorption and soil replacement. It can be further
done by replacing clean soil with contaminated soil, followed by its treatment,
soil spading (the contaminated area is dug deep to spread the contaminants into
deep sites and naturally degrading the pollutant), and soil importing (clean soil is
added to the affected site on the surface, and mixing is done to decrease the
concentration of the pollutant).

Thermal desorption is the removal of the pollutant by its volatility.

5.2.2 Chemical Remediation

1. Chemical leaching: Soil washing/flushing is done with reagents, surfactants,
water, and chelating agents. Soil washing is a strategy where liquids like aqueous
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solutions are used to separate the pollutants from the soil. The contaminants
adhere to the soil particles, but they have low water solubility. To increase the
solubility, additives like surfactants and chelating agents are applied along with
the process (Mao et al. 2015).

2. Chemical fixation: The movement of heavy metals is decreased by adding
reagents. The reagents make the heavy metals insoluble in soil, thereby decreas-
ing its toxicity (Yao et al. 2012).

3. Electrokinetic remediation: In this strategy, voltage is applied at the two sides of
the soil to create an electric field gradient. This technique provides minimum
disturbance to the topsoil and treats the lower surface contaminants (in situ) (Gan
et al. 2009).

4. Vitrify remediation: The organic matter present in the soil is heated at
1400–2000 �C, and it is volatized. The end products (after pyrolysis and steam)

Physical 
remediation

soil replacement

soil replacement

soil spading

soil importingthermal desoprtion

Chemical 
remediation

chemical leaching

chemical fixation

electrokinetic 
remediation

vitrify remediation

ball mill process

Biological 
remediation

phytoremediation

phytostabilization

phytovolatilisation

phytoextractionbioaugmentation

biosorption

Fig. 5.2 Conventional methods for treatment of soil contamination
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are collected and cooled to form a rock-type substance that creates hindrance in
the movement of the heavy metals. This technique can be applied in situ as well as
ex situ (Yao et al. 2012).

5. Ball mill process: Soil sample along with grinding media is added to the reactor
(i.e., mill pot). In the absence of any chemical agents, the grinding process
removes the contaminants and maintains the soil property as well (Shin et al.
2016).

6. Subcritical water extraction process: Instead of organic solvent, superheated
water is used as a solvent. The water is heated at a pressure less than 22.1 MPa
and temperature range of 100–374 �C. It follows the principle of pressurized
liquid extraction (PLE) (Islam et al. 2013).

5.2.3 Biological Remediation

1. Phytoremediation is containment or removal of the contaminants by the use of
green plants. Phytoremediation generally includes three processes:
phytostabilization (adsorption, reduction, and precipitation of the pollutants at
the roots of the plants), phytovolatilization (converting pollutant to a gaseous
state), and phytoextraction (tolerant and accumulating plants are used) (Yao et al.
2012).

2. Bio-augmentation is the introduction of microorganisms at the contaminated site.
The microbes are generally added to such areas where the microbes that can
degrade the pollutants are in a low amount (autochthonous microorganisms) or
the population present at the site does not have the catabolic pathway to degrade
the pollutants (Yao et al. 2012).

3. Biosorption: Biomass (containing inactive, dead microbes) can bind to heavy
metals and concentrate them. First, physical adsorption at the cell surface occurs,
and then the metal ions gain access to the cytoplasm via the cell membrane. The
type of microorganisms used defines the type and quantity of metal binding on
them (Yao et al. 2012).

5.3 Traditional Tools of Omics

Specific genes (often 16s rRNA gene) were cloned in early environmental gene
sequencing to produce a microbial diversity profile unlike microbial genome
sequencing and traditional microbiology which depends upon cultivated cultures.
The inherent soil microbial functions are nutrient recycling along with essential
elements, the formation of organic matter, and decomposition aiding the natural
process of soil bioremediation (Garbeva et al. 2004). The microbial world primarily
constitutes of the organisms that are already cultured consisting of 1% of the overall
soil microbial community. Using culture-based techniques, Bacteroidetes,
Proteobacteria, Actinobacteria, and Firmicutes are the most governing phyla
isolated from soil (Schloss and Handelsman 2004). The viable and nonculturable

5 Advancement of Omics: Prospects for Bioremediation of Contaminated Soils 117



microorganisms inherently propagate in habitual environments, but then they are
dormant in the laboratory or artificial surroundings. Standard culture-based
approaches cannot culture these organisms, but they embrace a copious standing
in the ecosystem. Hence lipids, nucleic acids, or proteins were used from the soil
samples for direct assessment of their function to overcome this problem. Familiar
genes such as ITS, 18S rRNA, and 16S rRNA are used as a biomarker for identifi-
cation of microbial community population in the culture-independent techniques.
Hence for an enhanced phylogenetic and functional categorization of the microbial
community in the soil, amalgamation of specific molecular tools such as genetic
fingerprinting, quantitative PCR, fluorescence in situ hybridization technique
(FISH), microbial lipid analysis, stable isotope probing, microradiography, clone
library method, and DNA microarray has been developed to understand the interac-
tion of the microorganisms with various natural factors in the soil microenvironment.

Genetic fingerprinting techniques perform the direct analysis of specific molecu-
lar biomarker genes using their amplified PCR products. The relationship between
diverse communities of microbes is studied using cluster-assisted analysis which
compares fingerprints from various samples using software such as GelCompar.
Temperature gradient gel electrophoresis and denaturing gradient gel electrophoresis
(TGGE/DGGE), single-stranded conformation polymorphism (SSCP), random
amplified polymeric DNA (RAPD), terminal restriction fragment length polymor-
phism (T-RFLP), ribosomal intergenic spacer analysis (RISA), amplified ribosomal
DNA restriction analysis (ARDRA), and length heterogeneity PCR (LH-PCR) are
the most prominent techniques used in genetic fingerprinting. Multiple samples are
evaluated at a glance through a generated community fingerprint based on sequence
polymorphism.

Amplified ribosomal DNA fragments get separated using DGGE and TGGE.
Identical length DNA fragments get separated based on their variable and nucleotide
composition. At the 50 end, a GC-rich primer prevents the thorough alienation of the
PCR fragments. The illustration of a solo species by several bands is the constraint
associated with this method (Dowd et al. 2008). The solicitation of traditional omic
tools along with their sampling source is presented in Table 5.1. Using this tech-
nique, analysis of rhizospheric bacterial populations and assessment of the microbial
soil community have been done in paddy agricultural soils in recent times
(Srivastava et al. 2016; Schloter et al. 2018). RAPD, due to its high speed and
ease of use, is considered a simpler technique for the assessment of inherently allied
bacterial species, functional and structural interpretation of the microbial
communities in the soil, and genetic fingerprinting. Synthetic oligonucleotide
primers having random nucleotide sequences are annealed at multiple locations on
the genomes at low temperature. Assessment of laboratory-scale biodegradation of
fuel oil-contaminated soil has been studied using this technique (Piñón-Castillo et al.
2017). SSCP uses the principle of separation of a single-stranded DNA by electro-
phoresis. T-RFLP uses fluorescently labeled 50 primers. Advanced throughput
analysis and evaluation of numerous assorted samples at a lone time is the major
advantage of this technique. Using bacterial 16S rRNA or 18S rRNA gene amplicon
and fungal communities to breed restriction fragment contours, ARDRA serves as
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Table 5.1 Application of traditional omic approaches in soil bioremediation

Traditional tools Application Sample References

DGGE/TGGE Rhizoremediation using
GMO and its effect on
different bacterial
communities

PCB-contaminated soils De Cárcer
et al. (2007)

Identification of
compositional and
structural changes in fungal
and bacterial communities
under different autotoxin
concentrations

Cucumber seedling from
agricultural soils

Zhou and Wu
(2012)

Evaluation of change in
environmental conditions
in carbon dioxide-rich
volcanic vents

High CO2 concentrated
sites at Laacher See

Frerichs et al.
(2013)

Analysis and diversity
assessment of rhizospheric
bacterial population

Paddy soil Srivastava
et al. (2016)

Assessment of soil quality
using microbial indicators

Agricultural soil Schloter et al.
(2018)

Analysis of degradation
assessment of polycyclic
aromatic compounds

Agricultural land around
gas plants

Shahsavari
et al. (2019)

RAPD Evaluation of the soil
microbial genetic structure
by soil microbial
community analysis

Multisampling points of
rhizospheric and
nonrhizospheric soils
where Panax ginseng had
been grown for 3 years

Li et al.
(2010)

To determine the genetic
fidelity of micro-
propagated plants

Eclipta alba, a medicinally
important plant

Singh et al.
(2012)

Analysis of induced heavy
metal Hibiscus rosa-
sinensis

Hibiscus rosa-sinensis
plant

Bhaduri and
Fulekar
(2015)

To determine the
laboratory-scale
biodegradation by
autochthonous bacteria

Fuel oil-contaminated soil Piñón-
Castillo et al.
(2017)

Viral and bacterial
community responses to
subsurface Fe (III)
reduction

Subsurface soil Liang et al.
(2019)

SSCP Distribution and diversity
of polyhydroxyalkanoate-
producing bacteria

Agricultural soil Gasser et al.
(2009)

To analyze rhizosphere and
fungal diversity

Canary Islands Zachow et al.
(2009)

Phylogenetic studies of soil
microbial communities

Urban storm water
sedimentary layer

Badin et al.
(2012)

(continued)
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Table 5.1 (continued)

Traditional tools Application Sample References

Rapid profiling of soil
microbial communities

Agricultural topsoil Stefanis et al.
(2013)

Analysis of microbial
diversity

Landslide soil Guida et al.
(2014)

Assessment of soil
microbial community and
impact on agricultural land
management

Agricultural soil,
Mediterranean region

Bevivino and
Dalmastri
(2017)

Hybridization in the
Thaumetopoea
pityocampa-wilkinsoni
complex

Pine soil samples Petrucco-
Toffolo et al.
(2018)

Analysis of microbial
community diversity in
contaminated soil

Agricultural soil Panigrahi
et al. (2019)

T-RFLP Evaluation of bacterial
microbial diversity
between two pinyon
rhizosphere soils samples
and two tree interspace soil
samples

Pinyon rhizospheric soil
and interspace soil samples

Dunbar et al.
(1999)

Compositional change in
response within bacterial
communities to AM
extraradical mycelia in
artificial conditions

Arbuscular mycorrhizal
infected plants on bulk soil
samples

Toljander
et al. (2007)

Yield determination of
oilseed rape monocultures

Rhizospheric and bulk
agricultural soils

Hilton et al.
(2013)

Myxomycetes’
characterization in two
different soil samples

Agricultural soil Hoppe and
Schnittler
(2015)

Comparison of microbial
communities under Cacao
agroforestry, Peru

Tropical soil, Peru Buyer et al.
(2017)

Acetogenic contribution to
anaerobic degradation in
rice field soils

Rice field soils Fu et al.
(2018)

Assessment of microbial
diversity

Rhizospheric soil,
Trindade Island, Brazil

Camacho-
Montealegre
et al. (2019)

ARDRA Inoculation of PGPB strain
between mother and
daughter strawberry plants
via stolon

Bulk soils growing
strawberry plants

Guerrero-
Molina et al.
(2012)

Assessment of microbial
diversity in different soils

Pepper-grown field Lee et al.
(2006)

(continued)
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Table 5.1 (continued)

Traditional tools Application Sample References

Isolation of clusters of soil
and identification of
isolates having
antagonistic properties
against Phytophthora
capsici

Soils from glacial area Yang et al.
(2012a, b)

Assessment, development,
and evaluation of a biopile
for remediation of soil

Hydrocarbon-
contaminated soil

Baldan et al.
(2015)

Comparison of bacterial
diversity for forensic
applications

Agricultural soil Habtom et al.
(2017)

Analysis of nitrogen-fixing
bacterial community
during the rice-growing
season

Agricultural soil Chakraborty
and Islam
(2018)

LH-PCR Differentiation of soil
bacterial community
structure

Two different soil types
with conventional and
continuous grass plots

Ritchie et al.
(2000)

Characterization of
phylotypes in soil fungal
communities

Tomato-cultivated
agricultural soils

Wu et al.
(2008)

Assessment of soil
microbial properties by
fecal detritus interaction

Pasture soil Slade et al.
(2016)

Analysis of nitrogen
cycling during
decomposition by
vertebrates

Forest soil Keenan et al.
(2018)

Assessment of
bioremediation potential of
contaminated soil

Municipal waste-dumped
soil

Awasthi et al.
(2019)

RISA To determine the effect on
the structure of the
rhizobacterial community
in field-grown maize by
PGPR Azospirillum
lipoferum CRT1

Maize-grown agricultural
topsoil

Baudoin et al.
(2009)

Estimation of species
richness from multiple
samples in different
environments

Decatur silt loam soil Mathew et al.
(2012)

Analysis of soil microbial
communities

Agricultural soil Navarro et al.
(2015)

Analysis of microbial
community structure and
diazotrophic abundance

Paddy soil Srivastava
and Mishra
(2018)

(continued)
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Table 5.1 (continued)

Traditional tools Application Sample References

Characterization of
microbial communities in
industrial soil

Industrial soil Shekhar et al.
(2020)

Quantitative PCR Evaluation of bacterial
diversity in an acidified soil
by 16s rDNA analysis

Acid forest soil, Mt. Coot-
Tha, Brisbane, Australia

Stackebrandt
et al. (1993)

Determination of abundant
population of bacteria and
specific methanotrophic
groups

Flooded rice fields Kolb et al.
(2003)

Evaluation of common
microbial taxonomic
groups using taxon-specific
real-time primers

Agricultural soil Fierer et al.
(2005)

Quantitative detection of
sulfate reducers, methane
oxidizers, and ammonia
oxidizers by targeting
dsrA, pmoA, and amoA
genes

Saline and hypersaline
soda lakes

Foti et al.
(2007)

Effect on the ammonia-
oxidizing activity by
bacterial communities in
the rhizosphere of a fluvo-
aquic soil by long-term
fertilization

Fluvo-aquic soil Ai et al.
(2013)

Assessment of soil
acidobacterial
communities

Amazon forest soil and
soybean croplands

Navarrete
et al. (2013)

Analysis of soil microbial
diversity and abundance of
relic DNA

Agricultural soil Carini et al.
(2017)

Quantification of Fusarium
species in the root rot
complex

Field pea soil Zitnick-
Anderson
et al. (2018)

Assessment of microbial
respiration by digestate
application

Weathered petroleum
hydrocarbon-contaminated
soil

Gielnik et al.
(2019)

FISH Evaluation of different
microbial communities and
its phylogenetics and
diagnostics

Bulk agricultural soils Moter and
Göbel (2000)

Detection of live bacteria
in Arabidopsis thaliana’s
root segments by CARD-
FISH

Arabidopsis thaliana
plants grown in natural soil
conditions

Lundberg
et al. (2012)

Attenuation of complex tar
oil in soil

Tar oil-laden soil Ivanov et al.
(2017)

(continued)
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Table 5.1 (continued)

Traditional tools Application Sample References

Physiochemical and
microbial analysis of
dumpsite soil

Dumpsite soil Oshoma et al.
(2017)

Analysis of microbial
bioremediation of
pollutants

Agricultural soil Bharagava
et al. (2019)

Microbial lipid
analysis

Assessment of soil
microbes using lipid
extraction

Agricultural soil Oates et al.
(2017)

Analysis of microbial
nematodes in aggregates of
soil

Red soil Jiang et al.
(2018)

Stable isotopic
probing

Investigation of
groundwater to
characterize Pseudomonas
species which degrade
naphthalene

High pseudomonas
population in groundwater
microcosms

Huang et al.
(2007)

Detection of spatial
variation within active
microorganisms in relation
to rhizospheric carbon flow

Rice microcosms in
rhizospheric soils

Lu et al.
(2007)

Identification and
assessment of
Planctomycetes of a
complex
heteropolysaccharides

Agricultural soil Wang et al.
(2015)

Analysis of active
diazotrophs

Agricultural soil Angel et al.
(2018)

Microradiography Characterization of
autotrophic nitrifying
bacteria in biofilms

Nitrogen-rich soils Okabe et al.
(2004)

Clone library Characterization of
microbial diversity in
subsurface mining-affected
soils

South Dakota, USA Rastogi et al.
(2009)

Assessment of carbon
fixation rates and bacterial
diversity

Agricultural soil, China Lynn et al.
(2017)

Identification of Bacillus
community in Ararat plain,
Armenia

Saline alkaline soil Panosyan
et al. (2018)

Identification of heavy
metal hyper-tolerant
eukaryotic aldehyde
dehydrogenase

Metal-contaminated soil Mukherjee
et al. (2019)
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the most crucial tool in the process of unique clone identification obtained from the
environment. Analysis of nitrogen-fixing bacterial communities in peak rice-
growing season has been done using this technique (Chakraborty and Islam 2018).
RISA analyzes the phylogenetic diversity of the microbes built on the intergenic
length adjustment in the transcribed spacer region within the 23S and 16S genes for
prokaryotes and 23S and 18S encoding rRNA genes for eukaryotes (Fuhrman et al.
2008). Quantitative PCR determines the manifestation and plethora of operative and
taxonomic gene markers in the exploration of soil microbial communities (Bustin
et al. 2005). SYBR green fluorescent dyes or fluorescent probes measure the
accumulated amplicons in each cycle of PCR. Quantification of Fusarium species
in root rot complex in field pea soil has been studied using quantitative PCR
(Zitnick-Anderson et al. 2018). The conjugation of a fluorochrome with an oligonu-
cleotide probe is the basic principle behind FISH. Due to its immense genetic
stability and high copy number, probes of 16S rRNA are conventionally exploited
in this technique. On hybridizing the homologous sequence to its fluorescent probe,
the fluorescent intensity is measured using a fluorescent microscope. Lipids as
opposed to nucleic acids are used in microbial lipid analysis for the assessment of
soil microbial communities (Banowetz et al. 2006). The biomass of a cell has a
constant amount of fatty acids which is stable in nature and gives a clear
differentiating picture between the different taxonomic populations of microbes.
Extraction of fatty acids is done using saponification and derivatization, generating
FAMEs which are further analyzed through gas chromatography. The radiolabelled
substrate is used in microradiography by metabolic active cells. Combining micro-
radiography with FISH identifies the phylogenetic active cells which are radioactive
in nature and consume the substrate (Rogers et al. 2007). The individual gene
fragments are sequenced following cloning in the clone library method. The
PCR-obtained sequences are compared to green gene, ribosomal data projects, and
gene banks (DeSantis et al. 2007). Characterization of the microorganisms in
environmental samples is also done using DNA microarrays. DNA from the envi-
ronmental samples generates fluorescently labeled amplified PCR products which
are directly hybridized to the microarrays having known sequence molecular probes
(Gentry et al. 2006). The overall evaluation process is enhanced due to the rapid
replication by the DNA microarray, aiding as a significant advantage. The intensity
of the signal on the microarray is directly related to the ampleness of the target
organism in the sample. Besides having enhanced responses, these conventional
techniques also have their specific limitations. However, with the integration of
advanced omic tools, the process of microbial community analysis has been
undergoing an enhanced revolution with improved understanding and application
to decipher the role of microbial communities in soil bioremediation.
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5.4 Advanced Omic Tools

The DNA-based molecular techniques do not provide detailed information about
gene expressions under in situ conditions. Hence sequences within the metagenomic
databases from uncultured microbes provide fruitful insight into the functional
microbial diversity. Therefore, post-genomic methodologies such as metagenomics,
metatranscriptomics, proteogenomics, and metaproteomics provide a potential con-
nection among the genetic and functional resemblances between numerous
communities of microbes, hastening the process of soil bioremediation.

The direct collection of microbial genomes from ecological samples is known as
metagenomics, community genomics, or environmental genomics (Riesenfeld et al.
2004). The communication of uncultured organisms with altered environmental
factors and their biochemical role can hence be studied using metagenomics.
Using functional metagenomic libraries, various functional molecules such as micro-
bial enzymes (lipase, amylase, cellulase) and antibiotics, by companies such as
Terragen are derived (Rondon et al. 2000). In the aerobic conditions, the acid sulfate
soil microbial community was characterized to study the structural and functional
genes, using the tools of metagenomics. Both the topsoil and parent materials
underwent significant changes on incubating in aerobic conditions. The archaeal
community significantly decreased, whereas the sulfur-cycling genes enhanced in
the parent material (Su et al. 2017). However, at the genetic level, the relationship
between community composition and taxonomic diversity remains to be determined.

Metatranscriptomics or environmental transcriptomics is the study of the
variations in the microbial expression of genes under specific conditions by captur-
ing the total mRNA (Moran 2009). Recently, the overall phylogenetic pool of the
functionally and taxonomically appropriate microbial communities has been
analyzed using the double-RNA method or both the rRNA and mRNA, noticing a
considerable diversity among the microbial communities. Recently, through direct
species electron transfer, the interaction between Methanothrix and Geobacter was
studied in paddy soils under methanogenic terrestrial environments.Methanothrix is
the prominent microbial contributor in the global methane production, but very little
is known about its physiology and ecology. The transformation of methane from
acetate serves as an important contribution byMethanothrix in terrestrial ecosystems
(Holmes et al. 2017). Nitrogen-transforming reductive gene transcripts were
identified through metatranscriptomics in waterlogged paddy soils. Reductive nitro-
gen transformation was actively induced due to the presence of anoxic environments
(Masuda et al. 2017). Using rice straw as a source of carbon, the severity of seawater
salinity on paddy fields was studied to observe the significant changes in mRNA
expression throughout the whole community (Peng et al. 2017). The diversity of
microorganisms is crucially analyzed using metatranscriptomics, elucidating the
community composition and deciphering their potential in soil bioremediation.

Metaproteomics or environmental proteomics is the qualitative and quantitative
study of proteins on a large scale of diverse microbial species (Wilmes and Bond
2006). Under stressful conditions, proteofingerprints are generated to indicate the
functional status of microbial societies (Keller and Hettich 2009). In recent times,
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metaproteomics has been exercised in various environments such as sediments, soil,
freshwater, and marine systems. However incorrect metagenomic information, flush
variety of microbial organisms, and soil heterogeneity have a negative influence on
the process described (Wang et al. 2016). The bacterial metabolic functions
correlated with a plant in serpentine soil contaminated with nickel, cobalt, and
chromium were also interpreted using metaproteomic approach. (Mattarozzi et al.
2017). A bacterial protein database was constructed through the genera identified
using 16S DNA profiling. A continuum of bacteria is revealed by the proteins
involved in response to stimulus and transportation of nutrients. The bacterial
biocatalysts play a vital part in the evolution of a post-petroleum bio-based economy,
but the difficulty in analyzing the genetic information limits the biocatalyst’s capa-
bility (Sukul et al. 2017). The bioactivity from the proteome of an environmental
sample can hence be efficiently analyzed using functional metaproteomics. Hence
biomass quantification in metaproteomics serves as an important tool to interpret the
correlation between various soil microbial communities in a sustainable
environment.

Metabolomics characterizes the response of soil microbial communities to spe-
cific biological factors, abiotic pressures, and its immediate environment. Organic,
low molecular weight biomolecules occurring naturally in a cell, tissue, or biofluid
are known as metabolites. A comprehensive study of metabolomics is the production
of a range of metabolites or metabolomes in communication with a natural environ-
mental stimulation (Miller 2007). Recently, metabolomics has had numerous prom-
inent applications in the field of environmental sciences such as the development of
biomarkers, feedback to altered levels of environmental stress, assessment of risks
on toxicant exposure, and disease monitoring and diagnosis (Viant 2009). Prominent
deviations were observed in the metabolic pathways of S. meliloti. Simultaneously
this could be related to other bacteria experiencing a series of abiotic pressure. Some
of the noticeable modification changes were the presence of intermediates in myo-
inositol degradation and changes in the biosynthesis of exopolysaccharides and
pentose phosphate pathway (PPP). In accordance to metabolic adaptation, enhanced
acid tolerance phenotypes and improved competitiveness in nodulation are
associated with the same in rhizobia (Draghi et al. 2017). Osmotic adjustment and
osmoprotection were calculated in the classical species of cowpea (Goufo et al.
2017). The organic solutes in plants uphold an optimal turgor by enacting as
osmolytes or as radical scavengers to protect the metabolic functions and hence
survive the extreme drought conditions. By analyzing the salt-tolerant mechanisms
and the metabolic profile of plants, enhanced sustainable crop production can be
achieved worldwide, leading to the development and protection of natural plant
reserves and hence aiding the bioremediation potential of the soil microbial
community.
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5.5 Application of Omic Tools in Bioremediation

Microorganism utilizes organic compounds as a sole carbon source and to manage
their biomass and assemble suitable enzymes and cofactors for their oxidation/
reduction. Hence, the organic compounds should be nontoxic or less damaging to
microbial growth. The microorganisms participating in the metabolic degradation of
organic compounds are heterotrophic. Molecular methods like cloning, fingerprint-
ing, ARISA, RFLP, etc. are used to study microbial diversity (Fig. 5.3). These
techniques yield information on how environmental factors change the microbial
community structure. More advanced techniques like Illumina and 454 sequencing
are also being used to study the microbial diversity of the polluted areas. Different
approaches are used to remediate contaminated soils (Yergeau et al. 2014). The
present scenario includes the implementation of various omic tools (Table 5.2) to
study the microbial diversity of the contaminated soil with that of uncontaminated
soil, thus providing better insight for the development of the new remediation
technique or improving the already existing methods.

The uptake of heavy metals like mercury can lead to biomagnification. The heavy
metals interrupt with the energy metabolism of the plants. Transcriptomics helps in
the early detection at molecular levels. The changes in the genes in the presence of a
low and high concentration of metals can also be studied (Villiers et al. 2012;

Fig. 5.3 Application of omic tools in soil bioremediation: a conceptual framework
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Beauvais-Flück et al. 2017). The tools of genomics like DGGE (denaturing gradient
gel electrophoresis) of 16S rRNA enhance the study of several communities of
microbes in non-polluted and polluted soils and, therefore, help in the isolation of
the heavy metal-resistant bacterial strains (Altimira et al. 2012; Utturkar et al. 2013).
The adaptation of any organisms to the surroundings is reflected in their biological
activities which can be calculated by doing transcriptomics, proteomics, and
metabolomics analysis. Thus, the techniques of the bioremediation can be enhanced,
and the scope of remediation technique can be improved (Hediji et al. 2010; Tripathi
et al. 2012). The bacterial soil community affects the uptake of metals by plants by
either stimulating the plant growth or by metabolizing the heavy metals.
Pyrosequencing, a next-generation tool, of 16S rRNA provides a better picture of
plant-metal-microbe interaction in the soil (Muehe et al. 2015).

Phytoremediation is one of the cost-effective remediation techniques in use for
years now. The purpose of plants to attenuate the xenobiotics makes them more
feasible method than the physical and chemical processes. The transgenic plants
result in either degradation of the xenobiotics or increased resistance of the plant to
the pollutant (Abhilash et al. 2009). The industrial effluents are estimated to be 5%
saline and hypersaline. Microbial diversity is less as compared to non-extreme
environments. Thus degradation of the pollutant becomes a significant problem in
such regions. The halophilic microorganisms are proposed to be a favorable appli-
cant for the remediation of the hypersaline environments. Though the metabolization
of hydrocarbon reduces at high salt concentration, a lengthy exposition period has
shown a significant amount of degradation and metabolized hydrocarbons
(Le Borgne et al. 2008). The genomic sequence analysis discloses the genes that
might be involved in the degradation. Further, proteomic analysis of the microbe in
the presence of different concentrations of hydrocarbons affirms the genes involved
in the degradation (Yun et al. 2014; Wei et al. 2017). Application of techniques like
RT-qPCR quantifies the expression of various hydrocarbon-degrading genes and
thus provides an insight into the shift in the microbial communities (Yergeau et al.
2012).

5.6 Future Prospects

There have been unprecedented changes in the field of microbial ecology with the
augmentation and advancement of numerous molecular-based omic tools. The
inherent functional and taxonomical diversity of the innate communities of microbes
present in the soil has been investigated using diverse post-genomic approaches,
revealing the superficial knowledge about the metabolic and genetic heterogeneity
present in the most copious organisms in the planet, known as the prokaryotes.
Implicit questions, for instance, “How the physical, chemical, and biological factors
regulate the microbial communities?” and “Howmany bacterial species are currently
present in the planet?”, and the broad knowledge about the metabolic diversity in the
elementally present microorganisms still remain to be understood. As most of the
classified genes have no autologous sequences in the present databases, deciphering
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the utilitarian roles of uncultured organisms has become an appalling task. Numer-
ous technical challenges still remain to be overcome although there has been
immense progress in the field of identification and classification of the intrinsic
microbial communities in the soil by the application of proteogenomic,
transcriptomic, and metagenomic approaches. New insights into the soil microbiol-
ogy can be provided using interdisciplinary omic system technologies, revealing the
interaction between proteins, genes, and environmental factors. Hence the upcoming
years will see a prioritized area of research in the development of consequential
multi-omics approaches.
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Microbial Biotransformation of Hexavalent
Chromium [Cr(VI)] in Tannery Wastewater 6
Arukula Deepa and Brijesh Kumar Mishra

Abstract
Tannery wastewater contains hexavalent chromium [Cr(VI)], which is one of the
most prevalent contaminants due to its essential applications in tannery industries.
Tannery wastewater also contains a complex of organic, inorganic, and dissolved
solids which are more carcinogenic to human and aquatic life and result in
adverse effects on the environment; hence treatment of these pollutants is a
significant concern to the society. The removal of Cr(VI) by microorganisms
predominantly occurs through biotransformation and adsorption, where the
mechanism mainly depends on the surface nature of the biosorbent and the
availability of the reductants. Hexavalent chromium removal using relevant
methods such as biodegradation and microbial bioremediation, are carried out
proficiently by the addition of indigenous or exogenous microbes. This elevates
the degradation rate of Cr(VI) naturally to achieve remarkably higher removal
effeciency in tannery wastewater and bring it to the permissible limits prior to
discharge. This chapter mainly focuses on bioremediation and the mechanism of a
microbial cell, sources, as well as its effects in a detailed manner for the emerging
technologies in industrial applications.
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6.1 Introduction

Environmental pollution due to anthropogenic and industrial activities has led to
unfavorable damage to the ecosystem. The discharge of heavy metal pollution from
industries has enduring lethal effects to humans and the environment. Heavy metal
pollution, such as Cr, Cd, Zn, Hg, etc., which are nonbiodegradable in nature, its
contamination, and problems caused to ecosystem were well documented (Raskin
and Ensley 2000). The accumulation of heavy metals in humans has several
consequences such as carcinogenesis, neuromuscular control defects, skin irritation,
respiratory problems, mental retardation and abnormalities, as well as a wide range
of other effects (Thiele 1995). Among these metals, hexavalent chromium [Cr(VI)]
is extensively used in many industrial processes such as leather industries,
electroplating, metallurgies, pigment synthesis, petroleum products, wood preserva-
tion, etc. Out of these industries, leather tanning industries are one of the most
important and old expanding industries in India. The effluent generated by these
tanning industries contains a huge amount of organic and inorganic load rich in
chromates and sulfates (Durai and Rajasimman 2011). The tannery effluent from
these industries generates more than 17,000 tons of Cr wastes into the environment
(Kamaludeen et al. 2003). Cr(VI) compound is more lethal than Cr(III), which
precipitates when pH is more than 5.5 because of the formation of insoluble
hydroxides in water bodies. The World Health Organization (WHO) fixed the
maximum tolerance level of the total chromium at 0.05 and 0.1 mg/L in drinking
water and inland surface water. But in the case of industrial wastewater, the
discharge ranged from 0.1 to 400 mg/L (World Health Organization 2004). The
treatment of tannery wastewater through different physicochemical and biological
process was commonly employed prior to their discharge into the environment. The
physicochemical treatment methods such as coagulation-flocculation, sedimenta-
tion, electro-flotation, electro-chemical treatment, ion exchange, and filtration are
more cost-effective and not environmentally friendly (Song et al. 2003). In order to
overcome these problems, biological methods such as bioremediation process play a
crucial role in the removal of heavy metals which are more economically feasible
option as well as environmentally sustainable. Biological approach by the use of
microbes and other microbial-integrated process in remediation of Cr(VI) from
tannery effluents is more popular in the current days (Jeyasingh and Philip 2005).
The aim of this chapter is mainly focused on different microbial-integrated processes
such as bioremediation and biodegradation and also the mechanism of a microbial
cell as well as its effects in a detailed manner for the emerging technologies in
industrial applications.

144 A. Deepa and B. K. Mishra



6.2 Toxicity of Cr(VI) to the Environment and its Mechanism
in Microbial Cell

Chromium is one of the most copious elements which is extensively used in the
tannery industries. Chromium in the environment mainly exists in two oxidation
states, i.e., Cr(VI) and Cr(III). Cr(VI) is remarkably toxic and highly soluble
compound that can cross the membrane of living organisms, whereas Cr(III) is
less toxic, insoluble with low mobility, and an essential trace metal which forms
strong binding complexes with oxygen (Gupta et al. 2019). In certain conditions, Cr
(III) can be oxidized to Cr(VI) which is limited by the concentration of dissolved Cr
(III), pH, and ionic strength (Fig. 6.1) (Apte et al. 2006).

6.3 Bioremediation of Cr(VI)

Bioremediation is a new technology for eco-friendly refinement of the polluted
environment with the use of living microorganisms which degrades the environmental
pollutants. This in situ treatment has several advantages over conventional treatment
techniques; bioremediation has received the attention in the recent times because of the
process in which the microbes are involved to detoxify and degrade the hazardous
environmental pollutants (Kaksonen et al. 2003; Malik 2004; Eccles 1995).
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Nuclear membrane
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Plasma membrane
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Modification in DNA

Fig. 6.1 Mechanism of Cr(VI) toxicity and mutagenicity of a microbial cell. (Espouse and
modified by Narayani and Shetty (2013))
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6.3.1 Biosorption of Chromium by Microorganisms

Biosorption can be defined as the ability of the biological materials in which soluble
chemicals interact with the materials of biological cell surfaces (Kaduková and
Virčíková 2005). Various biosorbents such as microbial-based biomass (bacteria
and fungi) and plant-based biomass algae are considered in terms of cost-
effectiveness and environmentally friendly for the removal of pollutants (Hlihor
et al. 2017). The use of microorganisms as biosorbents mainly absorbs the metal
from the tannery effluent, and also it converts the lethal metals into less toxic through
oxidation-reduction mechanism (Gupta et al. 2019). Researchers reported that, with
the help of chromium resistant bacterial strains like Pseudomonas sp.,
Microbacterium sp., Desulfovibrio sp., and Rhizopus sexualis and the fermented
bagasse by Enterobacter sp., Escherichia coli, Shewanella algae, Rhizopus sexualis
or Aspergillus terreus, etc. can be used to remove chromium from the tannery
wastewater (Saranraj and Sujitha 2013). Srinath et al. (2002) reported that the
biosorption of chromium by Bacillus coagulans (live cells), Bacillus circulans,
Bacillus megaterium, and Bacillus coagulans (dead cells) showed the removal
efficiency of Cr(VI) by 47.6%, 64%, 69%, and 79.8%, respectively, with a retention
time of 24 h. Whereas in the case of Brevibacterium sp. CrT-12 (live cells) showed
100% removal efficiency with a retention time of 72 h (Faisal and Hasnain 2004).
Researchers also reported that Acinetobacter sp. and Cellulosimicrobium funkei
strain AR6 species showed the removal efficiency of Cr(VI) of 100% and 80.43%
with a retention time of 72 hand 120 h, respectively (Srivastava et al. 2007; Karthik
et al. 2017).

6.3.1.1 Biosorption Mechanisms
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In this mechanism a part of Cr(VI) is 
reduced to Cr(III) and Cr(VI) is 
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Cr(III)  remains in the solution as shown 

in Table. 1
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Fig. 6.2 Biosorption mechanisms of hexavalent chromium
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6.3.2 Bioaccumulation of Chromium

Chromium (CrO4
2�) is a mutagen as well as carcinogen which overcomes the cell

permeability barrier via transport pathways for the structurally similar anion So4
2�.

Cr(VI) enters into the cell via facilitated transport through nonselective anion
channel and sulfate transporters (Joutey et al. 2015). Inside the cell, the reduced
CrO4

2� under oxidation damages DNA via one-electron reduction, which gives
transient Cr(V) and Cr(VI) species by continuously producing free radicals like
RS� and OH�. As a result, it alters the DNA by changing the bond cleavage with the
change in gene expression as shown in Fig. 6.1. Cr(VI) is quickly reduced to Cr(III),
and therefore the concentration of Cr(VI) will never equal on the both sides of the
plasma membrane; Cr(VI) is bioaccumulated through the reduction capacity of the
cell which will be the main power (Pattanapipitpaisal et al. 2002; Joutey et al. 2015).
Trivalent [Cr(III)] is a stable and noncarcinogen which is impermeable to the
biological membranes; Trivalent [Cr(III)] promptly forms complex with the
biological pertinent ligand molecules which are taken up by the cells (Ksheminska
et al. 2005).

6.4 Microbial Mechanism of Cr(VI) Reduction to Cr(III)

6.4.1 Reduction of Cr(VI) by Microbes Under Aerobic Condition

Cr(VI) reduction by bacteria generally eventuates in two- or three-step process in
aerobic condition. Cr(VI) is reduced to Cr(V) which is a short-term, intermediate Cr
(IV) before the final conversion to stable end product Cr(III). But, it is uncertain
whether the reduction of Cr(VI) to Cr(III) is an enzyme-mediated or spontaneous
process (Joutey et al. 2015). NADH and NADPH are the common electron donors in
Cr(VI) reduction process. Cr(VI) reduction is predominantly associated with the
soluble proteins which utilizes NADH as an electron donor to enhance the reduction
efficiency of chromium in the aerobic condition (Elangovan et al. 2010). Several
researchers have reported the chromate reductase activity in cell-free extracts during
aerobic Cr(VI) reduction (Tripathi and Garg 2013).

6.4.2 Reduction of Cr(VI) by Microbes Under Anaerobic Condition

In anaerobic conditions, Cr(VI) reduction is mediated by both the soluble and
membrane-associated enzymes (Cheung and Gu 2007). In the respiratory chain, Cr
(VI) assists as an electron acceptor; on the contrary, carbohydrates, proteins, fats,
hydrogen, and NADPH serve as electron donors. The Cr(VI)-reducing activities of
anaerobes are associated with their electron transfer system in catalyzing the electron
shuttle along with the respiratory chain (Mangaiyarkarasi et al. 2011).
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6.4.3 Enzyme-Mediated Cr(VI) Reduction

Reduction of Cr(VI) mostly occurs in two mechanisms: (1) extracellular Cr
(VI) reduction and (2) intracellular Cr(VI) reduction.

6.4.3.1 Extracellular Cr(VI) Reduction
In order to reduce Cr(VI), extracellular enzymes are produced by bacteria and
transported into the media. Many researchers have reported that for the remediation
of Cr(VI), the extracellular chromate reductase is produced by Pseudomonas putida
in Cr(VI) reduction (Priester et al. 2006; Gupta et al. 2019). Extracellular Cr
(VI) reduction is favorable to the organism in which the cell does not require
transport mechanisms to carry the chromate and dichromate into the cell. Therefore,
extracellular reduction of Cr(VI) protects the cell from the DNA-damaging effects of
Cr(VI). Researchers also reported that the production of extracellular chromate
reductases by Bacillus amyloliquefaciens and the bacteria with membrane-bound
reductases can also reduce Cr(VI) to Cr(III) by extracellular processes. For the
survival in Cr(VI)-contaminated environment, certain bacterial species have adopted
the extracellular Cr(VI) reduction process.

6.4.3.2 Intracellular Cr(VI) Reduction
The Cr(VI) reduction is mediated by the enzymes, which involve the cytoplasmic-
soluble chromate enzymes. In this intracellular process, the use of NADH, NADPH,
flavoproteins, and other hemeproteins readily reduces Cr(VI) to Cr(III) (Ackerley
et al. 2004). Most of the intracellular proteins catalyze one-electron reduction of Cr
(VI) to Cr(V). Hence, the harmful reactive oxygen species (ROS) are generated
which provokes DNA damage (Joutey et al. 2015). Many studies have reported that
Cr(VI) reductase was found to be in the cytoplasmic fraction of several chromium-
resistant bacteria such as Streptomyces sp., Bacillus subtilis, Rhodobacter, Pseudo-
monas aeruginosa, etc. (Fig. 6.2., Table 6.1) (Joutey et al. 2015, Fig. 6.3).

Table 6.1 Microbial-mediated Cr(VI) reduction from the tannery effluent

Name of strain % of Cr(VI) removal References

Cellulosimicrobium sp. 98.6 Naeem et al. (2013)

Pseudomonas aeruginosa 57.7 Ganguli and Tripathi (1999)

Staphylococcus aureus 90 Ilias et al. (2011)

Pseudomonas aeruginosa 94 Munawaroh et al. (2017)

Pediococcus pentosaceus 90 Ilias et al. (2011)

Ochrobactrum intermedium 97.1 Batool et al. (2012)
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6.5 Role of Microbial Consortium in Cr(VI) Remediation from
the Tannery Effluent

To remove Cr(VI) by biosorption, cyanobacterial mat comprising a consortium of
blue-green algae such as Chlorella sp., Oscillatoria, and Phormidium sp. was
formulated by Shukla et al. (2012). In this experiment, different concentrations of
chromium were carried out in batches with 15–30, 2–110, and 300 mg, respectively,
at a pH in the range of 5.5–6.2. The results revealed that the 96% removal of metal
was observed within 3.5 h of the treatment process and also found that the best
adsorption was at 4 ppm and at 25 ppm in the selected concentration range.

The remediation of Cr(VI) by Saccharomyces cerevisiae, Bacillus subtilis, and
Pseudomonas aeruginosa was studied by Benazir et al. (2010) in consortia and in
immobilized forms, and their efficiencies were compared in remediation of Cr(VI)
and clearly documented that, the initial concentration of Cr(VI) in the effluent was
around 770 mg/L before the remediation, but after remediation, it has been reduced
to 5.2–5.7 mg/L. Saccharomyces cerevisiae-Pseudomonas consortia followed by the
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Fig. 6.3 Microbial mechanisms of aerobic and anaerobic Cr(VI) reduction (Adopted and modified
from Joutey et al. (2015))
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immobilized beads of S. cerevisiae and S. cerevisiae-B. subtilis consortia showed the
maximum remediation ability.

Pinon-Castillo et al. (2010) reported that the bacterial consortium imparted the
conspicuous hexavalent chromium removal after 15 days of incubation in a medium
M9 at a pH 6.5 and 8.0 from industrial wastewater. The bacterial consortia (T-RFLP)
exhibited a highest number of operational taxonomic units in an alkaline carbonate
medium. Genomic libraries were obtained for the consortia exhibiting optimal Cr
(VI) removal. They revealed that the dominated genera in bacterial consortium were
Pseudomonas/Stenotrophomonas and Enterobacter/Halomonas, respectively.
Pinon-Castillo et al. (2010) concluded that Pseudomonas fluorescens and
Enterobacter aerogenes were efficient in Cr(VI) reduction and adsorption to the
biomass.

Biosorption is considered as a cost-effective technology worldwide; and the
potential of blue–green algae (BGA), for treating metal-bearing effluents. Efficient
biosorption capacity of Spirulina, Oscillatoria, and Synechocystis individually and
as a consortium, as bisorbents to remove Cr3þ from a segregated stream, viz.,
exhaust chrome liquor (ECL) and synthetic BCS solution, was studied and found
that these are more efficient in reducing sulfates, BOD, COD, etc. Hence, the results
revealed that algal consortia could be a good alternative to the conventional treat-
ment methods for leather and other industrial wastewater containing chromium.

Bhattacharya et al. (2015) studied a consortium of four naturally isolated strains
for the remediation of Cr(VI) from the tannery effluent. This study concluded that
the bacterial consortia resulted in 78% removal of Cr(VI) with initial concentration
of Cr(VI) at 16 mg/L at 96 h of treatment. Hence, he concluded that the formulated
bacterial consortium could be effectively used for the removal of Cr(VI) from the
tannery wastewater.
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Abstract
As the industry advances and the world population increases, the planet has
accumulated the waste generated by human activity. Many of them are nonde-
gradable and others of slow degradation that favor their accumulation in nature
without adequate treatment. Although oil spills are the most notorious episodes,
there is a range of pollutants derived from all types of industry such as pesticides,
refrigerants, solvents, detergents, heavy metals, and the already abundant plastics.
Faced with this problem, the use of microorganisms is a valuable tool in the
remediation of soils, taking advantage of its metabolic potential, adaptability
insurmountable to different environments, and the symbiotic behavior that can
establish with plants. Genetic engineering has also given way to the study of
genetically modified microorganisms as bioremediation agents, which express
specific genes in the presence of pollutants. The bacterial species mostly used in
bioremediation are Acinetobacter sp., Burkholderia cepacia, Deinococcus
radiodurans, Dehalococcoides ethenogenes, Pseudomonas aeruginosa, Pseudo-
monas putida, and some fungi.
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7.1 Introduction

In the present scenario, humanity has become aware of the need to preserve the
environment and everything that inhabits it, the reason: pollution, the effects on life
on the planet are felt directly or indirectly. They are the most important factors of the
industry, the manufacturing industry (Benitez-Campo 2011) and mining (Beltrán-
Pineda and Gómez-Rodríguez 2016). The use of toxic substances in their
manufacturing processes and the use of technologies promote the generation of
pollutants, which usually accumulate and/or transform in the environment, giving
way to the publication of other highly toxic compounds. It should be mentioned that
the industry has gained momentum due to the increase in the world population in the
latest trends (Herrera 2017), the demand for goods and services that come hand in
hand with the consumption, and exploitation of natural resources (Garzón et al.
2017). On this situation, there is a need to generate clean production processes in the
use of clean technologies with low impact on the environment.

Therefore, the concern to generate technologies appeared (Cabrera 2014), in
which its use causes minimal impacts on the environment, which promotes a more
efficient use of energy, as well as the application of strategies that promote the use of
biotechnology to generate clean production processes without having to ignore
economic growth, preventing and mitigating maximum environmental impacts on
ecosystems and thus preserving their functions, in order to guarantee future
generations the satisfaction of their needs (Xercavins et al. 2005).

One of the fields in which biotechnology is very much important, as a useful tool
that promotes the application of techniques for the benefit of the environment to
recover contaminated environments, one of these strategies is bioremediation, with
the potential to contribute to sustainable development. Since it involves the use of
mechanisms that have proven to be cheaper than chemical methods and up to 80%
cheaper (Benitez-Campo 2011). Bioremediation is a set of procedures for the
biological treatment of environmental contaminants that require living organisms
such as plants and microorganisms (especially bacteria and fungi) that degrade
and/or transform dangerous contaminants (Maeir et al. 2009).

7.2 Arbuscular Mycorrhizal Fungi and the Remediation of Soils
Contaminated with Heavy Metals

7.2.1 Arbuscular Mycorrhizal Fungi

The arbuscular mycorrhizal fungi (AMF) belong to the division Glomeromycota.
They are mutualist symbiote microorganisms that live in association with the roots of
more than 80% of terrestrial plants (Smith and Read 2008) for millions of years
(Honrubia 2009). They are called arbuscular as they form inside the cortical cells of
the root some structures of tree form. In these occurs an exchange of nutrients
between the two microorganisms (Brundrett 2004).
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Arbuscular mycorrhizae are known for their important role in the nutrition of
plants, soil stabilization, and presence in different conditions of deficiency or
toxicity of elements. Reports such as those described by showed that mycorrhization
decreased toxicity in several species in contaminated soils, and suggest that the
vesicles of arbuscular mycorrhizal fungi play a role in detoxifying the plant by
storing toxic compounds.

Arbuscular mycorrhizae affect the structure of the microbial community of the
rhizosphere, which will be different given the metabolic interaction with mycorrhizal
hyphae or spores with respect to a non-mycorrhized root, determining the
mycorrhizosphere. These populations have capacities (solubilize phosphates, pro-
duction of hormones, siderophores, etc.) that when interacting with arbuscular
mycorrhizae can have synergistic effects on the plant. Others favor mycorrhizal
colonization, being considered as facilitators of mycorrhization or mycorrhiza
helpers.

7.2.2 Importance of Arbuscular Mycorrhizal Fungi in Environments
Contaminated with Heavy Metals

HMS can establish mycorrhizae with most terrestrial plants even though their soils
are highly contaminated (Cabral et al. 2015). Among the effects of mycorrhizal fungi
on the growth and development of plants under stress conditions with heavy metals,
we highlight the ability of these fungi to improve physiological and morphological
mechanisms, increase the biomass of plants and the absorption of nutrients immobile
as phosphorus, and decrease the toxicity of metals in plants (Kanwal et al. 2015).

The presence of plants colonized with arbuscular mycorrhizal fungi has been
reported in soils contaminated with heavy metals, which suggests that the mycorrhi-
zal symbiosis would have acquired tolerance to live in these soils and that it may
have an important role in phytoremediation.

Arbuscular mycorrhizas contribute to reducing the accumulation of heavy metals
in the plant through mechanisms such as phytostabilization and/or phytoextraction
(Toro et al. 2017). Phytoextraction involves the use of hyperaccumulative plants for
the absorption of heavy metals and their transport and concentration in the aerial
biomass (stems, leaves, flowers, fruits, and seeds), so that they can be eliminated
from the environment (Pajević et al. 2016). On the contrary, phytostabilization does
not remove heavy metals from the environment but immobilizes them in the roots of
plants (Abdelhameed and Metwally 2019).

7.2.3 Glomalins

Unlike phytoextraction, where studies have shown the largest accumulation of heavy
metals such as lead in mycorrhized roots compared to non-mycorrhized (Upadhyaya
et al. 2010). In the rhizosphere of plants with arbuscular mycorrhizae, heavy metals
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are retained by the mechanism known as phytostabilization by soil proteins called
glomalins (Gonzalez-Chavez et al. 2004).

Glomalin described as a glycoprotein found in the soil specifically associated
with the mycorrhizal fungi of phylum Glomeromycota (Wright and Upadhyaya
1998) and associated with thermal shock proteins (Malekzadeh et al. 2016) and is
generated by degradation of HMA hyphae associated with the root of the plant
(Driver et al. 2005) is specifically located in the inner cell wall layers (L2 and L3) of
mycelium and AMF spores, in greater percentage, and it is less abundant in the outer
layer (L1) (Cabral et al. 2015).

Mycorrhization between plants subjected to stress conditions induced by heavy
metals could increase the production of glomalin by mycorrhizal fungi (Purin and
Rillig 2007). Some studies have been reported in which the role of glomalins in the
reduction of the toxicity of some heavy metals is demonstrated by the accumulation
of these in the roots of the plants (Gonzalez-Chavez et al. 2004, Cornejo et al. 2008).
It seems that the higher the pollutant concentration, the greater the capacity of GRSP
to bind contaminants and make them unavailable (Cornejo et al. 2008).

7.2.4 Mycorrhizae and their Role in Decreasing Heavy Metals

One of the most common heavy metals present in altered ecosystems is copper (Cu),
which is very toxic to plants that grow in these environments. This toxicity can cause
losses in the diversity and functionality of native plant species, which leads to
extensive damage to local vegetation, a strong change in soil characteristics and
limitation of vegetation (Ginocchio 2000; Adriano 2001). The glomalins act directly
in the sequestration of Cu in a soil highly contaminated with, specifically in the zone
of the external mucilaginous hyphal wall, the cell wall and within the hyphal
cytoplasm (Gonzalez-Chavez et al. 2002; Cornejo et al. 2008).

Lead (Pb) is a heavy metal present in soils due to anthropomorphic activities,
representing a serious risk to the environment (Cecchi et al. 2008). Research has
shown a wide diversity of mycorrhizal fungi where the genera Acaulospora and
Glomus stand out in soils with high concentrations of Pb; these fungi would be
responsible for conferring the necessary tolerance so that plants can be established in
these contaminated environments, (Schneider et al. 2016).

Cadmium (Cd) is a nonessential, potentially dangerous heavy metal that can be
phytotoxic when its concentration has exceeded the limit (0.5 μg Cd/g soil) (Aibibu
et al. 2010; Yuan et al. 2014; Zafarzadeh et al. 2018). In nature it is present in the
earth’s crust; however, as a result of the use of pesticides and fertilizers such as
phosphate rock, its disposition has increased and can be linked to the trophic chain
through the absorption by plants up to the human being, what constitutes a potential
risk to human health (Upadhyaya et al. 2010).

Reports such as those described by Abdelhameed and Metwally (2019) demon-
strate the potential of mycorrhizal fungi to alleviate the effects produced by Cd in
plants of Trigonella foenumgraecum compared to the non-mycorrhizal ones, by
means of phytostabilization processes. Other reports such as those described by
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found that S. photeinocarpum inoculated with G. versiforme showed an increase in
antioxidant parameters such as phytochelatins, in addition to increasing the P
concentration and the accumulation of Cd in the stem. On the contrary, reported a
considerable reduction of Cd and Pb and a greater activity of antioxidant enzymes in
the fruits of P. peruviana inoculated with two Glomeromycota fungi.

7.3 Microbial Biotechnology and its Application
in the Bioremediation of Contaminated Soils

Global environmental pollution is a problem that humanity faces today. The genera-
tion of waste or polluting agents resulting from anthropogenic activities is causing
the problem of soil contamination. Many strategies have been planted to solve this
problem; however, the use of microorganisms in the bioremediation of soils is
presented as a low-cost alternative and friendly to the environment. Many reports
on the successful removal and degradation of soil contaminants using only
microorganisms have been developed. Contaminants such as crude oil,
hydrocarbons, lead, and mercury, among others, have been removed from
contaminated environments using microorganisms. However, this success is basi-
cally due to the fact that these studies were conducted in contracted environments.
One of the disadvantages of bioremediation is when trying to apply this process on a
large scale in field conditions. Because there are limiting factors such as the
availability and specific interaction between the contaminant and the microorganism,
in addition to the impossibility of isolating microorganisms with high degradation
potential using conventional techniques. To overcome this problem, a metagenomic
approach can be applied using massive high-throughput sequencing tools that allow
us to know the structure of communities in contaminated environments; it also
allows monitoring the behavior of microorganisms throughout the process of biore-
mediation. The search for new microorganisms in unexplored environments could
offer an advantage in obtaining bacteria with a high potential for biodegradation of
pollutants from soil, water, and air. All this will lead to improved bioremediation
processes.

Next, we review the potential of microorganisms to remove and degrade soil
contaminants and the main difficulties and shortcomings of bioremediation pro-
cesses. The application of metagenomic approaches to monitor the behavior of
microorganisms during the bioremediation process is also evaluated.

7.3.1 Microbial Biotechnology and Pollution

Pollution of the environment is a problem that humanity is facing today. This
contamination can be physical or chemical and can occur naturally in the environ-
ment; the overaccumulation of pollutants that exceed the natural capacity of envi-
ronmental degradation triggers processes of environmental damage that put at risk
the health of living beings. Pollution has existed since the beginning of the earth;
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however, since the industrial revolution, its presence has been notorious and harm-
ful. All countries, both developed and those in development, present this pollution
problem in their urban areas, due in principle to technological progress, population
growth, and overexploitation of resources. A general outline of the main sources of
pollution of terrestrial ecosystems is presented in Fig. 7.1. The diverse ecosystems
present contamination of air, water, and soil due to the generation of toxic gases and
dumping of substances and activities such as agriculture and mining (Muralikrishna
and Manickam 2017; Rai 2016; Ahmad 2016).

Anthropogenic activities such as intensive agriculture, mining, industry, and the
generation of household waste contribute in a harmful way to soil pollution. Some of
the pollutants are hydrocarbons, solvents, pesticides, and heavy metals, among
others. Heavy metal contamination is a common event in both industrialized and
developing countries. Household waste generates a large amount of solid pollutants
that are deposited in municipal dumps or are incinerated and will eventually generate
soil and air pollution. The presence of contaminants in the soil alters the metabolism
of plants that reduce crop yields. In addition, plants have the capacity to absorb these
contaminants and can easily include them in the food chain (Muralikrishna and
Manickam 2017).

Several studies have been carried out on the negative effects of oil and heavy
metals on the invertebrates that live in the soils, since they interact directly with these
contaminating agents (Access 2018). The presence of heavy metals in soils generates
high toxicity and is considered one of the most serious pollution problems. There are
in situ and ex situ technologies that are used with the purpose of reducing, removing,
and degrading heavy metals present in soils. However, chelating agents and
surfactants that are used in this technology end up being leached into groundwater

Fig. 7.1 Main human activities and their effect on the pollution of terrestrial ecosystems
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and pollute groundwater. Therefore, the study and application of new technologies
that overcome these technical deficiencies are required (Singh Sidhu 2018).

An alternative strategy for the chelation, removal, and degradation of pollutants
in soils is the use of microorganisms, because they have been shown to be very
effective biological agents in bioremediation. Thanks to their metabolic and enzy-
matic plasticity, they have the ability to degrade a large amount of contaminating
substances. Many microbial consortia have been identified from contaminated
environments, and the main microbial genera that compose it are Acinethobacter,
Actinobacter, Acaligenes, Arthrobacter, Bacillins, Berijerinckia, Flavobacterium,
Methylosinus,Mycrobacterium,Mycococcus, Nitrosomonas, Nocardia, Penicillium,
Phanerochaete, Pseudomonas, Rhizoctomia, Serratio, Trametes, and Xanthobacter
(Singh 2014).

7.3.2 Microorganisms Present in Contaminated Soils

The presence and activity of microorganisms in contaminated soils can be closely
linked to the quantity or mixture of contaminants. Initially it was believed that the
pollutants acted in an individual way on the microorganisms and that multiple
chemical substances did not interact or their toxicology was irrelevant at low
concentrations. So much so that most of the research articles published in toxicology
journals described a polluting agent as the most relevant. However, the study and
knowledge of the mixtures of contaminants in soils can be beneficial, neutral, or
adverse and will depend on the composition of the contaminant, the microorganism,
or the environment studied. Based on these studies, it was concluded that the mixture
of contaminants could have a harmless, additive, synergistic, or inhibitory effect on
the activity of microorganisms in contaminated soils (Ramakrishnan et al. 2012).
Therefore, there is a complex interaction between the contaminants present in an
environment and the microorganisms that colonize it (Fig. 7.2).

Studies carried out on soils with presence of mine tailings showed that there is a
significant correlation between the physicochemical properties of the soil, the
structure, and the biological diversity of the community, which was composed of
some dominant bacterial groups (Firmicutes, Proteobacteria, and Actinobacteria)
and that in addition they were highly tolerant to the presence of Hg. The species
Pseudomonas plecoglossicida turned out to be the strain with the highest degree of
tolerance toward Hg, which would indicate its potential use in the bioremediation of
soils with the presence of this contaminant (Ji et al. 2018). The response of microbial
communities to environmental stress is a critical issue in soil ecology. Studies
conducted by Ventorino et al. (2018) show that the composition of a microbial
population can vary significantly in a polluted environment, basically due to the
presence of contaminants in the soil which influence the establishment of new
communities. These established communities could be used as biomarkers to assess
the quality and health of soils (Bosse et al. 2018; Mansouri et al. 2019; Occhipinti
et al. 2018). Therefore, the use of biomarkers in bioremediation is a technology that
has already been applied; in addition it would help in the identification of native
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populations of microorganisms with biodegradable potential of specific xenobiotic
agents in contaminated soils.

A great diversity of gram-negative and gram-positive bacteria can be found in
soils with different levels of contamination. Studies carried out by Ajayi and Abiola
(2018) report a high survival capacity to crude oil of bacteria isolated from soils
contaminated with crude oil. Species such as Micrococcus luteus, Bacillus cereus,
Bacillus subtilis, Pseudomonas aeruginosa, and Acinetobacter lwoffi proved to have
a high potential to degrade oil crude. The tolerance and degradation potential of
these microorganisms make them ideal for the treatment of soils contaminated with
oil. This microbial potential can be used to propose bioremediation strategies that
help mitigate the harmful effects of pollutants in ecosystems.

Soils with a high concentration of lead (57 � 101 mg/kg) in different areas of
Nigeria have presented a high population of predominant bacterial genera such as
Bacillus, Proteus, Achromobacter, Citrobacter, Corynebacerium, Alcaligenes,
Pseudomonas, Staphylococcus, Klebsiella, Escherichia, Agrobacterium,
Enterobacter, and Diplococcus, which reveals a distribution of microorganisms in
contaminated environments. These toxicant-tolerant microorganisms (Pb) are con-
sidered as potential bioremediation agents in contaminated sites; they also provide a
basis for the implementation of eco-friendly bioremediation strategies (Kazaure
2018).

Fig. 7.2 Diagram of the interaction of chemical pollutants and microorganisms
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7.3.3 Use and Application of Microorganisms in Soil
Bioremediation

The use of microorganisms for the bioremediation of soils contaminated with
petroleum hydrocarbons in controlled environments has been investigated in differ-
ent latitudes (Abatenh et al. 2017). However, the application of this strategy in real
field conditions is limited by several factors. Some factors such as toxic effects of
petroleum hydrocarbons, the bioavailability of the pollutant, and environmental and
metabolic restrictions reduce the effectiveness of microorganisms in the bioremedi-
ation of these contaminated environments. In this regard, there is an urgent need to
improve these strategies by (i) deepening the basic mechanisms of interaction
between bacteria and petroleum hydrocarbons to overcome the limits of microbial
absorption of hydrocarbons, (ii) improving contact between bacteria and the
contaminating agent through the development of compatible biosurfactants, and
(iii) using high-throughput massive sequencing technologies for the search for
petroleum hydrocarbon-degrading bacteria in environments not yet explored
(Xu et al. 2018).

The search for microorganisms tolerant to low temperatures with potential to
degrade hydrocarbons in regions with cold climates has been developed. Strains of
the genres Chryseobacterium, Bacillus, and Pseudomonas showed a high biodegra-
dation capacity of crude oil in ranges of 10 �C, pH 7, and salinity of 10 g/L. These
microorganisms reached a removal efficiency of up to 50–60% in soils containing
5.8–10.6 g of oils/kg of soil. The high removal efficiency of these microorganisms is
a potential application in the decontamination of soils found in latitudes with cold
climates (Wang et al. 2016).

The bioremediation of soils with high levels of petroleum hydrocarbons
(3700 mg/L) was developed by microbial consortiums composed of strains of
Pseudomonas sp., Stenotrophomonas sp., Achromobacter sp., Brevibacillus sp.,
and Staphylococcus. These bacterial strains were isolated from soils highly
contaminated with petroleum hydrocarbons located near refineries dedicated to the
extraction of crude oil in Iran. About 6% of the pollutant was degraded by the
microbial consortiums adapted probably due to the ability of microorganisms to
adapt. These results demonstrate and support the use of microorganisms as a
potential for bioremediation that can be coupled with other technologies (biopiles,
biomagnification, etc.) already existing to enhance their effect (Samarghandi et al.
2018).

Potential candidates for the biodegradation of used lubricating oils present in soils
of tropical regions of Thailand have been investigated. Species of phylum
Proteobacteria were found to be predominant in the soils analyzed (Jamarillo
2011). The structure of the bacterial communities was related to the physicochemical
parameters of each soil in addition to the presence of the contaminant. The main
species widely distributed and with tolerant characteristics in the contaminated soils
of this Thai region was Enterobacter sp., which suggests that this strain is potentially
related to the biodegradation of used lubricating oils and could also be applied to
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monitor natural attenuation and develop strategies to accelerate bioremediation
(Meeboon et al. 2017).

The combination of chemical fertilizers and microorganisms of the species
Rhizobium sp.I3 associated with mendong plants (Fimbristylis globulosa) presents
a characteristic tool with potential for the bioremediation of leaded crops. This
pollution is generated by the development of the industry that generates an increase
of lead (Pb) in the fields due to the use of industrial wastewater for the irrigation of
crops (Khan et al. 2018). The absorption of lead by the plants studied is related to
characteristics such as soil pH, cation exchange capacity, organic matter, and total
amount of microorganisms present. The area of the plant with the greatest absorption
characteristic is the root, due to the direct contact with the contaminant and the
colonizing capacity of the bacteria. This combination represents a technology with
potential for bioremediation of agricultural soils contaminated with lead. Alternative
of this.

7.3.4 Metagenomic Approaches Applied to Soil Bioremediation

For a better understanding and development of bioremediation processes, a
metagenomic field approach can be applied, which consists in analyzing the varia-
tion of bacterial communities throughout the period of degradation of crude oil
present in soils, demonstrating that there is a dominant group (proteobacteria) that
behaves as a key organism in remediation processes immediately after the contami-
nant has been added (Ezekoye et al. 2018a, b). A large amount of metagenomic data
was obtained after studying the changes in the composition and diversity of micro-
bial communities present in mining soils where iron is extracted. These data provide
an interesting point of view that allow comparing the dynamics of communities in
soils that are in the process of rehabilitation with those that are not yet. This set of
data generated provides valuable information for the rehabilitation and ecological
restoration of soils after the closure of mining activities (Gastauer et al. 2019).

The role of microorganisms in biogeochemical cycles can be studied through a
metagenomic approach. This approach allows us to have an understanding of the
processes of functional adaptation of bacteria. Metagenomic analysis of soils
belonging to manganese mines confirms the predominance of the group of
proteobacteria as key agents in the bioremediation processes of these pollutants.
However, very little has been studied of its role in the processes of biogeochemical
cycling of Mn. Using metagenomics, it has been shown that there is a close
relationship of microbial activity with the biogeochemical cycle of Mn. In addition,
this type of approach takes advantage of traditional crop-dependent techniques and
generates a deeper insight into the function of bacterial genes possibly associated
with Mn cycling in the ecosystem (Ghosh and Das 2018).

The monitoring of the bioremediation processes is vital for the treatment of a
contaminated environment; also the use of conventional techniques and chemical
and metagenomic approach should be taken into account in order to improve the said
process. This combination would help in the management and design of more
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accurate and effective bioremediation technologies in addition to allowing their
monitoring. Therefore, the government agencies involved must implement environ-
mental policies considering the adoption of high-throughput mass sequencing
technologies as a reference framework for monitoring the progress of bioremediation
(Ezekoye et al. 2018a, b).

7.3.5 Conclusions and Future Perspectives

Microorganisms offer great potential in the degradation, removal, and restoration of
pollutants in soils. Some microbial strains have shown excellent performance in the
removal of a variety of pollutants such as crude oil, mercury, manganese, lead, and
petroleum hydrocarbons, among others. The role of microorganisms in the bioreme-
diation of soils is a key factor in the success of the restoration of contaminated
environments using environment-friendly technologies. Bioremediation based on
the use of microorganisms also offers a low-cost alternative.

Despite its potential as an eco-friendly and low-cost treatment, the practical
application of microorganisms in a real field treatment scenario remains limited to
date. One of the limiting factors is the impossibility of isolating and cultivating
microorganisms with potential for degradation of contaminating agents by means of
conventional techniques; another factor is the availability and interaction of the
contaminant with the microorganism degrader. A potential solution to overcome
this issue could be based on the use of high-performance mass sequencing
techniques (metagenomic approach).

The search for new microorganisms in unexplored environments could offer an
advantage in obtaining bacteria with a high potential for biodegradation of pollutants
from soil, water, and air. All this will lead to improved bioremediation processes.

7.4 Phytoremediation

At present there are several proposed techniques for the rehabilitation of pollutants
(soil, sediment, water, atmosphere, etc.). These remediation technologies are highly
variable, depending on the contaminated matrix, the nature of the contaminants, the
level of contamination, and the availability of resources. Phytoremediation is the
decontamination of soils, the purification of wastewater, or the cleaning of indoor
air, using vegetables, whether vascular plants, algae, and, by extension, the
ecosystems that these plants contain. It is an emerging technology with great
potential for efficient and low-cost cleaning for a wide range of organic and
inorganic contaminants.
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7.4.1 Definition and Scope of Phytoremediation

Plants used in phytoremediation can tolerate, absorb, accumulate, degrade, destroy,
or inhibit compounds, contaminants, or microorganisms. Phytoremediation as a
biological technique allows the decontamination of soils or the purification of
wastewater through in situ treatments. Plants also help prevent wind, rain, and
groundwater from spreading pollution to other areas.

Phytoremediation is used to treat pollutants such as heavy metals (Volke-
Sepulveda et al. 2005) and wastewater with biological contaminants such as
coliforms (Arias et al. 2010) and hydrocarbons.

The most general criterion for its classification is based on the specific density,
according to which elements with a density greater than 5 g/cm3 are included in this
group. However, some authors consider this definition as inappropriate, since the
specific density is not a reference in terms of the reactivity or toxicity of a metal
(Duffus 2002; Volke-Sepulveda et al. 2005). Currently, the term “heavy metal” is
used to refer in a broad way to those metals or metalloids with potential to cause
toxicity problems (Alloway 2013).

7.4.1.1 Mercury
Unlike other metals, mercury is present in the atmosphere in a gaseous state, which
facilitates its transport through the biosphere. Mercury contamination does not only
affect the soil; this problem also occurs in aquatic environments due to anthropo-
genic discharges.

7.4.1.2 Arsenic
Arsenic can occur in organic variants, produced by the action of the metabolism of
microorganisms, plants, and mammals. Forms such as monomethylarsenic acid,
dimethylarsen, arsenobetaine, and arsenosugars are less toxic than inorganic ones.

7.4.1.3 Lead
The main sources of lead emissions to the environment are the smelting and
processing of metals, the recycling of lead acid batteries, mining through the
disposal of mine tailings, and the contamination of the atmosphere due to the use
of gasoline with lead (Volke-Sepulveda et al. 2005).

7.4.1.4 Chromium
Chromium can exist in different forms, depending on its oxidation state; it can be in
liquid, solid, or gaseous state. The most common chemical forms are Cr (0), Cr (III),
and Cr (VI), the latter being the most toxic form.

7.4.1.5 Hydrocarbons
The main factors that show the contamination of soils and bodies of water by
hydrocarbons are accidental spills during the exploration, extraction, and transport
of the same. As the exploitation, extraction, and transport of hydrocarbons cause
pollution to the environment, it is important to note that phytoremediation is a
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promising biotechnological strategy when recovering contaminated environments.
As an alternative to recovering from soils contaminated with hydrocarbons, the use
of biological elements that contribute to the oxidation, degradation, transformation,
and complete mineralization of these contaminants has been established (Ferrera-
Cerrato et al. 2006). Phytoremediation as a biological technique allows us to carry
out the decontamination of soils or the purification of wastewater, due to the
restorative capacity of some plants.

7.4.2 Removal of Enterobacteria

For the treatment of these waters contaminated by coliforms, there are traditional
treatments such as UV filtration, chlorination, ozone, titanium dioxide, and others,
which due to their high cost are not viable in rural populations, so we are looking for
cheaper alternatives that are eco-friendly. Phytoremediation represents an alterna-
tive, sustainable, environment-friendly, and low-cost technology for the restoration
of contaminated environments and effluents (Lenntech 2016).

7.4.3 Types of Plants According to their Phytoremediation
Capacity

Plants exposed to heavy metals can present different physiological responses, which
vary depending on the species of the plant, the specific metal to which it is exposed,
and the concentration in the soil of it. Based on these responses, the plants can be
classified into three types: exclusive, indicators, and accumulators of heavy metals
(Baker 1981).

Exclusive: plants where the accumulation of metals in the aerial part is much lower
compared to the concentration of metals in the soil.

Indicators: plants where the accumulation of metals in the aerial tissue keeps a linear
relationship with respect to the concentration of the soil.

Accumulators: plants where the accumulation of metals in their aerial part is much
greater than the concentration of metals in the soil.

7.4.3.1 Species Used in Phytoremediation
Around 400 species of hyperaccumulative metal plants are known worldwide, with
the Brassicaceae family standing out, since there are several species that can
accumulate more than one type of metal (Gratao et al. 2005). From Table 7.1 to 7.4

Herbaceous, shrub, and tree species can be used for the phytoremediation of soils
contaminated by heavy metals; in addition, 400 hyperaccumulatory species of the
families Asteraceae, Brassicaceae, Caryophyllaceae, Cyperaceae, Cunouniaceae,
Fabaceae, Flacourtiaceae, Lamiaceae, Poaceae, Violaceae, and Euphorbiaceae
have been identified. Among the plants used for phytoremediation of lead are
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sunflower (Helianthus annuus) and Indian mustard (Brassica juncea) (Volke-
Sepulveda et al. 2005) (Tables 7.1 and 7.2).

7.4.4 Characteristics of a Phytoremediator Species

The main characteristics that macrophytes should have that can be used for a
phytoremediation process are having a rapid growth rate, high productivity, prefera-
bly being local species, and being easy to manage, among others (Poveda and
Velasteguí 2013).

7.4.5 Parameters to Determine the Phytoremediation Aptitude of a
Plant

To determine if a plant species could be used in a phytoremediation treatment, the
following parameters have to be taken into account: the bioconcentration factor
(BCF) and the translocation factor (FT) (Ali et al. 2013). The FBC determines the

Table 7.1 Main species
used in phytoremediation

Scientific name Common name

Anthoxanthum odoratum Grama de olor

Agrostis canina Heno gris

Agrostis capillaris Pasto quila

Dactylopteryx flexuosa Algarroba

Festuca ovina Pasto

Holcus lanatus Heno Blanco

Silene vulgaris Colleja

Medicago sativa Alfalfa

Zea mays Maíz

Nicotiana tabacum Tabaco

Sorghum bicolor Sorgo

Amaranthus hybridus Amaranto

Fuente: Volke-Sepulveda et al. (2005)

Table 7.2 Main species
used in phytoremediation

Nombre científico Nombre común

Spirodela intermedia Lenteja de agua

Salvinia auriculata Helecho africano

Pistia stratiotes Lechuga de agua

Eichornia crassipes Jacinto de agua

Ceratopteris thalictroides Helecho de agua

Azolla caroliniana Helecho de agua

Lemna minor Lenteja de agua

Fuente: Arias et al. (2010)
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efficiency of the plant to accumulate the metal coming from the soil in its tissue and
is calculated as follows:

BCF ¼ concentration of metal in tissue=concentration of metal in the soil

While the FT indicates the efficiency to transport the metal from the root to its
aerial part, it is calculated as follows:

FT ¼ metal concentration in the aerial part=concentration of metal in the root

A plant can be considered an accumulator if its FT is equal to or greater than
1, while those that have the capacity to accumulate from 5 to 500 times more than the
average are called “hyperaccumulators” (Rascio and Navari-Izzo 2011).

7.4.6 Mechanisms for Elimination of Pollutants by the Plant
(Table 7.3)

Table 7.3 Breve descripción de los mecanismos de eliminación de contaminantes por la planta

Method Description

Phytoextraction The plants are harvested for further incineration, because their use can be
dangerous. This mechanism includes both organic and inorganic pollutants
that do not have the capacity to transform into nontoxic substances

Phytovolatilization It occurs as growing plants absorb water along with various types of
contaminants, some of which can reach the leaves and evaporate or
volatilize in the atmosphere

Phytodegradation It is responsible for transforming a pollutant into one less “harmful” to the
environment, which can only occur with organic pollutants

Phyto-
immobilization

It causes the subjection and reduction of the bioavailability of contaminants
through the production of chemical compounds in the interface-soil-root
which inactivate the toxic substances, either by adsorption or precipitation
processes

Phytostabilization Contaminants of soil or water are immobilized by adsorption, precipitation,
and accumulation of substances in the roots of plants. In the same way, this
process reduces the mobility of pollutants and prevents their migration to
groundwater or air

Fuente: Velásquez (2017)
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7.4.6.1 Advantages and Disadvantages of Phytoremediation
Although phytoremediation is an economic and in many ways beneficial technique
for the recovery of soils, it may contain some disadvantages that must be known
before starting a recovery project based on this technique. Phytoremediation among
its advantages stands out as an appropriate method to decontaminate soil and water
naturally, with the help of the biological processes of ecosystems and solar energy,
without the need to add chemical substances that can become more dangerous than
the same pollutants. However, phytoremediation is characterized by being a process
that can take months or even years, which manifests itself as a disadvantage when
choosing it, but as a viable alternative and friendly to the environment (Table 7.4).
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Microbial Degradation of Pharmaceuticals
and Personal Care Products from
Wastewater

8

Sudeeptha Girijan and Mathava Kumar

Abstract
Pharmaceuticals and personal care products (PPCPs) are a matter of emerging
concern. Their concentrations have been detected worldwide in aqueous and soil
matrices. PPCPs are present more frequently in aqueous matrices and are found to
be highly toxic to aquatic organisms. The partial treatment and subsequent
discharge of PPCPs from wastewater treatment plants make them a major source
of PPCP contamination of water bodies. The extent of PPCP removal depends on
the type of treatment, and the efficiency of both physicochemical and biological
methods is introduced. However, biological methods offer a much cheaper, less
energy-intensive, and sustainable option when compared to the other methods.
The removal efficiencies under different biological environments show that
aerobic conditions are most sited for PPCP removal. Moreover, the literature
also conveys that for most of the compounds, biodegradation was the major
pathway except for some highly hydrophobic compounds. The major factors
affecting PPCP removal are also discussed in detail. A case study with metroni-
dazole as the target compound and a suspended mixed culture demonstrates the
biodegradation process in conventional biological systems under varying PPCP,
MLSS concentrations, and C/N ratios. However, the problem associated with
proliferation of antibiotic-resistant bacteria is a major concern and needs to be
resolved.
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8.1 Introduction

The term PPCP stands for pharmaceuticals and personal care products. These
compounds attend to various personal needs of humans, including health benefits,
agriculture, livestock management, etc., and have been in use for a very long time.
However, they have started to emerge as a new class of contaminants due to their
apparent deteriorative effect on the aquatic ecosystem. These compounds are
administered directly to humans or animals, and their occurrence in the environment
has been limited to very low concentrations usually ranging from a few ng/L to μg/L
(Carballa et al. 2007). This is one of the major reasons that they have gone
undetected till date. The advent of new analytical techniques capable of detecting
even trace concentrations of compounds has led to the discovery of the widespread
occurrence of these compounds, especially in the aquatic ecosystem. Since then,
their occurrence and fate in various environmental systems have been studied
fervently. Even so, analysis techniques are not fully efficient in predicting PPCP
concentrations due to lack of knowledge of transformation products.

Rapid industrialization, globalization, and growth in the health industry have
increased the overall usage rate of PPCPs (Fent et al. 2006). After use, these
compounds end up in the waste stream through sewage, runoff, etc. One of the
major reasons of concern toward these pollutants includes lack of any proper quality
standards regarding PPCP discharge, which means there is an unregulated discharge
of these pollutants into the environment. Standards for PPCP discharge cover a few
limited compounds and have been adopted by only a few countries. In India, IS
10500:2012 specifies limits for 18 pesticides. Thus a variety of different compounds
are introduced into the environment. These waste streams act as a sink for the
PPCPs, and the synergistic and cumulative effects of these compounds are not
known well.

In addition, the conventional biological-based treatment systems are not efficient
in removing these compounds. The compounds, especially pharmaceuticals, are
made resistant to biodegradation so that they serve their intended purpose. For this
reason, these compounds released as such or in their metabolized forms end up in
surface water and other drinking water sources. This growing gap between usage and
removal leads to accumulation of these compounds in the aquatic systems. PPCPs
have been reported to cause adverse effects even at trace concentrations, especially
hormone-mimicking and hormonal preparations (Fent et al. 2006). The effects of
these compounds at relatively high concentrations on the aquatic life and subse-
quently on humans are largely unknown. The metabolic pathway of these
compounds during biodegradation is also not understood well. Many compounds,
such as carbamazepine, diclofenac, etc., are found to show negative removal (Blair
et al. 2015) in activated sludge processes which are attributed to the conjugation of
their metabolized forms to produce the parent compound. In addition, knowledge of
the toxicity of PPCPs on aquatic life is limited to acute data for single compounds
without much regard to cumulative effects of multiple compounds and transforma-
tion products.
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Another major concern related to the occurrence of PPCPs in aquatic systems is
the possible occurrence of antibiotic-resistant genes. The presence of relatively high
concentrations of antibiotics over prolonged periods can act as a stress and lead to
the development of resistant genes in the microbes naturally occurring in that
ecology. Since there may be more than one antibiotic, the strains developed may
be multidrug resistant. Although naturally occurring microflora are largely non-
pathogenic, genetic material can transfer between microbes through exchangeable
genetic components such as plasmids.

In summary, we can say that wide and high level usage of these compounds,
recalcitrant and bioaccumalative nature of some of them, inability of conventional
treatment processes to remove PPCPs, possible health effects on humans and aquatic
life, response generated from microbial communities like origination of antibiotic
resistance genes, poor understanding of the metabolic pathways, synergistic effects
of these pollutants, etc. make these contaminants a serious concern to the ecosystem.
Although the direct effects of these trace organic contaminants are not apparent, the
contamination is bound to increase with the years. One of the key focus areas to
mitigate this problem is improving the existing treatment systems to effect PPCP
removal. As part of this, studies have explored various methods like advanced
oxidation processes, adsorption, etc. However, biodegradation is a more sustainable
option and also convenient for a retrofitting of the existing wastewater treatment
system. Therefore, it is essential to divert some focus to understanding the biodegra-
dation of PPCPs to effectively mitigate the problem of PPCP contamination.

This chapter tries to introduce to the reader the significance and the current state
of PPCP contamination. Further on, the fate of PPCPs in various biological treatment
systems and the mechanism of their removal are discussed. Their behavior with
variations in the wastewater characteristics and reactor environment is also
discussed. This is followed up with a case study on the removal of a model PPCP
compound under varying parameters. Finally, the future direction and scope of the
topic is elaborated.

8.2 PPCPs

Pharmaceuticals can be classified under the various therapeutic classes which
include antibiotics, analgesics, lipid regulators, steroids, hormones, psychiatric
drugs, etc., whereas personal care products include fragrances, sunscreen agents,
insect repellants, etc. (Ellis 2006). They are organic in nature with functional groups
such as amides, azoles, carboxyl, amines, etc. attached to them. After consumption,
most of these compounds are excreted as such or in their metabolized forms. These
compounds eventually end up in the environment since further degradation of
PPCPs within the environment is less or nonexistent. The occurrence of PPCPs
has been reported majorly in aqueous matrices and to a lesser degree in solid matrix.
The reported occurrences and the pathway of PPCPs within the environment are
explained in the following sections.
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8.2.1 Exposure Route of PPCPs in the Environment

The major sources of PPCPs are from domestic households, industrial wastewaters,
hospital effluents, and runoff from animal farming, agriculture, and aquaculture
(Ellis 2006). The concentrated effect of PPCP contamination can be observed in
the waste effluent waters of domestic households, industries, and hospitals, whereas
the discharges of the other sources are usually direct without treatment. Thus we can
consider the original source of PPCPs to be the manufacturing industries from where
they are distributed for human and animal consumption. PPCPs are then excreted in
their metabolized forms or otherwise and end up in the waste stream. The exposure
route of PPCPs starting from manufacturing units to its occurrence in surface and
drinking waters is shown in Fig. 8.1.

While most of the PPCPs consumed by humans ideally enter the waste treatment
units, some amounts are also indiscreetly introduced directly into the environment
during recreation, through soak pits, etc. The PPCPs such as veterinary antibiotics
and others meant for animals usually come out as nonpoint discharges into the
aqueous or soil matrix without any treatment. Runoff from fields and application
of manure are the major pathways for occurrence of veterinary antibiotics in the
environment (Kemper 2008).

The fate of PPCPs in the environment as well as the treatment plants is greatly
affected by the properties of the compound such as the Kd value, Henrys constant,
pKa value, etc. PPCPs entering the treatment plants undergo partial degradation
resulting in residual concentrations and possible degradation intermediates in the
discharge. This causes the occurrence of PPCPs in surface water sources. Subsurface
water flows may lead to interaction and transfer of these contaminants to groundwa-
ter as well. Solid wastes generated in the hospitals, households, as well as the
treatment plants with or without further treatment are disposed directly to the soil
or in landfills. These PPCPs can spread into groundwater or surface water through
leachate and runoff. Groundwater and surface water reservoirs acting as raw water
sources introduce these PPCPs into drinking water which is the main point of
exposure to humans. Other organisms are exposed to PPCP contamination mainly
via surface water contamination.

8.2.2 Occurrence of PPCPs

PPCP contamination is widespread occurring all across the globe, and the conven-
tional treatment process adopted in WWTPs is efficient in removing only a few
easily degradable compounds such as salicylic acid, ibuprofen, acetaminophen, etc.
(Kimura et al. 2005; Sipma et al. 2010). This is reflected in the positive findings of
PPCPs in wastewaters, surface waters, groundwaters, and even drinking waters.
However, PPCPs may also be introduced into the environment exclusive of WWTPs
such as through runoffs from organic farms, poultry farms, landfills, etc. The
concentrations of PPCPs recorded are usually highest in wastewater influents and
effluents followed by surface waters probably due to dilution. Groundwaters and

176 S. Girijan and M. Kumar



Fi
g
.8

.1
E
xp

os
ur
e
ro
ut
e
of

P
P
C
P
s
in

th
e
en
vi
ro
nm

en
t

8 Microbial Degradation of Pharmaceuticals and Personal Care Products from. . . 177



drinking waters show still lower concentrations of PPCPs. However, their
concentrations in these matrices can potentially go up in the coming years. A
comparison of the PPCP contamination in different wastewater matrices is shown
in Fig. 8.2.

8.2.2.1 Occurrence of PPCPs in Wastewaters
As a consequence of treatment inefficiency of PPCPs, WWTPs are one of the major
sources of PPCP contamination. PPCP occurrence has been reported in WWTPs of
China, Korea, Greece, Spain, etc. The influent concentration of PPCPs is found to be
affected mainly by usage (Choi et al. 2008; Luo et al. 2014), and the effluent
concentration is dependent on factors such as treatment type, operating parameters,
and biodegradability of the compound. For example, caffeine was found to be the
most abundant compound in WWTPs in Greece which could be attributed to their
higher usage (Kosma et al. 2014); lincomycin and oxytetracycline, having very high
degradability, showed low concentration even at higher usage value (Hu et al. 2010).
Type of wastewater can also influence the influent concentrations. A comparison of
urban and hospital wastewater in Ioannina, Greece indicates higher concentrations of
antibiotics for hospital wastewaters but no significant difference in concentration of
other compounds (Kosma et al. 2014). However, a more comprehensive review
shows average concentrations of PPCPs much higher in hospital wastewaters (rang-
ing from 4 to 150 times) than in urban wastewaters (Verlicchi et al. 2012). Livestock
wastewater is also suggested as a major source of antibiotics, showing a maximum
concentration of 211 μg/L in China (Liu et al. 2013).

PPCP concentrations are detected in influent as well as effluent of WWTPs and
vary depending on the removal efficiency of WWTP for that particular compound.
Study of five WWTPs in Ulsan, Korea showed high influent concentrations of
acetaminophen, atenolol, and lincomycin. While acetaminophen was almost
completely removed, atenolol was removed with 64% efficiency, and lincomycin
was removed with an efficiency of �11%. This indicates a higher concentration in
the effluent than at the influent (Kumar et al. 2011). Negative removal has also been
reported for carbamazepine (Sipma et al. 2010) and has been explained as transfor-
mation of metabolites into parental form. Other possible explanations include
desorption from particulate matter, atmospheric deposition, hydrolysis, and errors
in estimation.

8.2.2.2 Occurrence of PPCPs in Surface Waters
One of the major causes of surface water contamination is discharge from WWTPs.
A study conducted in Korea showed higher PPCP concentrations at sampling points
downstream of WWTPs indicating the role of wastewater discharge in surface water
contamination (Choi et al. 2008). The usually observed concentrations in surface
waters are much lesser than in wastewaters which could be attributed to dilution,
sorption, biodegradation, photodegradation, etc. (Buser et al. 1998; Luo et al. 2014).

Carbamazepine, triclosan, and parabens were investigated in surface waters of
India. Concentration of carbamazepine ranged from 5 to 20 ng/L which was similar
to studies in Korea. Triclosan was found to be the most abundant with maximum
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concentrations reaching 5 μg/L. Their concentrations in aqueous and sediment phase
indicated that these concentrations were independent parameters with the sediment
phase concentrations showing low variations (Ramaswamy et al. 2011). The distri-
bution of PPCPs in surface waters can also be related to usage, dosage, excretion
rate, etc. similar to wastewater trends. Pharmaceutical compounds in surface waters
of France showed low values within 25 ng/L except for metformin (antidiabetic
drug) which showed a maximum value of 735 ng/L which has a high usage and
dosage (Vulliet and Cren-Olivé 2011). A nationwide survey of surface waters of the
USA indicated a very high detection frequency (DF) for the PPCP compounds with
steroids showing the highest frequency of about 90%. However, the highest concen-
tration percentage was observed for detergent metabolites followed by steroids and
plasticizers showing that higher DF need not necessarily translate to higher concen-
tration and vice versa. Although nonprescription drugs had a high DF, their concen-
tration percentages were less. However, highest concentration of caffeine observed
was around 6 μg/L which is much higher than most of the other observations within
1 μg/L (Kolpin et al. 2002).

8.2.2.3 Occurrence of PPCPs in Groundwater
Groundwater may get contaminated with PPCPs through septic tank seepage,
landfill leaching, contaminated recharge water, contaminated soil, etc. (Hu et al.
2010; Teijon et al. 2010). Study of seasonal variations and PPCP concentrations in
groundwater was found to have no correlation (Peng et al. 2014) and is suggested to
be more or less a function of subsurface transport processes including retention time
(Teijon et al. 2010). In the same study, landfill leachates, as a source of PPCP
contamination of groundwater, were studied. The results indicated that groundwater,
though contaminated with PPCPs, did not show any strong correlation with the
distance from landfill site. PPCP concentrations in groundwater were found to be
generally lower than nearby surface water or wastewater concentrations (Teijon et al.
2010; Peng et al. 2014). PPCP concentrations detected in groundwater across
different countries usually fell within 100 ng/L (Peng et al. 2014).

8.2.2.4 Occurrence of PPCPs in Other Sources
Apart from aqueous phase, PPCPs have also been detected in sediments and soil
(Ramaswamy et al. 2011). One of the causes of soil contamination is through manure
application (Hu et al. 2010). Study of transport of contaminants in soil-aqueous
systems shows that contaminants with higher water solubility end up in aqueous
systems and those with higher Kd values end up in soil systems. One of the most
common cases of occurrence of PPCPs in the solid phase is in the sewage sludge.
The presence of PPPCPs in sewage sludge affects their treatability, disposal, and
reuse/recovery applications (Narumiya et al. 2013). A study conducted in four STPs
in Japan found 45 PPCP compounds in the secondary sludge of an activated sludge
process with concentrations ranging from 0.1 to 104 μg/kg (Narumiya et al. 2013).
PPCPs have also been detected in drinking water across the globe at comparatively
lower concentrations ranging from 0 to 100 ng/L (Yang et al. 2017). PPCPs like
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carbamazepine, ibuprofen, gemfibrozil, and bisphenol-A were detected in drinking
waters in Canada (Kleywegt et al. 2011).

8.2.3 Removal in Physicochemical and Biological Systems

The widespread occurrence of PPCPs and their presence even in drinking waters is
alarming. The intervention to this problem needs to happen at the treatment plants
receiving wastewaters. This has fuelled a lot of research into the treatment of PPCP-
contaminated wastewater. Various biological and physicochemical processes have
been researched for PPCP removal. Removal efficiencies vary with the type of
process investigated (Table 8.1). One of the major setbacks encountered is the
trace amounts of the pollutant present which increases their chances of bypassing
the treatment especially when present in complex wastewaters along with gross
organic contaminants.

8.2.3.1 Advanced Oxidation Processes
Among the physicochemical processes, advanced oxidation processes (AOPs) are
one of the most commonly investigated techniques for PPCP removal (Luo et al.
2014). They include photocatalytic processes (solar or UV catalyzed), ozonation,
electrolysis, ultrasonication, microwave, pulsed plasma, etc. Advanced oxidation
processes rely on the high oxidative capacity of free radicals such as hydroxyl
radicals for the degradation of trace contaminants (Mohapatra et al. 2014; Carra
et al. 2015). They are effective in the removal of even persistent PPCPs such as
carbamazepine (Mohapatra et al. 2014). AOPs have a high degradation rate and are
devoid of a secondary waste stream (Mohapatra et al. 2014). However, one of the
limitations associated with these systems are their energy efficiencies. Many
researches are being conducted to improve the energy efficiency and reduce the
cost of treatment. UV-LEDs were studied as a potential measure in reducing the
energy input and successfully employed for the degradation of acetamiprid in a
photo-Fenton process (Carra et al. 2015).

8.2.3.2 Membrane Separation Processes
Membrane separation processes help in PPCP removal by a purely physical process
of size exclusion, filtration, and electrostatic repulsion. They include ultrafiltration,
nanofiltration, and reverse osmosis. Reverse osmosis was found to remove
41 investigated PPCPs at removal efficiencies greater than 97%. However, the
comparison of RO with an ozone/biofilter treatment revealed that the energy con-
sumption was about five times higher for an RO process (Lee et al. 2012). Moreover,
waste streams generated need further treatment.

8.2.3.3 Biological Processes
Biological processes such as activated sludge process (ASP), sequencing batch
reactors (SBRs), upflow anaerobic sludge blanket (UASB), and biofilters and fixed
and moving bed reactors have been studied for PPCP removal. The PPCP removal
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Table 8.1 Removal efficiencies of PPCPs under different physicochemical and biological treat-
ment methods

Process Operating conditions Compound

Removal
efficiency
(in %) References

Photo-Fenton
process

UVC-LED
illumination at 20 W/
m2; 12 mg/L H2O2

and 3 mg/L Fe; 20 min
run; 100 μg/L initial
concentration

Acetamiprid 100 Carra et al.
(2015)

Ozone-
biofiltration

4–8 mg/L initial
concentration

Amoxicillin, ATL,
butalbital, caffeine,
CBZ, DEET, dilantin,
NPX, sucralose,
SMX, TCEP

100 Lee et al.
(2012)

Iohexal, iopromide,
meprobamate,
primidone

60,
80, >70,
>80

Reverse
osmosis

12 LMH; 7 bar
operating pressure;
2% recovery

41 PPCPs >97% Lee et al.
(2012)

Constructed
wetland

Hybrid full scale;
317 m2 vertical flow;
229 m2 horizontal
flow; 240 m2 free
water surface;
Phragmites australis
and mixed species

IBP, DCF, ACE,
tonalide, TCS,
bisphenol A,
oxybenzene, ethinyl
estradiol

>99, >89,
99, 90,
79, >99,
100, 100

Ávila et al.
(2014)

Anoxic-aerobic
photobioreactor

2 d HRT; 90–200 mg/
L carbon loading

IBP, NPX, SA, TCS,
propylparaben

91, 28.7,
83, 85, 87

López-
Serna et al.
(2019)

Anaerobic-
anoxic-aerobic
photobioreactor

3–4 d HRT; 200 mg/L
carbon loading

IBP, NPX, SA, TCS,
propylparaben

94, 52, 97,
100, 100

López-
Serna et al.
(2019)

Upflow
anaerobic
sludge blanket
(UASB)

0.5 to1 d-HRT; 0.5 to
1 m/h upflow velocity;
SRT > 100 d

SMX, TMP, and NPX >80 Alvarino
et al.
(2014)

Fragrances and
hormones

40–60

CBZ, IBP, ERY,
RXM, DZP, FLX,
DCF

<20

AnMBR
(UASB +
MBR)

HRT 6 h; SRT 30 d;
30 �C; pH 7.5; HF
membrane module of
0.02 m2 and 0.04 μm

TCS, SMX,
androsterone,
Nonylphenol,
androstenedione,
testosterone

>90 Monsalvo
et al.
(2014)

DCF, IBP, CBZ,
meprobamate,
atrazine, estriol,
estrone, DEET, and
primidone

<10

(continued)
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efficiencies observed in the most commonly employed biological processes are
given in Table 8.1.

In addition to heterotrophic bacteria, other agents such as symbiotic cultures of
bacteria and algae have also been studied for PPCP removal. The high HRTs in these

Table 8.1 (continued)

Process Operating conditions Compound

Removal
efficiency
(in %) References

Granular SBR 2.25 g/L MLSS;
22 �C; pH of 7–7.5;
2.52 kg COD/m3 d;
8 cycles per day

Prednisolone, NPX,
SMX, NFX

70–85 Zhao et al.
(2014)

IBP 45

Aerobic SBR HRT, 1 d; SRT, 10 d;
8 h cycles,
DO > 2 mg/L

ATL, TMP, SMX 89, 21, 38 Stadler
et al.
(2015)

Anoxic/aerobic
SBR

DO > 2 mg/L for half
the reaction time

63, 3.4, 35

Micro aerobic
SBR

DO 0.3 mg/L 73, 5.8, 62

MBBR Biomass attached on
plastic carriers; three-
stage MBBR treating
hospital effluent,
15–18 �C, flowrate
0.5 L/h, 50% filling
ratio

Β-blockers, X-ray
contrast media,
sulfonamides, IBP,
clarithromycin other
analgesics, CBZ, ERY
TMP

5–40,
60–80
<20, >90,
0.90,<20,
<20, <20,
30

Casas et al.
(2015)

FBBR HRT, 4 d; no biomass
removal; pelletised
Trametes versicolor

Clofibric acid 80 Cruz-
Morató
et al.
(2013)

Oxidation ditch 1800 m3 reactors with
surface aeration;
HRT, 1 d

18 PPCPs 17 out of
18 > 75,
DCF < 25

Salgado
et al.
(2012)

CAS HRT, 13 h; MLSS,
1.7 g/L

IBP; ketoprofen,
mefenamic acid,
NPX; clofibric acid,
dichlorprop, DCF

>90,
medium
removal,
<50

Kimura
et al.
(2005)

MBR 0.04 μm pore size;
0.09 m2 nominal
surface area; 2.5 g/L
to 12 g/L MLVSS;
temperature � 18 to
24 �C; pH�6.5 to 8.5;
DO, 2–3 mg/L; HRT,
0.5–1 d; SRT, 72 d

NPX and IBP; ERY
and ROX; fragrances;
SMX; TMP; CBZ,
diazepam, and DCF

>85, >75,
>45,
52, 36,
<25

Reif et al.
(2008)

ATL atenolol, CBZ carbamazepine, DEET N,N-diethyl-m-toluamide, NPX naproxen, SMX sulfa-
methoxazole, TCEP tris(2-carboxyethyl)phosphine, IBP ibuprofen, DCF diclofenac, ACE acet-
aminophen, TCS triclosan, SA salicylic acid, ROX roxithromycin
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systems favor PPCP removal. However, compounds such as naproxen, which were
well removed by bacterial systems, were removed only by 52% in an algal-bacterial
photobioreactor (López-Serna et al. 2019). Moreover, white rot fungi,
Phanerochaete chrysosporium, immobilized on wood chips was found to remove
carbamazepine (CBZ) and naproxen (NPX) by 61 and 90.35%, respectively (Li et al.
2015). These organisms are known for their nonspecific oxidative enzymes and
represent an attractive means of removal for persistent compounds such as PPCPs.

Constructed wetlands are natural systems that have been successfully employed
for PPCP removal. Although phytoremediation is the major removal pathway,
adsorption onto soil, photodegradation, etc. also play a prominent role in the
removal. Various flow configurations like vertical flow, horizontal flow, and free
water systems have varying effect on PPCP removal. A hybrid wetland consisting of
all three configurations in series was found to remove all the investigated PPCPs by
more than 80% (Ávila et al. 2014). However, the large space requirement makes
them unsuitable for high-throughput systems.

Among the biological-based processes, MBR technology is very promising for
PPCP removal. MBR is an advanced biological treatment method, which combines
activated sludge process with membrane technology for solid separation. The ability
of MBR to retain a high biomass concentration and high SRT is an advantageous
trait to treat persistent compounds such as PPCPs (Kimura et al. 2005; Sipma et al.
2010). In addition, the fouling layers on the membrane are also found to aid in PPCP
removal (Monsalvo et al. 2014). MBRs have been constantly demonstrated to
perform better than conventional activated sludge systems (Radjenović et al. 2009;
Sipma et al. 2010). MBRs are more efficient in treating compounds with intermedi-
ate degradability. However, compounds with low degradability (such as carbamaze-
pine and diclofenac) are untreated or ineffectively treated in both systems (Kimura
et al. 2005; Radjenović et al. 2009).

8.2.4 Effects of PPCPs on the Ecosystem

The presence of PPCPs is found in both aqueous and soil matrices. However, the
abundance and the exposure to aquatic sources make the effects of PPCPs in aquatic
systems more important. One of the major and direct effects of PPCPs is the toxicity
to the aquatic life. PPCPs, especially pharmaceuticals, are potentially very toxic not
only to lower organisms such as the microbes but also to other aquatic organisms
such as crustaceans, fishes, etc. Pharmaceuticals are manufactured to act on specific
enzymes or other biomolecules to manipulate or aid various functions of the body.
However, these compounds are administered at regulated dosages. The adverse
effect of PPCPs on higher organisms can be explained by the unregulated exposure
and similarity in the biomolecules performing important bodily functions such as
reproductive, neural, and gastric functions (Fent et al. 2006). These biomolecules act
as receptors for the compounds which interrupts the metabolic pathways of the
organism. The toxicity studies carried out for PPCPs mainly focus on acute toxicity
and also are simplified to the context of a single compound. The real scenario is quite
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different since the pharmaceuticals are quite widespread. The toxicity of the
metabolites of the compounds is also not well investigated (Fent et al. 2006).
Acute toxicity results are usually carried out within 48 h and the toxicity is
represented in terms of EC50 values. EC50 values may vary for a single compound
depending on the type of target organism. Results for the toxicity studies of PPCPs
on different trophic level organisms are shown in Table 8.2. In general, the values are
lower for lower trophic level organisms. Propanolol, fluoxetine, and diclofenac are
some of the most toxic pharmaceuticals investigated (Cleuvers 2003; Fent et al.
2006).

Most of the pharmaceuticals have EC50 values higher than 1 mg/L which is higher
than their usual environmental concentrations (Fent et al. 2006). However, the
chronic toxicity values are lower than acute toxicity, sometimes even by three orders
of magnitude (Fent et al. 2006) and may not necessarily follow the same order as
acute toxicity values (Wollenberger et al. 2000). It was observed that veterinary
antibiotics, oxolinic acid and tiamulin, were toxic to Daphnia magna at environ-
mentally relevant concentrations (4.6 and 40 mg/L, respectively) (Wollenberger
et al. 2000). Estrogen, EE2 (17α-ethinylestradiol), was also found to impair the
male sexual development in fat head minnows at concentrations as low as 4 ng/L
(Länge et al. 2001). Toxicity studies have also been carried out for aquatic plants.
Lemna minor (duckweed) was found to be more sensitive to six of the nine
pharmaceuticals investigated when compared with Daphnia magna and
Desmodesmus subspicatus (Cleuvers 2003). Moreover, acute toxicity studies
conducted for mixtures of compounds showed that the mixture toxicity varied
with the mode of action of each pharmaceutical and followed the theories of similar
or dissimilar action (Cleuvers 2003). In addition, the toxicity values of
clarithromycin and its major metabolite, 14-hydroxy(R)-clarithromycin, were
found to be similar (Baumann et al. 2014). This stresses the importance of studying
the effluent quality not only in terms of PPCP removal but also in terms of toxicity.

In addition to the direct toxic effects on aquatic organisms, they can also affect the
ecosystem by encouraging the development of antibiotic-resistant traits in microbes.
The presence of tetracycline- and sulfonamide-resistant genes was detected in the
agricultural wastewaters and sediments in Colorado, USA. The quantity of
antibiotic-resistant genes (ARGs) could be positively correlated to the agricultural/
urban activity (Pruden et al. 2006).

8.3 Fate of PPCPs in Biological Systems

Domestic and industrial wastewaters are conventionally treated through a common
schematic involving a primary treatment like coagulation and sedimentation,
followed by a secondary biological treatment. This could then be followed by a
tertiary treatment like chlorination, UV, ultrafiltration, etc. Most conventional waste-
water treatment systems employ an activated sludge process for organic matter
removal. In addition, nitrification and denitrification units may also be installed for
nutrient removal. Moreover, sludge obtained from the primary and secondary
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settling is usually digested anaerobically before disposing them to drying beds or for
reuse and resource recovery. Moreover, anaerobic systems may also be employed for
organic matter removal in the secondary treatment, for example UASB and anaero-
bic MBRs. However, as evidenced by the presence of PPCPs in surface waters,
conventional treatment systems are not very efficient in removing these
contaminants. Many full-scale, pilot-scale, and lab-scale biological treatment
systems have been investigated to observe removal efficiencies of a variety of
different PPCP compounds (Onesios et al. 2009).

8.3.1 Removal Efficiencies in Conventional Biological Systems

Biological systems include aerobic systems such as activated sludge, MBRs, etc.
where oxidation is the major pathway of degradation with oxygen as the electron
acceptor. Aerobic systems cause the conversion of organic matter to carbon dioxide
and water. In addition, ammonia and other nitrogen-containing compounds are
converted to nitrates. Anoxic systems, where nitrate is the electron acceptor, also
favor oxidative degradation. However, the product formed is nitrogen gas. Many
systems such as attached growth systems, SBRs, etc. have combinations of aerobic/
anoxic environments within the reactor (Münch et al. 1996; Guo et al. 2010) for
simultaneous removal of C, N, and P. On the contrary, anaerobic systems essentially
utilize reductive pathways where the organic matter acts as the electron acceptor and
reduces to form methane, hydrogen gas, etc. The removal efficiencies of PPCPs
under different redox environment were found to be different. This can be attributed
to the degradation pathways and microbial community under different redox
environments. Biodegradation rates of different PPCPs under different microbial
communities are given in Table 8.3.

A study on PPCP removal by nitrifier-rich sludge showed that 8 of the
11 investigated compounds showed removals greater than 75%. The PPCP removals
could be positively correlated to the nitrification rate of the biomass (Alvarino et al.
2014). It was hypothesized that the ammonia monooxygenase enzyme had a positive
effect on PPCP removal and the metabolism was assumed to happen by hydroxyl-
ation or O-dealkylation (Fernandez-Fontaina et al. 2012; Alvarino et al. 2014).

The anaerobic systems were observed to be less efficient in the removal of most of
the compounds except for specific compounds such as sulfamethoxazole (SMX) and
trimethoprim (TMP) (Alvarino et al. 2014; Monsalvo et al. 2014; Su et al. 2014). A
study on the removal of PPCPs in a UASB observed that the biodegradation
constants for the compounds (except for SMX, TMP, and NPX) were 2–4 orders
of magnitude lesser than a comparable ASP system (Alvarino et al. 2014). This
shows that most of the degradation pathways are oxidative. However, removal
efficiencies of SMX, TMP, caffeine, acetaminophen (ACE), and diltiazem were
greater than 80% in an anaerobic sludge digester, whereas the rest of investigated
PPCPs showed removals less than or equal to 50% (Narumiya et al. 2013).
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8.3.2 Removal Mechanisms

The removal of PPCPs during wastewater treatment may occur due to a variety of
processes such as biodegradation, adsorption, volatilization, and hydrolysis (Li and
Zhang 2010). In addition to this, light-sensitive compounds such as acetaminophen
are also found to undergo photodegradation (Li et al. 2017). While most studies
focus on the total removal of PPCPs from the wastewater, distinction between the
removal mechanisms is seldom studied. A study on 11 pharmaceuticals using
freshwater and saline wastewater sludge concluded that the major removal
mechanisms were biodegradation and adsorption (Li and Zhang 2010). While
biodegradation causes complete or partial mineralization of the contaminants,
adsorption brings about a mere phase change. Therefore, an ideal system will have
a major percentage of removal through biodegradation. However, adsorption is not
unfavorable since adsorption onto the cell surfaces is the preliminary step in
biodegradation. However, it was observed that the sorbed compounds did not
show any desorption from the sludge even when the supernatant concentrations
reduced (Blair et al. 2015). In general, removal of PPCPs is mainly attributed to
biodegradation, while adsorption is a minor removal pathway (Salgado et al. 2012).
A study on the presence and degradation of in situ PPPCPs observed that out of the
57 pharmaceuticals studied, 48 were detected in the supernatant, while only 29 were
found sorbed onto the sludge (Blair et al. 2015).

Table 8.3 Biodegradation constants of PPCPs under different microbial communities

Reactor
type Compound

Pseudo-first-order-specific
biodegradation constant
(L/g/d) References

Activated
sludge
process

SMX, SDZ 0.12, 0.174 Li and
Zhang
(2010)

ACE, azithromycin, caffeine,
estriol, estrone, GMF, IBP, NPX,
ranitidine

53.52, 0.24, 50.88, 42.72,
54.96, 0.72, 40.32, 25.68,
1.44

Blair et al.
(2015)

Celestolide, estrone, IBP, estradiol,
galaxolide, NPX, ROX, ethinyl
estradiol, tonalide, diazepam, ERY,
SMX, TMP, DCF

18, 14, 16, 11, 8, 7, 2.2,
2, 2, 2, 1, 0.7, 0.6, 0.1

Alvarino
et al.
(2014)

Upflow
anaerobic
sludge
blanket

TMP, NPX, SMX, estradiol,
celestolide, estrone, IBP, DCF,
ROX, fluoxetine, CBZ, ERY

1.8, 1.11, 0.36, 0.07, 0.05,
0.04, 0.007, 0.007, 0.006,
0.003, 0.003, 0.001

Alvarino
et al.
(2014)

Nitrifier
sludge

Galaxolide, IBP, tonalide, NPX,
ERY, TMP, ROX, fluoxetine

(in μg/g/d) Fernandez-
Fontaina
et al.
(2012)

39, 29.8, 26.5, 26.3, 19.8,
18.6, 15.7, 12

SMX sulfamethoxazole, SDZ sulfadiazine, ACE acetaminophen, GMF gemfibrozil, IBP ibuprofen,
NPX naproxen, TMP trimethoprim, DCF diclofenac, ROX roxithromycin, ERY erythromycin
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Removal by biodegradation varied visibly within various classes of PPCPs and
even for the same compound under different conditions (Onesios et al. 2009; Li and
Zhang 2010; Blair et al. 2015). Many PPCPs such as acetaminophen, ibuprofen,
naproxen, metformin, etc. are consistently reported to have removal percentages
higher than 90 (Salgado et al. 2012; Blair et al. 2015), whereas compounds such as
galaxolide, tonalide, celestolide, cashmeran, traseolide, and diclofenac are shown to
have low removals in a conventional activated sludge process (Salgado et al. 2012).
Moreover, negative removal efficiencies have also been reported in treatment units.
Carbamazepine, sulfadiazine, ciprofloxacin, clarithromycin, trimethoprim, etc. are
some examples of compounds showing negative removal (Blair et al. 2015).

The amount of PPCPs biosorbed on the sludge is a function of Kd (solid-water
partitioning coefficient) or Kow (octanol-water partitioning coefficient) values. A
minimum Kd value of 500 L/kgSS is recommended for appreciable removal through
sorption (Ternes et al. 2004; Zhang et al. 2008). Musk fragrances have high Kow

values and are found to be removed majorly by adsorption in an ASP (Salgado et al.
2012). However, these values described only the hydrophobic interactions and could
not apply to electrostatic interactions. The sorption mechanism could be better
understood considering the pKa values of the compounds and the reactor pH
(Fernandez-Fontaina et al. 2012). In general, compounds with basic functional
groups such as amino acids are sorbed well in high pHs, whereas acidic functional
groups are sorbed in lower pHs (Narumiya et al. 2013). Fluoroquinolones like
norfloxacin, ofloxacin, and ciprofloxacin showed adsorption of 60.5%, 42.3%, and
52.8%, respectively, in spite of their low Kd values (Li and Zhang 2010). These
compounds along with tetracycline, triclosan, and triclocarban are constantly
reported to have high sorption onto the sludge (Narumiya et al. 2013; Blair et al.
2015). Sorption of PPCPs onto a nitrifying activated sludge was found to be
comparable to that of activated sludges and remained constant under different
operating parameters (Fernandez-Fontaina et al. 2012). In addition, the sorption of
PPCPs onto anaerobic sludge showed that the sorbed concentrations were lower than
aerobic sludges which was attributed to lower surface area of anaerobic sludge flocs
(Alvarino et al. 2014). However, the trend of sorption was similar to that of aerobic
sludge with fluoxetine and musk fragrances showing the highest sorption. This
shows the strong dependence of the sorbed values to the pH, pKa, and Kd values
than on the redox activity or type of biomass.

Similarly, the volatilization rate could be correlated to the Henry’s constant value
of the compounds. Studies indicate that most of the PPCPs, other than certain musk
fragrances, do not undergo volatilization in treatment plants (Alvarino et al. 2014).

8.3.3 Factors Affecting PPCP Removal

The various factors that affect biodegradation of PPCPs include microbial
acclimatization to PPCPs, nature and concentrations of PPCP compounds, and
operating parameters such as SRT, HRT, C/N ratio, MLVSS concentration, mem-
brane flux, etc.
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Pharmaceutical concentrations play an important role in their removal by
microbes. Most biodegradation studies of PPCPs follow a first-order or pseudo-
first-order kinetics (Li and Zhang 2010; Blair et al. 2015) which by itself shows the
dependence of the rate of removal on the pharmaceutical concentration. This shows
that the rate of degradation is better with a higher concentration of PPCPs. This
observation was indicative of the co-metabolic nature of the degradation. In addition,
it was observed that acetaminophen, caffeine, metformin, triclosan, and triclocarban
did not show any degradation when the concentrations dropped to 90, 40, 1000,
60, and 50 ng/L, respectively (Blair et al. 2015). This shows that the microbes resort
to degrading the compound only when their concentrations reach a threshold limit.
This could limit the removal efficiencies of PPCPs present in low concentrations and
could be solved by concentrating PPCPs near the proximity of microbes with the
help of adsorbents.

The increase in SRT in MBR was found to improve the removal efficiency of
PPCPs. The effect of SRT on PPCP removal was not prominent till an SRT of about
33 d, and during this phase, the PPCP removal was found to depend more on the
substrate concentration. However, an increase in SRT to above 60 d showed a
remarkable difference in PPCP removal efficiencies (Göbel et al. 2007). An investi-
gation of PPCP removal by nitrifiers observed increase in diclofenac removal from
15% to 70% when SRT was increased to 150 d (Fernandez-Fontaina et al. 2012).
This was attributed to an increased biodiversity and lower F/M ratios, which
influences co-metabolism. However, the effect of SRT was not apparent for a
majority of the compounds. Thus, a critical SRT could be prescribed for each
PPCP compound beyond which the increase in SRT did not have any effect on
removal efficiency. Another major operational factor affecting PPCP removal is
HRT. The effect of HRT is found to be more pronounced than that of SRT. In
general, PPCP removal efficiencies decreased with decrease in HRT (Fernandez-
Fontaina et al. 2012; Ávila et al. 2014) probably due to the higher substrate loading
and shorter contact times. However, the degradation rates were found to increase
with lower HRTs indicating a co-metabolic pathway for removal (Fernandez-
Fontaina et al. 2012). HRTs affected removal efficiencies of different PPCP
compounds in a different manner. Well-removed and scarcely removed substances
showed much lesser dependence on HRT (Fernandez-Fontaina et al. 2012; Ejhed
et al. 2018). Ejhed et al. (2018) correlated the dependence on HRT to the extent of
biodegradation.

On the contrary, the application of acclimated microbes enhanced the PPCP
removal even at lower SRTs (Clara et al. 2005; Reif et al. 2008). The chemical
structure of compounds is also a key factor in affecting their removal efficiencies. In
general, compounds with simple structure are degraded easily in treatment systems,
whereas the presence of chlorine and/or two or more aromatic rings makes the
compounds resistant to degradation (Kimura et al. 2005). Therefore, the
characteristics of the influent wastewater (including C/N and inert solids) also
have an impact on the removal efficiency of PPCPs. Kimura et al. (2005)
investigated the effect of pretreatment on removal efficiency of PPCPs in MBR,
which did not show any significant difference. However, the NH4-N content was
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demonstrated to have an effect on removal of PPCPs such as atenolol, IBP, GMF,
NPX, caffeine, estrone, diuron, and N,N-diethyl-m-toluamide (DEET) (Phan et al.
2015). C/N ratios have an impact on the type of microbial community which in turn
leads to a difference in the SMP and EPS components in the bioreactor (Wang et al.
2014; Han et al. 2015). This could further affect the type of degradation favored and
can impact PPCP removal efficiency.

The mobility or state of biomass in the reactor also has an impact on PPCP
removal. Comparing the suspended and attached biomass, micropollutants were
found to be better degraded by the attached biomass (Luo et al. 2015). Attached
growth systems have higher SRT and higher biomass concentration, which can lead
to better removal efficiency. Generally, it has been observed that the diversity of
microbes is more in an attached growth systems (Yang et al. 2009). In addition, the
introduction of carriers also helps in the growth of slow-growing microbes, which
can potentially degrade PPCPs. Immobilization of biomass on carriers can either be
on the surface or within a matrix. Higher microbial activity was observed in attached
growth MBRs (AG-MBRs) as indicated by the higher specific oxygen uptake rate
(SOUR) (Yang et al. 2009; Jamal Khan et al. 2011). This was thought to be due to
the higher specific surface area owing to the smaller size of flocs. The addition of
granular materials like powdered and granular activated carbon (PAC and GAC) and
clay (Serrano et al. 2011; Nguyen et al. 2014) has been researched as a means of
enhancing removal efficiencies of MBRs. The difference in BOD/COD removal
efficiencies comparing suspended and attached growth systems under similar
conditions is very small (Yang et al. 2009, Leyva-Díaz et al. 2016). However,
attached growth systems remove total nitrogen and phosphorous in a better manner
(Jamal Khan et al. 2011), which is attributed to the DO gradient along the biofilm
resulting in an oxic zone at the surface and a deeper anoxic zone. As a result, it helps
in simultaneous nitrification and denitrification and also promotes the growth of
phosphate-accumulating organisms (PAOs).

8.4 Selected Pharmaceutical Removal in Suspended Biomass
System

Antibiotics are one of the most commonly reported and extensively used therapeutic
classes in pharmaceuticals (Verlicchi et al. 2010). Metronidazole (C6H9N3O3, MNZ)
belonging to the group of antibiotics and acetaminophen (C8H9NO2, ACE) belong-
ing to NSAIDs are frequently used for antibacterial treatment and as an analgesic,
respectively. MNZ and ACE also have very high water solubility, i.e., 9.5 and 14 g/
L, respectively. MNZ is usually removed with low efficiencies in treatment units and
ACE is one of the most ubiquitous PPCPs observed in the environment. These
properties pave the way for their entry into wastewater treatment plants (WWTPs)
and other aquatic systems. Thus, it is necessary to understand the biodegradation of
these compounds in WWTPs. Batch studies using a suspended biomass culture and
MNZ and ACE as the target compounds were conducted under different conditions
for this purpose. Biomass concentration, C/N ratio, MNZ, and ACE concentrations
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were identified as the major parameters affecting PPCP degradation, and the varia-
tion of these parameters resulted in different conditions. There have been instances
where nonfunctional effluent treatment plants are discharging pharmaceuticals into
the environment in the range of several mg/L (Larsson et al. 2007). Therefore, to
apply the outcome of the investigation to both surface water and industrial wastewa-
ter, the concentrations of MNZ and ACE were selected in the range of 0.01 to 5 mg/
L.

8.4.1 Application of CCD in Batch Biomass Systems

Central composite design (CCD) is a commonly used method for optimization
studies. It can be carried out for any number of parameters. Previously, the central
composite design (CCD) and analysis of variance (ANOVA) were used to explore
the effect of independent variables and their interactions. Moreover, the CCD was
successfully applied in predicting removal efficiencies of pollutants and determining
the maximum removal conditions with good accuracy (Rigas et al. 2005). In this
method, the response is measured at three kinds of points, namely, edge points, star
points, and center points. The numbers of these points vary based on the number of
parameters and the type of design chosen. We have selected a 2k design. The
concept can be best understood if we take the simple case of two variables. As per
CCD, we assume a square within a circle whose circumference decides the range of
experiments and the optimum value is assumed to lie within the square. The edge
points are denoted as �1 and 1; the star points are denoted as –α and α; and
0 represents the center point. For any “n” number of parameters, the extreme points
are taken as the –α and – values; the – values are given by the formula 2^(n/4); and
the center point is the midpoint of the range. In the current study, the four
parameters – MLSS concentration (A), C/N ratio (B), MET conc. (C), and ACE
conc. (D) – are the independent variables. The – value is 2. The points of concern are
calculated as shown in Table 8.4.

A four parameter full factorial design (FFD) with five levels with the independent
variables was adopted. The FFD yielded a total of 31 runs, which included seven
runs at the center point with the following conditions: MLSS, 2750 mg/L; C/N ratio,
15; MNZ concentration, 2.505 mg/L; and ACE concentration, 2.5 mg/L.
Experiments were conducted using an acclimatized suspended culture at all the
CCD generated conditions under temperature- and pH-controlled environments.
The experiments were continued for 7 d and at regular intervals; samples were

Table 8.4 Calculation of α value for the independent parameters

Parameters Range �α �1 0 1 α
Initial MLSS A 500–5000 mg/L 500 1625 2750 3875 5000

C/N ratio B 5–25 5 10 15 20 25

MET concentration C 0.01–5 mg/L 0.01 1.2575 2.505 3.7525 5

ACE concentration D 0–5 mg/L 0 1.25 2.5 3.75 5
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collected from the flasks and analyzed for MLSS, MNZ, and ACE (Table 8.5). These
values were used as dependent variables for exploring the effect of independent
variables under various experimental conditions. The ANOVA technique helped to
identify the interaction effect between the parameters (to ensure the fit and reliability
based on the R2 and p values) and to construct a quadratic regression model.

Table 8.5 MLSS, MNZ, and ACE concentrations measured at the various experimental conditions

Run
iMLSS
(mg/L)

C/
N

MNZ
(mg/L)

ACE
(mg/L)

MNZ
removal
(%)

ACE
removal
(%)

fMLSS
(mg/L)

Specific
MNZ
removal rate
(mg/kg d)

1 1625 10 3.7525 1.25 100.0 100.0 2079 397.55

2 2750 25 2.505 2.50 100.0 100.0 5632 149.48

3 1625 20 3.7525 3.75 100.0 097.2 2204 359.24

4 3875 10 3.7525 3.75 100.0 100.0 4296 197.55

5 2750 15 2.5050 5.00 098.8 100.0 3259 219.50

6 3875 20 3.7525 3.75 100.0 100.0 6027 220.52

7 2750 15 2.5050 2.50 090.1 100.0 3526 206.72

8 3875 10 1.2575 1.25 100.0 100.0 4337 069.59

9 3875 20 1.2575 1.25 100.0 100.0 6099 068.92

10 1625 10 1.2575 1.25 100.0 097.1 1748 173.05

11 1625 20 3.7525 1.25 100.0 100.0 2074 440.60

12 2750 05 2.5050 2.50 100.0 100.0 2132 264.42

13 2750 15 2.5050 2.50 100.0 100.0 2847 194.55

14 2750 15 5.0000 2.50 099.9 100.0 4287 291.33

15 0500 15 2.5050 2.50 100.0 100.0 896 168.90

16 2750 15 2.5050 2.50 100.0 100.0 2445 188.12

17 1625 20 1.2575 3.75 100.0 100.0 2141 120.51

18 3875 10 3.7525 1.25 100.0 100.0 4159 218.67

19 2750 15 2.5050 2.50 100.0 100.0 2810 197.96

20 3875 20 1.2575 3.75 100.0 100.0 6361 066.74

21 2750 15 2.5050 0.00 100.0 100.0 2043 252.80

22 5000 15 2.5050 2.50 100.0 100.0 7090 118.70

23 2750 15 2.5050 2.50 100.0 100.0 2471 226.10

24 3875 20 3.7525 1.25 100.0 100.0 6495 212.07

25 3875 10 1.2575 3.75 100.0 100.0 4401 082.44

26 2750 15 0.0100 2.5 100.0 100.0 3070 001.15

27 2750 15 2.5050 2.5 100.0 100.0 2765 223.49

28 1625 10 1.2575 3.75 100.0 099.0 1454 147.78

29 1625 20 1.2575 1.25 100.0 100.0 2650 132.80

30 1625 10 3.7525 3.75 100.0 100.0 2135 456.72

31 2750 15 2.5050 2.5 100.0 100.0 2916 213.02

194 S. Girijan and M. Kumar



8.4.2 MNZ and ACE Removal in Batch Biosystems

The experimental results confirmed that bacteria acclimatized to MNZ could effec-
tively degrade both compounds within 7 d. However, complete removal of ACE was
observed within 3 d, which could be attributed to the easily degradable nature of
ACE (Behera et al. 2011). On the contrary, 3 d MNZ removal ranged from 14.1% to
100% corresponding to the runs conducted at minimum iMLSS (500 mg/L) and
minimum MNZ concentration (0.01 mg/L), respectively.

However, it was observed that the MNZ removal efficiency increased over time.
The removal occurred by both biodegradation and adsorption. The percentage
contribution of biodegradation and adsorption in the total removal for MNZ shows
that most of the removal was by biodegradation (Fig. 8.3). The results conform to
earlier studies that also observed low biosorption for hydrophilic compounds such as
MNZ (Nguyen et al. 2014). It can be noticed that 7 d MNZ removal was higher than
90% under all experimental conditions. The higher level of MNZ removal observed
in the present study as compared to earlier investigations (Kamińska et al. 2015, Luo
et al. 2015, Nguyen et al. 2013, Verlicchi et al. 2012) could be due to (a) higher
hydraulic retention time (HRT) provided in all experiments, (b) acclimatization of
the microbes to MNZ, and (c) larger iMLSS concentrations. While the removal
efficiency obtained was comparable to a similar batch reactor (Kamińska et al.,
2015), the removal rates obtained in the current study were significantly higher than
earlier investigations. The high initial concentration of pharmaceuticals adopted
could be the reason for this observed difference. The above observations indicate
that the acclimatized biomass can effectively degrade MNZ and ACE.

Moreover, it was observed from the MNZ removal profiles that MNZ removal
was insignificantly affected under identical iMLSS (1625 mg/L) and MNZ
concentrations. On the contrary, a significant effect on MNZ removal efficiency
was observed when the conditions were vice versa. Comparing the specific removal
rates of MNZ under different run conditions, it was observed that increase in ACE
concentration, C/N ratio, and MLSS led to reduced removal rates. However, it was
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observed that the specific removal rate increased with increase in influent MNZ
concentration. These results are in good agreement with previous investigations
(Joss et al. 2006). Based on the values of fMLSS and iMLSS (Table 8.5), the
percentage increase in bacterial growth was calculated, and it was observed to be
positive when the C/N ratio was greater than 15. It is therefore recommended to have
a C/N ratio of 20 or more for efficient MNZ and ACE removals.

8.4.3 Effect of C/N Ratio on MNZ Removal

A set of batch experiments were conducted to ascertain the effect of C/N ratio on
MNZ degradation. The C/N ratios were maintained at 0, 5, 15, and 25 using dextrose
and ammonium chloride. In all these experiments, the initial MNZ and iMLSS
concentrations were maintained at 100 and 2750 mg/L, respectively. Higher MNZ
concentration was used to evaluate the behavior of the acclimatized bacteria at higher
concentrations of MNZ in the absence of other carbon sources. All other conditions
were maintained similar to the CCD batch experiments and the experiments were
conducted for 15 d. The MNZ removal at the end of 7 d ranged between 26 and 40%
which is much lesser compared to the removal obtained (90–100%) at lower MNZ
concentrations (<5 mg/L). The experiment conducted at C/N ratio of 0, i.e., MNZ as
the sole carbon source, showed 36%MNZ removal, which indicates that MNZ could
be utilized as a carbon source by the biomass. Figure 8.4a shows the variation ofMNZ
concentration under various C/N ratios. The MNZ removal ranged from 56 to 93%
after 15 d; however, the maximum removal efficiency was obtained for the experi-
mental run with highest C/N ratio (25). This observation is comparable with the
results obtained in the CCD experiments after 7 d. This could be attributed to the
requirement of higher SRT for the removal of higher initial MNZ concentration. On
the contrary, the first-order degradation rate constant corresponding to each C/N ratio
was calculated from the MNZ concentration data over a period of 15 d (Fig. 8.4b).
The first-order degradation rate constants ranged from 0.05 to 0.18 d�1 for C/N ratio
0–25, respectively. The higher value of degradation rate constant indicates a better
MNZ utilization per day. The observed increase in MNZ degradation rate constant
values with C/N ratios maybe attributed to better MLSS growth and more efficient
utilization of MNZ as a co-substrate. Moreover, a linear correlation with R2 value of
0.98 was observed for MNZ rate constants and C/N ratio (Fig. 8.4b), showing a
significant influence of C/N ratio on MNZ removal efficiency. In summary, a higher
biomass concentration and C/N ratio favor better removal of MNZ.

8.5 Summary and Future Direction

One of the major limitations associated with application of biological processes for
PPCP removal is the persistence and even selection of antibiotic-resistant genes
(ARGs) and antibiotic-resistant bacteria (ARB). Therefore, in addition to acting as a
point source of pharmaceutical contamination, wastewater treatment plants are also
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acting as hubs of antibiotic-resistant genes and unscrupulously introducing them to
the environment (Rizzo et al. 2013). Conventional disinfection techniques at the
normally used contact times and dosages were found to have no significant effect on
ARBs and ARGs, although the total amount of microbes was reduced (Rizzo et al.
2013). In addition, the transferability of resistant genes through transferable genetic
materials such as plasmids and integrons is also not well investigated. A better
understanding of the horizontal gene transfer between species and how they are
affected under the treatment provided will help in curbing the spread on resistant
pathogens. These studies also need to be extended to the treatment and management
of the biosolids generated.
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Abstract
By having toxic effects on human health, oxyanion contamination in wastewater
is considered a priority among environmental concerns to be resolved. Wide-
spread applications of the oxyanions in various industries and metal mining
activities in certain environments resulted in high concentrations of these
materials especially effluent in their toxic forms. One of the acceptable methods
considered by a number of researchers to reduce their toxicity is bioreduction of
oxyanions by microorganisms which is considered as one of the bioremediation
methods. However, the major problem for bioremediation by conventional
methods is the extreme conditions of industrial effluents, such as high salinity,
high or low pH, and high temperature. Nature itself has given the solution to this
problem, i.e., extremophiles, microorganisms that survive in these harsh
conditions. Due to their ability in reducing metalloids and detoxifying them,
they are suitable candidates for biological treatments. Here, the efficacy of
various extremophile groups in bioremediation of major oxyanions including
arsenic, selenium, chromium, and tellurium is reviewed.
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9.1 Extremophiles

The term extremophile was first used in 1974 (Horikoshi et al. 2011). Extremophiles
are organisms that are able to adapt and survive in habitats that may be fatal to other
forms of life. Extremophiles can be divided into two broad categories:
microorganisms that survive in very harsh conditions from the human perspective
and require one or more extreme factors to grow, called the “extremophiles,” and a
larger group of organisms able to withstand the conditions in the extreme
environments and have the ability to grow, but their growth will not be optimal,
which are called the “extremotrophs” (Orellana et al. 2018). Extremophiles include
the members of all three domains of life: archaea, bacteria, and eukaryotes. Most
extremophiles are prokaryotes, of which archaea has a high proportion. The group
also includes eukaryotes such as protista, including algae, fungi, and protozoa
(Rampelotto 2013).

Extremophiles are able to grow in various environments with extreme conditions
on the planet. Extremely acidic, basic, salty, hot, and ice niches, environments rich in
organic solvents and toxic metals, deep oceans, and high-pressure areas are among
these environments (Rampelotto 2013). Areas such as hypersaline environments and
deserts, hot springs, geysers, and deep seas are some examples of extreme areas
around the world (Rothschild and Mancinelli 2001). Based on the growth potential
in each of the various environmental conditions, extremophiles constitute various
groups including psychrophiles, thermophiles, acidophiles, basophiles, halophiles,
heavy metal tolerants, oligotrophs, piezophiles, radiation tolerants, toxic substance
tolerants, xerophiles, and endolithic organisms. The organisms that can survive in
habitats with several extreme physicochemical factors are called
“polyextremophiles” (Horikoshi et al. 2011). In order to survive and grow in extreme
environments, extremophiles had achieved certain adaptations and metabolic
abilities that are not present in mesophilic microorganisms; hence, they have a
high potential for environmental applications, biotechnology, and industrial pro-
cesses (Rampelotto 2013).

One of the major capabilities found in extremophiles is their potential role in
elimination of the environmental pollutants either organic or inorganic. There are
many investigations being carried out in this regard, one of which is the toxic
metalloids (all exist as oxyanions). Metalloids and their toxicity and how a microbial
entity is overcoming their toxicity while interacting with them is under focus in this
chapter.

9.2 Metalloid Oxyanions and their Toxicity

The word “metalloid” derived from the Latin word “metallum” and the Greek word
“oeides” is attributed to a group of elements that possess physicochemical properties
between metals and nonmetals (Gordh and Headrick 2001). All the metalloids are in
their oxyanionic form, and they can be found in multiple oxidation states (e.g., As
(III) and As (V)) to have the most diverse behavior in the environment.

204 S. Alavi et al.



This group includes arsenic (As), chromium (Cr), antimony (Sb), boron (B),
germanium (Ge), silicon (Si), and tellurium (Te). Some other elements, such as
astatine (At) and selenium (Se), are also sometimes added to this list. In addition to
their industrial applications (as a constituent of solar batteries, semiconductor
devices, ceramics, polymers, etc.), metalloids have also been used in medicine and
agriculture. Metalloids affect living organisms in multiple ways. Although they have
essential and important functions in many organisms like humans, they are toxic at
high concentrations and may cause different illnesses (Bienert and Tamás 2018).
Arsenic (As), selenium (Se), chromium (Cr), and tellurium (Te) are the four
metalloids studied in this chapter.

9.2.1 Arsenoxyanions

Arsenic (As) with atomic number 33 is the twentieth most abundant element in the
Earth’s crust. Arsenic is cycling in the atmosphere, biosphere (humans, plants,
animals, and microorganisms), lithosphere (soil, earth, crust, rocks, minerals, and
sediments), and hydrosphere (seawater and freshwater) through mining and
smelting, industrial wastewater and sewage, agricultural applications, and biological
and anthropogenic activities. Application of insecticides and herbicides, cotton and
wool processing, food supplements and other industrial activities in which arsenic
is implemented, are amongst human activities contributing to arsenic pollution
(Fatoki et al. 2013; Jebelli et al. 2018). Arsenic has four oxidation states �3,
0, �3, and 5. Arsenite [As (III)] and arsenate [As (V)] are two common inorganic
forms of arsenic in water, soil, and underground water (Strawn 2018). The existence
of these two oxidation states depends on the physicochemical conditions of the
location (redox potential (Eh) and pH) and the biological activities of the
microorganisms (reduction of As (V), oxidation of As (III), and methylation
reactions). AsO4

3�, HAsO4
2�, and H2AsO4

� are species of arsenate, and As
(OH)3, As (OH)4

�, AsO2OH2
�, and AsO3

3� are species of arsenite. Naturally,
arsenic is in connection with other minerals, and the most abundant arsenic ore
minerals are arsenopyrite (FeAsS) and arsenian pyrite (Fe (S, As)2), realgar (AsS),
and orpiment (As2S3) (Fatoki et al. 2013). Organic and inorganic forms of arsenic
have many applications in different industries and are usually used as a poison. As
(v) is used for producing insecticides and pesticides. They are employed in the wood
industry, leather preservatives, glass-making, and have military and commercial
applications. As (v) is used for producing insecticides and pesticides too. The
organic forms of arsenic like p-arsanilic acid are used as animal (pigs and poultry)
feed to improve their weight gain and prevent diseases. Also, medicines that contain
arsenic like Fowler’s solution, Asiatic pills, arsphenamine, etc. are used for respira-
tory diseases, head lice, and plague (Fatoki et al. 2013; Upadhyay et al. 2019). Some
forms of arsenic are toxic for most of the organisms, except some bacterial species
which are able to acquire energy from it. Arsenic enters the water cycle and
underground water from natural and anthropogenic sources and enters the food
cycle through drinking and plant irrigation (Upadhyay et al. 2019). Toxicity, bio-
availability, and the mobility of arsenic depend on its solubility and binding capacity
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(Jebelli et al. 2018). Arsenite has higher mobility and toxicity than arsenate. Arsenite
binds to sulfhydryl groups in enzymes and affects their function (Lièvremont et al.
2009). Consumption of drinking water with an arsenic concentration of more than
50 microgram causes diseases such as melanosis, gangrene, lung cancer, and death.
Therefore, the existence of arsenic in drinking water may threaten the life of human
beings (Jebelli et al. 2018).

9.2.2 Selenoxyanions

Selenium is derived from the Greek word “selene,” which means the moon. Its
atomic number is 34 and belongs to the sixth group of the periodic table and was
discovered in 1817 by Jöns Jacob Berzelius. The element has oxidation states of�2,
+2, +4, and +6, and selenium is its elemental form with an oxidation level of zero
(Khurana et al. 2019). Selenite (Se4+) and selenate (Se6+) oxyanions are the most
abundant inorganic species of selenium that enter the soil from different natural and
artificial sources and will become available to the plants (Ali et al. 2017; Guan et al.
2018). These two species are soluble and are absorbed, metabolized, and excreted by
organisms (Zhou et al. 2019). At high concentrations, selenite oxyanion, the most
toxic form of selenium, should be reduced to elemental selenium by redox reactions
(Khurana et al. 2019). Selenium, on the contrary, is a micronutrient and is essential
for human health in trace amounts. This element is part of the selenoproteins and acts
in processes including thyroid hormone regulation, carbohydrate metabolism, redox
homeostasis, inflammatory and immunological responses, and brain function main-
tenance (Tan et al. 2018). Selenium has antitumor, antioxidant, anti-stress, and
fertility enhancement properties. It also affects growth, metabolism, the skeletal
system, and hormonal balance (Guan et al. 2018). Diabetes, Keshan disease, thyroid
dysfunction, and arthrophyma are diseases caused by selenium deficiency. There-
fore, nowadays selenium is used both as food supplements and in the form of
selenium nanoparticles (SeNPs), in order to prevent diseases and for treatment and
drug delivery. Various therapeutic benefits are addressed for SeNPs, such as
antitumor, anti-inflammatory, antioxidant, and anti-diabetes properties (Guan et al.
2018; Khurana et al. 2019).

Typically, young people are allowed to use selenium 55 μg/day. Dosage of lower
than 15 μg/day and higher than 400 μg/day leads to selenium deficiency and
selenium poisoning, respectively. Selenium poisoning causes selenosis, with
symptoms such as nausea, vomiting, fatigue, garlic breath, irritability, hair loss,
and nails fragility, colorlessness, and falling (MacFarquhar et al. 2010; Tan et al.
2018). Air pollution caused by traffic, food supplements, cigarette smoking, and coal
combustion are among the top sources of selenium (Vinceti et al. 2018).

9.2.3 Chromoxyanions

Chromium is the 17th element in the Earth’s crust with atomic number 24. This
element is one of the largest inorganic pollutants in the environment that originates
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from various natural resources such as weathering of rocks, volcanoes, and rock
outcroppings and anthropogenic sources, including wastewater produced by the
textile, electroplating, and tanning industries. Chromium species are extensively
found in groundwater, soils, rocks, and food (such as bananas, beef, fish, tea,
wheat flour, fruits, vegetables, etc.). It has various oxidation states between
�2 and +6 (Chen et al. 2018; Hamilton et al. 2018; Rodríguez and Mandalunis
2018). The most common forms of chromium are Cr (III) and Cr (VI). Cr (III) is
more stable than others and has the ability to form stable complexes with organic and
inorganic ligands in the environment, while Cr (VI) is present in the form of
chromite and dichromate anions, especially in the aquatic environment. Oxygen
concentration, pH, and redox potential of the environment are the determinant
factors for chromium speciation, in which dichromate is dominant at pH < 6.8
(Gutiérrez-Corona et al. 2016; Chen et al. 2018; Zhao et al. 2018). The negative
charge of chromate and dichromate causes their poor absorption in the soil and hence
high mobility of Cr (VI). On the contrary, Cr (III) has less toxicity than Cr (VI) by
forming stable complexes and being less mobile (Figueiredo and Quintelas 2014;
Gutiérrez-Corona et al. 2016; Zhao et al. 2018). Chromium is an important industrial
compound that is widely used in metallic plating, industrial catalyst fabrication,
insecticide manufacturing, refining, dying, and tanning industries (Figueiredo and
Quintelas 2014; Thorgersen et al. 2017; Hamilton et al. 2018). This widespread use
of chromium in the industry has made it one of the 16 most toxic pollutants.
Chromium has teratogenic and carcinogenic effects, causing skin ulcers; digestive,
respiratory, neurological, and reproductive disorders; and allergies in humans
(Thorgersen et al. 2017; Rodríguez and Mandalunis 2018; Zhao et al. 2018).
Excessive accumulation of this element in plants causes damage to the roots and
shoot growth and photosynthesis process (Pratush et al. 2018). Although a daily
intake of 200–500 μg of Cr (III) is essential for glucose and lipid metabolism
(Rodríguez and Mandalunis 2018), at high concentrations it is toxic and harmful
and may damage DNA. On the contrary, Cr (VI) is highly reactive and 1000 times
more toxic than Cr (III) and is known as a lung cancer agent (Chen et al. 2018; Rager
et al. 2019).

9.2.4 Telluroxyanions

Tellurium is a crystalline semimetal and a silvery-white element, discovered in 1782
by Franz Joseph Müller von Reichenstein. Tellurium is derived from the Latin word
tellus meaning Earth and is the heaviest nonradioactive member of the chalcogen
family as the 72nd element of the Earth’s crust (Chivers and Laitinen 2015; Zare
et al. 2017). This metalloid is found in four relatively stable oxidation levels in
nature: telluride [Te (-II)], elemental tellurium [Te (0)], tellurite [Te (+IV)], and
tellurate [Te (+VI)]. Tellurite is the most abundant oxyanion, and tellurate is limited
to the biosphere due to its limited solubility. Elemental tellurium is also found in
small amounts in the Earth’s crust and is usually combined with other metals such as
gold (calaverite) and silver (sylvanite) (Chivers and Laitinen 2015; Zare et al. 2017).
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Tellurium is an unnecessary and harmful ingredient for animals and plants, but fungi
can use tellurium in place of sulfur and selenium in their amino acids (Najimi et al.
2017). Recently, the telluru-methionine has been discovered in bacteria and yeasts
(Zare et al. 2017). Tellurium can be accumulated within herbs too. Humans and
animals are exposed to this element through the use of the herbs that have
accumulated tellurium (Ogra 2017). Tellurium is the fourth trace element necessary
for the human body. Moreover, it has commercial applications in various fields,
including copper refining, rubber manufacturing, pharmacotherapy, metal-oxidizing
solutions, imaging and diagnosis, and solar panels. Tellurite has antibacterial
properties, and cadmium telluride nanoparticles also have cytotoxic and anticancer
properties (Najimi et al. 2017; Zare et al. 2017). However, certain species of
tellurium are highly toxic to most organisms. This toxicity depends on several
factors, including the applied dose, route of administration, and the oxidation state
(Zare et al. 2017). In fact, tellurium toxicity is due to the reaction with the SH group
and the formation of telenotrisulfide toxic compounds (Safhi et al. 2018). The
molecular mechanism of tellurium toxicity has not yet been fully elaborated. How-
ever, it has been found that tellurium compounds cause oxidative stress, resulting in
cell apoptosis and DNA damage. Neurotoxicity and necrosis are also induced by
diphenylditelluride and tellurium tetrachloride (TeCl4), respectively (Najimi et al.
2017). Usually, the toxicity of tellurium is associated with symptoms such as garlic
breath odor, metallic taste in the mouth, vomiting, nausea, and general fatigue (Zare
et al. 2017; Safhi et al. 2018). In conclusion, heavy metal/metalloid pollution is one
of the major environmental problems that need special attention. This contamination
can have natural or human-made origins. Studies, especially after the 1950s, showed
that most contaminants from metal release to the environment are related to anthro-
pogenic actions (Han et al. 2002; Jian et al. 2011).

Unlike organic pollutants, most metals cannot be biodegradable (Kirpichtchikova
et al. 2006), and their sustainability is very high, so there is a demand for new
approaches to clean them out from the environment, as they are threatening to human
health and ecosystem (Wuana and Okieimen 2011).

9.3 Remediation Techniques

In general, there are two classifications in remediation methods. The first method
which is based on treatment place is divided into in situ and ex situ treatment
methods. In in situ treatment, the soil is treated in the original location, while the
ex situ treatment is the excavation of contaminated soil and removing it from the
original place. The second is based on the mechanism of treatment, which has been
categorized as physical, chemical, and biological remediation (bioremediation)
processes (Sidhu 2016). Below, the physical, chemical, and biological remediation
methods are described, and Fig. 9.1 represents the pollution routes and the possible
remediation techniques to overcome them.
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9.3.1 Physical Remediation

The physical remediation involves two methods, replacement of soil and thermal
desorption. In the soil replacement method, clean soil is used to completely or partly
replace the contaminated soil, in order to reduce the pollutant’s concentration in the
soil. This method can be used for a small contaminated area. In the thermal
desorption method, steam, microwave, and infrared radiation are used to volatilize

Fig. 9.1 Natural and anthropogenic origins are the main source for contamination stream into the
environment. Remediation techniques used for elimination of these pollutants are physical (a),
chemical (b), and biological (c). In physical remediation either the soil is replaced with the clean
soil or thermal desorption for volatilization of the contaminants is used, and it is collected by
vacuum negative pressure or a carrier gas. In chemical techniques: leaching, washing the soil by
running water; fixation, adding chemical materials to react with the contaminants; electrokinetic,
using high voltage; or vitrification, using high temperature is implemented to remove the pollutants.
In biological techniques: Biological matters including plants, fungi, and microorganisms are used to
absorb the contamination
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the pollutant, and the volatile heavy metals will be collected by vacuum negative
pressure or carrier gas (Yao et al. 2012; Sidhu 2016).

9.3.2 Chemical Remediation

Chemical remediation includes chemical leaching, chemical fixation, electrokinetic
remediation, and the vitrification technologies (Yao et al. 2012).

In chemical leaching method, contaminated soil is washed with freshwater,
specific reagents, and other fluids or gases. After the heavy metals are transferred
from soil to the liquid phase, the recovery from leachate is done (Yao et al. 2012).

During chemical fixation method, some reagents or materials are added to
contaminated soil to decrease its mobility and so decrease its migration to the
environment (Yao et al. 2012; Sidhu 2016). Organic and inorganic soil conditioning
materials such as clay, cement, zeolite, phosphate, minerals, microbes, and organic
materials are used for immobilization of heavy metals in the soil (Khalid et al. 2017).

For electrokinetic remediation, removal of heavy metals from the soil is done
using electric currents. In this method, electric field gradient is formed on both sides
of the contaminated soil. Then, the soil contaminants are carried to two polar sides of
the electrolytic cell through electromigration, electroosmotic flow, or electrophoresis
(Acar and Alshawabkeh 1993; Yao et al. 2012; Su 2014).

The vitrification technology is a process in which the soil is heated at a high
temperature (1400–2000 �C) so that the contaminants get volatilized or decomposed
(Yao et al. 2012).

Among all the aforementioned approaches described above, the most appropriate
seems to be bioremediation which will be discussed more in the next section.

9.3.3 Bioremediation

Bioremediation is the implementation of living organisms for cleanup of
contaminated environment to return it to its normal state. Various biological
treatments are used as they are efficient, low-energy-consuming, environmental
friendly with no secondary pollution, and cost-effective with long-term viability,
have more tendency to be publicly accepted, and no intricacy is present in their
technical process (Stocking et al. 2000). Moreover, it is possible to run this process
both in anaerobic and aerobic environments (Vidali 2001).

Bioremediation utilizes microbes, fungi, or plants. Some are from the same
habitat and nutrients, and other factors are provided to enhance the environment
for them (bio-enhancement); some are introduced to augment the pollutant treatment
(bio-augmentation) (Kharayat 2012; Qiu et al. 2012).

However, there are some shortcomings in using biological machinery as often
remediation is elaborate and the desired aim will not be accomplished, there are
many compounds that remediation has not yet been investigated for them (Wackett
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and Hershberger 2001), and in many occasions good biological entity fails to
depollute the environment (Ramos et al. 2010).

Due to the importance of microbial remediation and the purpose of this chapter,
the microbial bioremediation is described in more details in the upcoming
discussions.

9.4 Metalloid Oxyanion Detoxification Mechanisms

Different mechanisms are adopted by microorganisms to survive in the presence of
toxic metalloid oxyanion while interacting with them. Till now, different metabolic
functions have been proposed for oxyanion removal including energy conservation,
metal assimilation, and metal detoxification. For halophiles, dissimilatory reduction
(energy conservation) is the most reported way in which halophiles can overcome
oxyanions’ toxicity. They respire them and use the energy released to grow in
anaerobic conditions. Selenite-respiring bacterium, Selenihalanaerobacter shriftii
strain DSSe-1, which has been discussed previously is an example. Regarding
assimilation of these metalloids (especially selenium) by halophilic organisms, no
report has been published.

Among the studied microorganisms, extremophiles seem to be more efficient and
promising due to their innate characteristics. Below, investigations done for four
categories of extremophiles including halophiles, alkaliphiles, acidophiles, and
thermophiles are reviewed. These organisms use different mechanisms in
overcoming the toxic metalloids they encounter. Next discussions are focused on
the mechanisms especially put into action by the extremophiles discussed. Figure 9.2
summarizes the mechanisms proposed by researchers in this field.

9.4.1 Halophiles and Toxic Oxyanions Bioremediation

Different concentrations of salt from freshwater environments to saturated ones exist
in natural habitats. Halophilic, salt-loving, organisms are those who prevalently
inhabit in these environments (Oren 2002). They belong to all three domains of
life. Formally they are divided into slight, moderate, or extreme halophiles. Their salt
(NaCl) requirements differ, and best growth occurs at 2–5% for “slight,” 5–20% for
“moderate,” and 20–30% for “extreme” halophilic organisms. Halotolerant means
that their best growth occurs in 0–5% of NaCl concentrations, and NaCl concentra-
tion of up to 3% can be tolerated depending on environmental and nutritional factors
(DasSarma and Arora 2002).

In comparison to non-halophilic organisms, there are few reports on halophilic
organisms’ capability in oxyanion tolerance and removal. As it was shown, resis-
tance toward oxyanions was much higher for the halophilic organism than the
previously reported non-halophiles.

Nieto et al. had investigated the tolerance pattern of moderately halophilic
bacteria including Deleya halophila, Acinetobacter sp., Flavobacterium sp.,
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Marinococcus, Sporosarcina, Micrococcus, and Staphylococcus toward ten heavy
metals including arsenate and chromium. The most metal tolerant of all among the
238 strains tested were Acinetobacter sp. strains. Natural susceptibility levels of the
organisms studied in this report were heterogeneous, and strains of Deleya halophila
were the most homogenous among them (Nieto et al. 1989).

Fig. 9.2 Different mechanisms reported by extremophiles to overcome the toxicity of metalloid
oxyanions, including: Efflux pumps: which transport the oxyanions out of the cell to reduce its
cytoplasmic concentration. Volatilization: the toxic oxyanion is converted to its volatile species,
e.g., methylation. Intermediate molecules: molecules which are generated during a reaction is cross
reacting with the oxyanion and convert the oxyanion to its less toxic form e.g. monothioarsenate.
Dissimilatory reduction in which the oxyanion is used as the final electron acceptor e.g. arsenate,
Enzymatic reduction in the cytoplasm e.g. arsenate, chromate and tellurite reductase, Membrane-
bound enzymes reduce the toxic material, e.g., copper-dependent membrane-associated Cr
(VI) reductase. Transmembrane proteins which transport the pollutants to the cell so that they get
reduced, e.g., chromate reduction. Concomitant reduction with another oxidization reaction, e.g.,
oxidized glycerol or glucose to acetate and CO2 with concomitant reduction of selenate to selenite
or selenium is reported (Please note that it may not be considered as a mechanism as it may be
finally realized that these simultaneous reactions are due to an intermediate being exchanged in the
reactions and not the oxyanions’ direct involvement in the first reaction)
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Nesterenkonia sp. strain MF2, a Gram-positive moderately halophilic chromate-
reducing bacterial strain, was isolated from effluents of tanneries. This strain was
capable of tolerating up to 600 mM of chromate and complete reduction of 0.2 mM
highly toxic and soluble CrO4

2� into almost nontoxic and insoluble Cr (III) in 24 h
under aerobic condition (Amoozegar et al. 2007).

There are some reports on the isolation of halophiles capable of withstanding
these oxyanions. The selenite-respiring bacterium, Selenihalanaerobacter shriftii
strain DSSe-1, is an obligately anaerobic halophilic bacterium from the Dead Sea
that grew by concomitant reduction of selenate to selenite plus elemental selenium
(Switzer Blum et al. 2001). In an investigation at hydrothermal vents of the Juan de
Fuca Ridge in the Pacific Ocean aiming for isolation of tellurite- and selenite-
resistant bacteria, all strains grew over a wide range of NaCl concentrations (up to
10%), and they required NaCl concentrations of 0.5% for growth. Growth capability
for strain Se-1-1 was at 15% (w/v) NaCl, for strains Se-1-3-red and Se-6-2-red it was
at 20% (w/v) NaCl, and strain Se-1-2-or showed the strongest requirement for salt,
not growing below 1.5% (w/v) NaCl. These strains are closely related to genus
Pseudoalteromonas (Rathgeber et al. 2002).

In another research, Kabiri et al. (2009) have isolated Halomonas strain MAM
from a hypersaline soil in Garmsar, Iran, which has a high level of resistance toward
tellurite and selenite. The same group has isolated and investigated tellurite and
selenite removal by a moderately halophilic bacterium, Salinicoccus iranensis strain
QW6, and has reported a high capacity of 0.5–1 mM for tellurite removal and
2–10 mM for selenite removal by this organism (Amoozegar et al. 2008). Moreover
the synergistic effect of selenite presence in tellurite removal was reported. It seems
that an intermediate is formed in one oxyanion detoxification mechanism that can
react with the second oxyanion to remove or facilitate its removal, but the exact
mechanism is not fully proven.

Halomonas sp. ZM3 was isolated from Zelazny, the largest mineral waste
repository in Poland with MIC 9 and 100 mM toward As (III) and As (V),
respectively (Dziewit et al. 2013). Another Halomonas species, Halomonas
smyrnensis KS802, a moderately halophilic bacterium was isolated from multi-
pond solar salterns of Gujarat, India, and complete reduction of 2 mM Cr (VI) was
achieved in 12 h when the strain was grown in medium for halophiles (MH medium)
supplemented with 4% galactose and 5% NaCl at pH 7 and 32 �C (Biswas et al.
2018). Characterization of a bacterial strain Cr (VI) reduction both in immobilized
and cell-free extract status was carried out by Focardi et al. A new moderately
halophilic Cr (VI)-resistant bacterial strain TA-04 was isolated from polluted marine
sediments near a stainless steel plant in southern Italy. This bacterium was able to
reduce Cr (VI) in the presence of 80 g/L NaCl, and the growth was inhibited by
4.0 mM Cr (VI) (Focardi et al. 2012). The first report on the purification of the
enzyme responsible for tellurite reduction in a halophilic organism was reported by
Alavi et al. (2014) which seems to be a nitrate reductase with tellurite reduction
activity.

Halophilic organisms capable of metal/metalloid detoxification identified till now
are summarized in Table 9.1.
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9.4.2 Halotolerant and Toxic Oxyanions Bioremediation

There are some reports on halotolerant organisms. Paenibacillus sp. strain TeW,
isolated from heavy metal-contaminated sediment, was highly resistant to tellurite
(Chien and Han 2009). Leitão (2009) has reviewed the capability of Penicillium
species in the bioremediation field. The first detailed report on effective reduction of
Cr (VI) was for the halotolerant bacteria, Planococcus maritimusVITP2l, which was
isolated from Kumta coastal region (Sangeetha et al. 2012; Zhao et al. 2018). The
halotolerant bacteria exhibited complete reduction of 100 and 200 mg/L of Cr
(VI) within 24 and 28 h, respectively, and greater than 90% reduction was observed
for higher concentrations of Cr (VI) in the range of 300–500 mg/L (pH 7, 35 �C, and
4% (w/v) NaCl) (Sangeetha et al. 2012).

Reduction of selenite to red elemental selenium by moderately halotolerant
Bacillus megaterium strains BSB6 and BSB12 isolated from Bhitarkanika mangrove
soil able to completely reduce selenite (up to 0.25 mM) within 40 h under optimum
growth condition at 37 �C, pH 7.5, and 7% (w/v) salt (NaCl) was analyzed (Mishra
et al. 2011).

Biosorption and detoxification of Cr (VI) by the tannery effluent acclimatized
halotolerant Bacillus sp. strain pv26 (designated as TVU-K1) was investigated by
Vijayanand and Hemapriya (2014). Strain TVU-K1 showed remarkable tolerance
(up to 400 mg/L) toward Cr (VI). Atomic absorption spectroscopy revealed that
TVU-K1 showed 81% Cr (VI) reduction ability (Vijayanand and Hemapriya 2014).

Chromium-resistant and chromium-reducing bacteria, belonging to Arthrobacter,
Pseudomonas, and Corynebacterium isolated from chromite mine overburden and
seepage samples of Orissa (renamed as Odisha), India, were found to tolerate
12–18 mM Cr (VI) during growth. Viable cells of these isolates were also capable
of growing and reducing 100 mM Cr (VI) quite efficiently in Vogel Bonner
(VB) broth under batch cultivation (Dey et al. 2014).

Bacillus sp. strain QW90, a bacterial strain with MIC of 550 mM for selenite and
the capability to reduce selenite, was characterized. This strain was able to grow in
NaCl range of 0–30%, and the optimum growth was seen at 30 �C, pH 7.0, and 3%
(w/v) NaCl (Khalilian et al. 2014). It seems that this bacterium is halotolerant like
other Bacillus species even though it was not mentioned by them.

A chromate-reducing actinomycete, Arthrobacter sp. SUK 1205, isolated from
chromite mine overburden of Odisha, India, exhibited significant chromate reduction
during growth. Chromate-reducing efficiency was promoted when glycerol and
glucose were used as electron donors and pH and temperature were maintained at
7.0 and 35 �C, respectively (Dey and Paul 2015).

In 2016, Dey et al. isolated two halotolerant arsenite and arsenate resistance
bacteria which were identified as a Bacillus sp. (SW2) and Aneurinibacillus
aneurinilyticus (SW4), respectively. SW2 and SW4 capability for bioremediation
were analyzed by using 100 ppm concentration of these toxic species, and it was
revealed that 51.45% and 51.99% for arsenite and 53.29% and 50.37% for arsenate,
respectively, were removed by these strains (Dey et al. 2016).
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In another study, a selenate-reducing bacterium (strain 9a) and a tellurite-
reducing bacterium (strain Taa) were isolated from brackish areas in Osaka, Japan.
Both bacterial strains isolated belonged to Shewanella species, and by contrast, they
were halotolerant. Under anaerobic conditions strain 9a could remove 45–70% of
1.0 mM selenate and selenite from water containing up to 3% (w/v) NaCl within
4 days, while strain Taa within 3 days could anaerobically and aerobically remove
70–90% of 0.4 mM tellurite from water containing up to 6% (w/v) NaCl. Under
microaerobic conditions insoluble tellurium formed by strain Taa was globular, but it
was nanorod under aerobic conditions (Soda et al. 2018).

Psychrobacter glacincola BNF20, isolated from a sediment sample from King
George Island, Antarctica, was the first genome sequence reported for this species.
Previously reported as a halotolerant bacteria, this species showed high tellurite
(MIC 2.3 mM) and chromate (MIC 6.0 mM) resistance (Muñoz-Villagrán et al.
2018). Other than the mentioned investigations, more studies are reviewed and
summarized in Table 9.2.

9.4.3 Halophilic Archaea and Toxic Oxyanions Bioremediation

Arsenic resistance in Halobacterium sp. strain NRC-1 which is an excellent model
for post-genomic analyses of heavy metal resistance was examined by an improved
gene knockout system (Wang et al. 2004). Using genetic analyses for metal detoxi-
fication investigations, Wang et al. proposed different mechanisms for arsenic
tolerance in Halobacterium. One was the alkylation and exportation of the product
outside the cell. The other mechanism was the volatilization of arsenite by its
alkylation, i.e., methylation (Wang et al. 2004).

The first reported example of an arsenate-respiring extreme halophile is
Halarsenatibacter silvermanii strain SLAS-1 that lives in the Searles lake brine.
The potential substrate interactions of strain SLAS-1 with other diverse
extremophiles present in the same habitat have been investigated too (Blum et al.
2009).

Among halophilic archaea which are supposed to show high resistance toward
salts, there are some reports on their tolerance and resistance. Halorubrum
xinjiangense strain 106, a selenite-reducing archaea, with 25 mM MIC toward
selenite was isolated from Tuz (salt) Lake in Turkey (Güven et al. 2012).

In a study by Taran et al., the ability of Haloarcula sp. IRU1, a novel halophilic
archaeon isolated from Urmia Lake, Iran, for arsenic bioaccumulation was
investigated and optimized by Taguchi experimental design. Under optimum
conditions (temperature 40 �C, pH 8, and NaAsO2 at 90 mg/L), the microorganism
was able to perform their desired function with a 60.89 percent removal of arsenic
(Taran et al. 2013). Also, for halophilic stromatolite archaeon, Halococcus
hamelinensis, through genome analyses, it was inferred that arsenical pump-driving
ATPase, arsenate reductase, and arsenical-resistance protein ACR3 are present
(Gudhka et al. 2015).
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Table 9.2 Halotolerant organisms and metalloid detoxification

Halotolerant bacteria

Metalloid Organism

Description and
morphological
characteristics Mechanism References

Arsenic-
resistant

Bacillus sp. KM02 Gram-positive
rod aerobic
bacterium

Resistance (MIC
of 4500 ppm for
arsenate,
600 ppm for
arsenite)

Dey et al.
(2016)

Aneurinibacillus
aneurinilyticus
strain BS-1

Gram-positive
rod aerobic
bacterium

Resistance (MIC
of 4500 ppm for
arsenate,
600 ppm for
arsenite)

Dey et al.
(2016)

Tellurite Paenibacillus sp. Gram-positive,
endospore-
forming,
rod-shaped
aerobic
bacterium

Aerobic
reduction

Chien and
Han (2009)

Shewanella species
strain Taa

Gram-negative,
rod-shaped
aerobic,
anaerobic, or
microaerophilic
bacterium

Aerobically or
anaerobically
reduce selenite
and tellurite to
their elemental
forms

Soda et al.
(2018)

Detoxification
of chromate Cr
(VI)

Halotolerant Bacillus
strain pv26

Gram-positive
rod aerobic
bacterium

Reduce Cr
(VI) under
aerobic or
anaerobic
conditions
through electron
transport systems
containing
cytochromes

Vijayanand
and
Hemapriya
(2014)

Planococcus
maritimus VITP2l

Gram-positive,
circular,
optically
transparent
filiform aerobic
bacterium

Chromate
reduction mainly
associated with
the soluble
cytosolic fraction
of the cell

Sangeetha
et al. (2012)

Selenite,
tellurite

Four strains of
Pseudoalteromonas,
Se-1-1, Se-1-3-red,
Se-6-2-red, and
Se-1-2-or

Gram-negative
straight or
curved
rod-shaped
obligately
aerobic
bacterium

Metalloid
resistance (MIC
of K2TeO3

ranged from
1500 to greater
than 2500 μg/
mL, and the MIC
of Na2SeO3

ranged from

Rathgeber
et al. (2002)

(continued)
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9.4.4 Alkaliphiles and Toxic Oxyanions Bioremediation

Optimum pH for microorganism’s growth depends on the conditions of growth,
especially nutrients, metal ions, and temperature. Accordingly, several
microorganisms have more than one optimum pH for growth. The microorganisms
with the optimal growth at pH 9 and above, often between 10 and 12 which are
unable to grow or have slow growth in natural pH, are called “alkaliphiles”
(Horikoshi 1999; Horikoshi et al. 2011). In general, there are few articles about
oxyanions bioremediation by alkaliphiles, and among them, the most attention has
been given to chromium. Until 2004, when Ye et al. introduced a new bacterium
called Alkaliphilus metalliredigens as a novel alkaliphilic and metal-reducing

Table 9.2 (continued)

Halotolerant bacteria

Metalloid Organism

Description and
morphological
characteristics Mechanism References

6000 to greater
than 7000 μg/mL
for 10 strains),
accumulation of
metallic tellurium
or selenium.

Selenite Bacillus megaterium
strains BSB6 and
BSB12

Gram-positive
motile rod
aerobic
bacterium

Reduction of Se
(IV) up to
0.25 mM and
formation of
crystalline
spherical
selenium
particles

Mishra
et al. (2011)

Selenate,
selenite

Shewanella species
strain 9a

Gram-negative,
rod-shaped
aerobic,
anaerobic, or
microaerophilic
bacterium

Reducing
selenate and
selenite into
elemental
selenium under
anaerobic
conditions rather
than aerobic
conditions,
suggesting that
this occurred via
dissimilatory
reduction

Soda et al.
(2018)

Tellurite (MIC
2.3 mM) and
chromate
(MIC 6.0 mM)
resistance

Psychrobacter
glacincola

Gram-negative,
nonmotile, rods
or coccobacilli
aerotolerant
bacterium

Resistance
(tellurite (MIC
2.3 mM) and
chromate (MIC
6.0 mM))

Muñoz-
Villagrán
et al. (2018)
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bacterium, bioremediation of metalloids by alkaliphiles was not reported.
Alkaliphilus metalliredigens is a strict anaerobe bacterium with the optimum growth
at pH 9.5 and obtained from leachate ponds. This bacterium uses Cr (VI), Fe (III)-
citrate, Fe (III)-EDTA, or Co (III)-EDTA as the electron acceptors and can reduce
metals at pHs of up to 11 (Ye et al. 2004).

The other report on bioreduction of Cr (VI) by alkaliphilic microorganisms is
related to an alkaliphilic Bacillus subtilis, isolated from tannery effluent-
contaminated soil by Mary Mangaiyarkarasi et al. (2011). This strain could grow
at pH 9 and reduce 100% of Cr (VI) in alkaline conditions. The ability to reduce Cr
(VI) is associated with the membrane-bound proteins (Mary Mangaiyarkarasi et al.
2011). Alkaliphilic Amphibacillus sp. KSUCr3 isolated from hypersaline soda lake
is another strain with high Cr (VI)-reducing capability under alkaline conditions,
introduced by Ibrahim et al. (2011). This strain rapidly reduced 5 mM of Cr (VI) over
24 h showing a high efficiency in detoxification of chromate. This strain not only
could tolerate high concentration of Cr (VI), 75 mM, but also could tolerate high
concentrations of other heavy metals including Mn2+ (100 mM), Ni2+ (100 mM),
Mo2+ (75 mM), Pb (75 mM), Co2+ (5 mM), Zn2+ (2 mM), and Cu2+ (2 mM) (Ibrahim
et al. 2011). In 2012, subcellular fractions of Amphibacillus sp. KSUCr3 were
investigated to determine the placement of the chromate reductase enzyme. This
research showed that the enzyme was a membrane-bound enzyme, with copper ion
requirement for its activity (Ibrahim et al. 2012a).

Bacillus sp. KSUCr9a, an alkaliphilic bacterium isolated from soda lakes in
northern Egypt, showed Cr (VI) resistance up to 75 mM, which was reported by
Ibrahim et al. in 2012. This bacterium also showed halotolerance nature (reduction
of Cr (VI) in 0–20% NaCl) and resistance to Cd2+ (50 mM), Mo2+ (75 mM), Mn2+

(100 mM), Cu2+ (2 mM), Ni2+ (100 mM), Pb2+ (75 mM), Co2+ (5 mM), and Zn2+

(2 mM) (Ibrahim et al. 2012b).
The other study on Cr (VI) reduction by alkaliphiles was reported by Watts et al.

(2015). This group introduced an alkaliphilic bacterium belonging to Halomonas
genus from a chromite ore processing residue (COPR) extract that could rapidly reduce
significant concentrations of aqueous Cr (VI), 2.5 mM to predominantly Cr (III)
minerals, under anaerobic and alkaline conditions up to pH 10.5 (Watts et al. 2015).

Citricoccus alkalitolerans CSB1 is another alkaliphilic strain with the ability of
chromate removal, introduced by Abhay et al. (2016). This bacterium could tolerate
210 μg/mL of Cr (VI) and up to 25% NaCl (w/v) at pH 8.0–10.0 and remove nearly
98% of 120 μg/mL within 72 h at pH 9 (Abhay et al. 2016).

Literature review shows that bioremediation of other oxyanions by alkaliphilic
bacteria has been less investigated. Roh et al. (2007) examined metal reduction and
mineral formation using Alkaliphilus metalliredigens (QYMF), an alkaliphilic bac-
terium isolated from leachate pond. This bacterium used selenate (SeO4

2�), chro-
mate (CrO4

2�), Co (III)-EDTA, Fe (III)-citrate, and Fe (III)-EDTA as electron
acceptors at pH 9.5 (Roh et al. 2007). In 2008, Fisher et al. reported the Alkaliphilus
oremlandii strain OhiLAs as a newly isolated strain with the ability of inorganic and
organic arsenic transformation. Table 9.3 summarizes the alkaliphiles involved in
bioremediation of metalloids.
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Table 9.3 Alkaliphilic organisms and metalloid detoxification

Alkaliphilic bacteria

Oxyanion Organism

Description and
morphological
characteristics Mechanism References

Chromium Alkaliphilus
metalliredigens
isolate QYMF

Gram-positive,
straight cells, some
slightly curved,
spore-forming
(terminal
endospores),
motile, strict
anaerobe

Cr (VI) as
electron
acceptors,
reduction

Ye et al. (2004)

Bacillus subtilis Gram-positive,
facultative
anaerobe

Reduction by
chromate
reductase
(membrane-
bound protein)

Mary
Mangaiyarkarasi
et al. (2011)

Amphibacillus
sp. KSUCr3

Gram-positive,
facultative
anaerobe

Reduction Ibrahim et al.
(2011)

Bacillus
sp. KSUCr9a

Gram-positive Reduction Ibrahim et al.
(2012b)

Halomonas
sp. Mono Lake
isolate

Gram-negative,
obligate
heterotroph,
facultative
anaerobe

Direct, anaerobic,
enzymatic Cr
(VI) reduction

Watts et al.
(2015)

Citricoccus
alkalitolerans
CSB1

Gram-positive,
alkaliphile and
salt-tolerant

Tolerance and
removal
(surface binding
as well as
intracellular
uptake of
chromium by the
bacterial cell)

Abhay et al.
(2016)

Chromium
and
selenium

Alkaliphilus
metalliredigens
QYMF

Gram-positive,
anaerobe

Chromate and
selenate as
electron acceptors

Roh et al. (2007)

Arsenic Alkaliphilus
oremlandii
OhiLAs

Gram-positive,
spore-forming,
motile, low mole
%GC, strict
anaerobe

Reduction of
arsenate by using
it as terminal
electron acceptor.
Expression of a
respiratory
arsenate reductase

Fisher et al.
(2008)
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9.4.5 Haloalkaliphiles and Toxic Oxyanions Bioremediation

The group of bacteria able to grow under the combination of extremities (high salts
and alkaline pH) are referred to as haloalkaliphiles. They have special mechanisms
to adapt themselves so that they can survive and grow under high salt and pH
conditions (Chela-Flores 2013).

Bacillus arsenicoselenatis sp. nov. and Bacillus selenitireducens sp. nov. are two
anaerobic haloalkaliphilic bacteria reported to respire oxyanions of selenium and
arsenic (Switzer Blum et al. 1998). For tellurite which is the most toxic metalloid
among them, maximum MIC reported was by a haloalkaliphilic archaeon
Natronococcus occultus (Pearion and Jablonski 1999).

A haloalkaliphilic deltaproteobacterium designated as strain MLMS-1 isolated
from anoxic bottom water from Mono Lake, California, USA, was a Gram-negative,
motile curved rod that grew by oxidizing sulfide while reducing arsenate (Hoeft et al.
2004). It was the first obligate arsenate-respiring chemoautotroph reported con-
firmed by the incorporation of H14CO3 into dark-incubated cells (Hoeft et al.
2004) which couples arsenate reduction to arsenite with the oxidation of sulfide to
sulfate (Planer-Friedrich et al. 2015). Reduction of arsenate occurred concomitantly
with the removal of sulfide, and no loss of sulfide occurred in control cultures
without arsenate or in sterilized samples containing both arsenate and sulfide
(Hoeft et al. 2004).

Selenihalanaerobacter shriftii strain SLAS-1, an extremely haloalkaliphilic
anaerobic bacterium, which showed dissimilatory reduction of selenite and arsenite
was isolated from the sediments and could grow via As (V) respiration (Oremland
et al. 2005). Arsenite can serve as the electron donor for a facultative chemoautotro-
phic bacterium Alkalilimnicola ehrlichii sp. nov. fromMono Lake, California (Hoeft
et al. 2007).

Genome analyses indicate that a conventional arsenite oxidase (Aox) is absent;
instead it has two operons encoding respiratory arsenate reductase (Arr). Under
chemolithoautotrophic conditions, one operon is expressed, and it exhibits both
arsenite oxidase and arsenate reductase activity. It was shown that depending on
the electron potentials of the molybdenum center and [Fe–S] clusters, additional
subunits, or constitution of the electron transfer chain, Arr can be a reductase as well
as an oxidase (Richey et al. 2009).

In another research, light-dependent oxidation of arsenite to arsenate, coupled
with autotrophic growth, by an Ectothiorhodospira-dominated consortium of bacte-
ria in Mono Lake, California, was reported for the first time (Budinoff and
Hollibaugh 2008). Most of the haloalkaliphilic species reported are from Mono
Lake, California, USA. Bacillus beveridgei strain MLTeJB, a facultative anaerobic
haloalkaliphile from the same area, was reported to respire oxyanions of tellurium,
selenium, and arsenic (Baesman et al. 2009). Another haloalkaliphilic sulfate-
respiring bacterium, Desulfohalophilus alkaliarsenatis gen. Nov. strain SLSR-1,
was isolated from another extreme environment of California, Searles Lake (Blum
et al. 2012).
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Sorokin et al. inoculated an anaerobic enrichment culture with a sediment sample
from soda lakes of the Kulunda Steppe. The enrichment culture conditions were
pH 10, moderate salinity, elemental sulfur as electron acceptor, and formate as
electron donor. This resulted in domination of a new haloalkaliphilic, obligate
anaerobe, Gram-positive and spore-forming bacterium, Desulfuribacillus
alkaliarsenatis, designated as strain AHT28 (Sorokin et al. 2012).

Pseudochrobactrum saccharolyticum LY10, a potent novel alkaliphilic
halotolerant strain, was isolated and characterized for its high Cr (VI)-reducing
ability. Maximum reduction rate was achieved under optimum conditions with initial
pH 8.3, 20 g/L NaCl, 55 mg/L Cr (VI), and 1.47� 109 cells/mL of cell concentration
through metabolism-dependent bioreduction process (Long et al. 2013).

The first report on haloalkaliphilic Halomonas from tannery effluent was reported
by Mabrouk et al. (2014). Hexavalent chromium reduction by newly isolated
chromate-resistant haloalkaliphilic Halomonas sp. M-Cr which was the most potent
strain among other strains showed an 82% reduction of 50 mg/L Cr (VI) in 48 h,
concomitant with discoloring of the medium yellow color and the formation of white
insoluble precipitates of Cr (III). It exhibited growth up to 3500 mg/L of Cr (VI) and
20% (w/v) NaCl and showed strong Cr (VI) reduction under alkaline condition,
pH 10 (Mabrouk et al. 2014).

In another study recently by Verma and Agarwal (2016), a chromate-resistant
haloalkaliphilic strain of Bacillus circulans TVD-5 was isolated from tannery solid
waste.

Cellulosimicrobium funkei strain AR8 is a novel haloalkaliphilic bacterium which
was reported by Karthik et al. (2017), and reduction of Cr (VI) by this bacterium was
evaluated under different conditions by the researchers. They proved the bioconver-
sion of Cr (VI) to Cr (III) and the involvement of extra-/intracellular- reducing
machinery in its reduction (Karthik et al. 2017). For more information on the
alkaliphilic microorganism’s strategies for overcoming toxic metalloids, please
refer to Table 9.4.

9.4.6 Acidophiles and Toxic Oxyanions Bioremediation

“Acidophile” is the group of extremophiles which shows the ability to survive in
low-pH environments (<3) and can be found in all three domains of organisms
(Hallberg and Johnson 2001). According to the generally accepted categorization,
“extreme acidophiles” refer to microorganisms with the optimum pH for growth of
3 or less (Johnson 1998), while the microorganisms with optimum pH between 3 and
5 are categorized in “moderate acidophile” group. Furthermore, the microorganisms
that have a pH optimum above 5 but are active in low-pH environments are referred
to as “acid-tolerant” microorganisms (Johnson 2008). The acidophiles include a
number of autotrophic and heterotrophic organisms, which can thrive in natural and
man-made acidic environments (Sharma et al. 2016), and therefore, they can be an
important choice for bioremediation of acidic effluents that may contain oxyanions.
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In the literature review, the first report on bioremediation of toxic oxyanions by
acidophilic microorganisms is related to Torma and Habashi which has been
conducted in 1972. They reported the copper (II) selenide oxidation by Thiobacillus
ferrooxidans (Torma and Habashi 1972). Another report on Thiobacillus
ferrooxidans showed its ability to tolerate 75 mM chromium. Furthermore, in this
study, using electron microscopy it was revealed that the chromium uptake by this
bacterium occurred through precipitation by a chromium-rich compound on the
surface of the bacterial cells (Baillet et al. 1998). Also, according to a report
conducted by Zhou et al. (2004), 100% Cr removal by acidophilic Thiobacillus
was reported after 8 days of bioleaching.

Acidiphilium rubrum is another acidophilic bacterium which has a high tolerance
to Fe, Cr, and Ni by accumulating them inside the cell (Itoh et al. 1998).

On chromium removal by acidophiles, another bacterium reported was
Acidocella aromatica strain PFBC, an extremely acidophilic Fe (III)-reducing bac-
terium, which was tested for chromate removal. This bacterium could readily reduce
20 μM Cr (VI) to Cr (III) at pH 2.5 (the final concentration of Cr (VI) 0.4 μM
(0.02 mg/L) (Masaki et al. 2015).

Gan et al. (2018) investigated chromium reduction capacity in Acidithiobacillus
thiooxidans, At. Ferrooxidans, and Leptospirillum ferrooxidans. They showed that
the interaction between these bacteria and pyrite significantly promote Cr
(VI) reduction. In this research Acidithiobacillus thiooxidans showed maximum
reduction efficiency (Gan et al. 2018). In another research, executed by Gan et al.,
sulfide mineral-based Cr (VI) reduction was examined. They reported
Acidithiobacillus ferrooxidans could enhance Cr (VI) reduction by the acceleration
of acid nonsoluble sulfide mineral dissolution (Gan et al. 2019).

In a report by Zeng et al. in 2016, enrichment of a sulfur-oxidizing community
from tannery sludge was performed, and bioleaching of tannery wastewater
containing 0.9–1.2% chromium by the enriched community was evaluated. At
maximum, up to 96.8% Cr bioleaching efficiency was reported, and
Acidithiobacillus thiooxidans was introduced as the main bacterial strain in this
community (Zeng et al. 2016).

In other research by Zeng et al. which was conducted in 2019, chromium
bioleaching by an enriched bacterial community was reported. In this study the
maximum rate of sludge treatment was 4.60 g/L/day with over 90% chromium
removal. Acidithiobacillus bacterium was reported to be critical for bioleaching of
tannery sludge. The other genera which showed important roles in this process were
Sulfobacillus, Alicyclobacillus, Mycobacterium, and Acidiphilium (Zeng et al.
2019).

In the report on the evaluation of iron, copper, and chromium transformation by
extreme acidophiles, Johnson et al. (2017) showed that Acidithiobacillus ferridurans
and Acidiphilium cryptum could reduce chromium (VI) only in the presence of iron
(III).

There are many researches about arsenic removal by acidophiles. Among them,
Acidithiobacillus ferrooxidans is an acidophilic strain by which arsenic removal was
considered by some researchers. According to research done in 2003,
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Acidithiobacillus ferrooxidans strain CC1 showed the ability of arsenic removal.
This strain precipitated arsenic as arsenite only when grown on ferrous iron. By the
results obtained from this research, it was deduced that removal of arsenite by
co-precipitation with ferric iron is a general property of At. ferrooxidans species
(Duquesne et al. 2003). On the same note, arsenic tolerance of At. ferrooxidans
BYQ-12 was examined, and this bacterium was used for bioleaching arsenic from
realgar. The inhibitory concentrations of arsenite and arsenate for this strain was
32 and 64 mM, respectively, and the maximum rate of arsenic bioleaching was
73.97% (Yan et al. 2017). Also, Gao et al. (2018) showed the ability of At.
ferrooxidans BY3 in bio-adsorption and biotransformation of arsenic. Furthermore,
Kamde et al. reported arsenic removal mediated by iron oxidation using At.
ferrooxidans in 2018. In this research, they showed that using a combination of
bio-oxidation and filtration, arsenic removal efficiency was improved (Kamde et al.
2018).

In the other research, performed by Bruneel et al. (2003), the newly acidophilic
Thiomonas strains with the ability of growth near neutral pH was isolated which has
demonstrated the capability of oxidizing As (III) to As (V) in vitro. Also, Duquesne
et al. (2008) introduced another bacterium belonging to genus Thiomonas with
arsenite oxidation ability. This bacterium catalyzed the oxidation of arsenite by
arsenite oxidase, which is a membrane-bound enzyme (Duquesne et al. 2008).

Another bacterium with the capability of arsenic resistance is a moderately
thermophilic acidophilic bacterium, Acidithiobacillus caldus KU. This bacterium
showed inducible chromosomal encoded resistance to arsenate, arsenite, and anti-
mony. In this study, Dopson et al. found that in the presence of energy source, the
induced bacterium could transport arsenate and arsenite out of the cell. Furthermore,
in this research by southern hybridization analyses, it was revealed that induced At.
caldus expressed arsenate reductase. By this analysis, it was shown that on the
chromosome of At. caldus and other Gram-negative acidophilic bacteria, there is a
homolog of Escherichia coli arsB, indicating that probably resistance to arsenic is a
highly conserved property in these microorganisms (Dopson et al. 2001).

Some researchers focused on mixed cultures for oxyanions removal
investigations. Sulfate-reducing bacteria (SRB) are acidophilic bacteria that can
remove oxyanions, as suggested by some researchers. Le Pape et al. (2017) observed
complete removal of arsenic and zinc from the solution of 1.06 and 0.23 mmol/L,
respectively, of each oxyanion by indigenous SRB consortium in acid mine drainage
water. They proposed that the reduction of As2S3 to AsS relies on the biogenic H2S,
which enhanced the As removal efficiency (Le Pape et al. 2017). Also, Serrano and
Leiva reported the removal of As from acid mine drainage (AMD) mediated by acid/
metal-tolerant SRB. They showed that SRB can tolerate high concentrations of As
(~3.6 mg/L) and accomplish As removal up to 73% (Serrano and Leiva 2017). In the
other research, de Matos et al. (2018) reported simultaneous bio-precipitation of
sulfate and trivalent arsenic by immobilized acidophilic SRB mixed culture. They
showed that this consortium is resistant to up to 8.0 mg/L of arsenite. Pantoea
agglomerans, Enterobacter sp., Citrobacter sp., Cupriavidus metallidurans,
Ralstonia sp., and Burkholderia cepacia were the main bacterial species in this
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consortium, and the efficiency of SO4
2� and As (III) removal were 74.8% and 80%,

respectively (de Matos et al. 2018).
Hong et al. (2016) conducted a study on oxidation of arsenic by mixed cultures

and pure cultures of Acidithiobacillus ferrooxidans and Acidithiobacillus
thiooxidans. In this research refractory gold concentrates which contain a high
amount of arsenic, approximately 139.67 g/kg of total As, were used in the reaction.
Oxidation percentages during 358 h for adapted mixed culture, non-adapted mixed
culture, and pure cultures of At. ferrooxidans and At. thiooxidans were 72.20%,
38.20%, 27.70% and 11.45%, respectively. In this study, the maximum oxidation of
As was 77% at 120 h of reaction, achieved by adapted culture. The adaptation of
each bacterium was done by cultivating them separately in the presence of gold
concentrates as the source of arsenic (Hong et al. 2016).

Sulfolobus acidocaldarius strain BC is a thermoacidophilic archaeon with the
ability of arsenite oxidation to arsenate that was introduced in 1992 (Sehlin and
Lindström 1992).

In addition to the cases mentioned, in 2004, Casiot et al. reported arsenic oxida-
tion and bioaccumulation by Euglena mutabilis, an acidophilic protozoan. This
protozoan can oxidate arsenite to arsenate in few days and bioaccumulate As in
the cell as inorganic arsenite and arsenate (Casiot et al. 2004). All researches about
metalloid bioremediation by acidophiles are summarized in Table 9.5.

9.4.7 Thermophiles and Toxic Oxyanions Bioremediation

The organisms with the ability of growth in temperatures between 60 and 85 �C are
called “thermophile.” “Hyperthermophiles” are organisms with the optimum growth
temperature at or higher than 80 �C (Horikoshi et al. 2011).

In the context of toxic oxyanions’ bioremediation by thermophiles, there are
reports since 1988. Thermus scotoductus strain SA-01 is a thermoacidophilic strain,
which showed the ability of Cr (VI) reduction under the aerobic condition and at the
optimum temperature of 80 �C (Opperman and van Heerden 2007). Furthermore, in
2008 a membrane-bound chromate reductase from this bacterium was purified
(Opperman and Van Heerden 2008). Purification and characterization of this enzyme
showed that it is active at pH 6.3 and temperature of 65 �C. Further studies showed
that the enzyme activity depends on Ca2+ or Mg2+ ions and NADH or NADPH, with
a preference for NADPH. Sequence analyses determined that chromate reductase is
related to the old yellow enzyme family, particularly xenobiotic reductases partici-
pant in the oxidative stress response (Opperman et al. 2008).

In another research Bhowmick et al. (2009) reported an anaerobic thermophilic
bacterium, with 86–96% similarity to Thermoanaerobacter strains. This
Thermoanaerobacter BSB-33 strain could reduce Cr (VI) at an optimum tempera-
ture of 60 �C and pH 6.5. Fractionation of cell-free extracts demonstrated the
reduction of Cr (VI) both in cytoplasm and membrane (Bhowmick et al. 2009). In
the other research performed by Bhattacharya et al. 2015, complete genome
sequencing of the BSB-33 strain was performed, and based on 16S and cpn60 UT
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Table 9.5 Acidophilic organisms and metalloid detoxification

Acidophilic bacteria

Oxyanion Organism

Description and
morphological
characteristics Mechanism References

Selenium Thiobacillus
ferrooxidans

Gram-negative,
chemolithotroph,
aerobic (capable of
anaerobic growth on
sulfur substrates
under certain
conditions)

Oxidation of
copper selenide

Torma and
Habashi
(1972);
Leduc
(2002)

Chromium Thiobacillus
ferrooxidans

Gram-negative,
chemolithotroph,
aerobic (capable of
anaerobic growth on
sulfur substrates
under certain
conditions)

Tolerance of high
concentration of
Cr3+

Uptake of Cr6+ by
precipitation on the
surface of bacterial
cells

Baillet et al.
(1998);
Leduc
(2002)

Acidophilic
Thiobacillus

Gram-negative,
sulfur-oxidizing,
nonphototrophic rods

Chromium
solubilization

Zhou et al.
(2004);
Robertson
and Kuenen
(2006)

Acidiphilium
rubrum

Gram-negative,
purple
photosynthetic,
chemoheterotrophic
aerobe

Tolerance by
accumulating of
Fe, Cr, and Ni
metals inside cells

Itoh et al.
(1998);
Matsuzawa
et al. (2000)

Acidocella
aromatica PFBC

Gram-negative,
motile rod, extreme
acidophilic,
mesophilic, obligately
heterotroph
Aerobic, but capable
of Fe reduction under
microaerobic and
anaerobic conditions

Reduction and
immobilization of
Cr (VI)

Jones et al.
(2013);
Masaki
et al. (2015)

Acidithiobacillus
thiooxidans

Gram-negative, rod,
motile, obligate
chemolithotroph and
autotroph, strictly
aerobic

Cr (VI) reduction Kelly and
Wood
(2015); Gan
et al. (2018)

Acidithiobacillus
ferrooxidans

Gram-negative, rod,
motile, obligate
chemolithotroph and
autotroph, strictly
aerobic

Cr (VI) reduction Kelly and
Wood
(2015); Gan
et al. (2019)

Acidithiobacillus
thiooxidans

Gram-negative, rod,
motile, obligate

Bioleaching of
chromium

Kelly and
Wood

(continued)
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Table 9.5 (continued)

Acidophilic bacteria

Oxyanion Organism

Description and
morphological
characteristics Mechanism References

chemolithotroph and
autotroph, strictly
aerobic

(2015);
Zeng et al.
(2016)

Acidithiobacillus Gram-negative, rod,
motile, obligate
chemolithotroph and
autotroph, strictly
aerobic

Bioleaching of
chromium

Kelly and
Wood
(2015);
Zeng et al.
(2019)

Sulfobacillus Gram-positive,
mesophilic or slightly
thermophilic, aerobic,
mixotrophic with
limited autotrophic
and
chemoorganotrophic
growth

Bioleaching of
chromium

da Costa
et al.
(2015);
Zeng et al.
(2019)

Alicyclobacillus Gram-positive; one
species gram-
negative, aerobic,
many nonmotile, but
some motile

Bioleaching of
chromium

Da Costa
et al.
(2015);
Zeng et al.
(2019)

Mycobacterium Gram-positive,
pleomorphic, coccoid
form to long slender
rods

Bioleaching of
chromium

Percival
and
Williams
(2014);
Zeng et al.
(2019)

Acidiphilium Gram-negative,
strictly aerobic,
chemoorganotrophic
and
chemolithotrophic,
containing
photosynthetic
pigments

Bioleaching of
chromium

Zeng et al.
(2019)
Hiraishi
and Imhoff
(2015)

Acidithiobacillus
ferridurans

Gram-negative,
straight rod, obligate
chemolithoautotroph,
facultative anaerobe,
mesophile

Cr (VI) reduction Hedrich
and
Johnson
(2013);
Johnson
et al. (2017)

Acidiphilium
cryptum

Gram-negative, rod,
mesophile, aerobic,
heterotroph

Cr (VI) reduction Harrison Jr
(1981);
Johnson
et al. (2017)

(continued)
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Table 9.5 (continued)

Acidophilic bacteria

Oxyanion Organism

Description and
morphological
characteristics Mechanism References

Arsenic Acidithiobacillus
ferrooxidans CC1

Gram-negative, rod,
motile, obligate
chemolithotroph and
autotroph, strictly
aerobic

Precipitated
arsenic as arsenite

Duquesne
et al.
(2003);
Kelly and
Wood
(2015)

Acidithiobacillus
ferrooxidans
BYQ-12

Gram-negative, rod,
motile, obligate
chemolithotroph and
autotroph, strictly
aerobic

Bioleaching Kelly and
Wood
(2015); Yan
et al. (2017)

Acidithiobacillus
ferrooxidans BY3

Gram-negative, rod,
motile, obligate
chemolithotroph and
autotroph, strictly
aerobic

Bio-adsorption and
biotransformation

Kelly and
Wood
(2015); Gao
et al. (2018)

Acidithiobacillus
ferrooxidans

Gram-negative, rod,
motile, obligate
chemolithotroph and
autotroph, strictly
aerobic

Oxidation Kelly and
Wood
(2015);
Kamde
et al. (2018)

Thiomonas
sp. (B1, B2, B3)
More than 99%
homology with
the group Ynys1

Gram-negative rods
Heterotrophic and
non-obligatory
acidophiles
B1 and B3:
Nonmotile
B2: Motile

More than 90%
oxidation of the As
(III) by B2 and B3
strains (B1: No
effect on arsenic
speciation)

Bruneel
et al. (2003)

Thiomonas sp.
Isolate 3As

Gram-negative, short
rod, motile,
mesophile, moderate
acidophile, facultative
chemolithoautotroph,
obligate aerobes

Arsenite oxidation
by membrane-
bound enzyme
(arsenite oxidase)

Moreira
and Ricardo
(1997);
Duquesne
et al. (2008)

Acidithiobacillus
caldus KU

Gram-negative,
moderately
thermophilic

Resistant to
arsenate, arsenite,
and antimony by
inducible,
chromosomally
resistance
mechanism
Capable of efflux
arsenite and
arsenate in the
presence of an
energy source
Also expression of
arsenate reductase
activity

Dopson
et al. (2001)

(continued)
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Table 9.5 (continued)

Acidophilic bacteria

Oxyanion Organism

Description and
morphological
characteristics Mechanism References

Sulfate-reducing
bacteria (SRB)
consortium

Chemolithotrophic
bacteria that use
sulfate as terminal
electron acceptor
Anaerobic, capable of
tolerating the transient
presence of oxygen

Complete removal
of arsenic
(1.06 mmol/L) and
zinc (0.23 mmol/L)
from solution
Precipitation of As,
Zn, and Fe as
biogenic sulfides
Reduction of
As2S3 to AsS by
biogenic H2S

Le Pape
et al. (2017)

Sulfate-reducing
bacteria (SRB)

Chemolithotrophic
bacteria that use
sulfate as terminal
electron acceptor
Anaerobic, capable of
tolerating the transient
presence of oxygen

Tolerance of high
concentration of
As (~3.6 mg/L)
Up to 73% removal
of As (initial
concentration of
As: 3.6 mg/L)

Serrano and
Leiva
(2017)

Sulfate-reducing
bacteria (SRB)
(Pantoea
agglomerans,
Enterobacter sp.,
Citrobacter sp.,
Cupriavidus
metallidurans,
Ralstonia sp., and
Burkholderia
cepacia)

Chemolithotrophic
bacteria that use
sulfate as terminal
electron acceptor
Anaerobic, capable of
tolerating the transient
presence of oxygen

Resistant to
arsenite up to
8.0 mg/L, 80%
removal of As (III)
(precipitation as
arsenic sulfide or
adsorption on
calcium alginate
beads)

Barton and
Fauque
(2009); de
Matos et al.
(2018)

Acidithiobacillus
ferrooxidans and
Acidithiobacillus
thiooxidans

Gram-negative, rod,
motile, obligate
chemolithotroph and
autotroph, strictly
aerobic

More than 70%
oxidation of
refractory gold
concentrates with
approximately
139.67 g/kg As by
mixed culture

Kelly and
Wood
(2015);
Hong et al.
(2016)

Acidophilic archaea

Arsenic Sulfolobus
acidocaldarius

Spherical cells,
producing frequent
lobes
Facultative autotroph,
thermophilic
acidophile

Arsenite oxidation
Arsenate reduction

Brock et al.
(1972);
Sehlin and
Lindström
(1992)

(continued)
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region sequence identity, this strain was classified as Thermoanaerobacter
thermohydrosulfuricus. They showed that unlike other T. thermohydrosulfuricus
strains, BSB-33 strain is able to anaerobically reduce Fe (III) and Cr
(VI) optimally at 60 �C. In this report, the researchers revealed that several
oxidoreductases are involved in the chromate reduction. Among them, top candidate
genes were nitrite reductase, dihydrolipoamide dehydrogenase, and NADH:flavin
oxidoreductase (Bhattacharya et al. 2015).

In 2016, removal of hexavalent chromium by a thermophilic denitrifying bacte-
rium, Chelatococcus daeguensis TAD1, was reported. This strain could simulta-
neously remove Cr (VI) and NO3

�-N at 50 �C, in presence of 15 mg/L Cr (VI) as the
initial concentration. Removal of chromium by this bacterium was inhibited in the
presence of Cu, Zn, and Ni (Li et al. 2016).

Another research on Cr (VI) reduction was done for a thermophilic bacterium by
Singh et al. (2015). In this report Cr (VI) reduction by an obligate thermophile
methanogen, Methanothermobacter thermautotrophicus, was investigated. Com-
plete reduction of hexavalent chromium at concentrations of 0.2 and 0.4 mM was
reported. But the decrease in reduction at higher concentrations of Cr (VI) was
observed (for concentrations of 1, 3, and 5 mM of Cr6+, 43.6%, 13.0% and 3.7%
reduction was reported, respectively) (Singh et al. 2015).

Investigation of hexavalent chromium reduction by thermophilic bacteria was
done by Bai et al. (2018). In this study Cr (VI) reduction by Caldicellulosiruptor
saccharolyticus, an extremely thermophilic bacterium, during glucose fermentation
at 70 �C was examined. They showed that this bacterium has the ability of complete
reduction of Cr (VI) at the concentration of 40 mg/L within 12 h and precipitation of

Table 9.5 (continued)

Acidophilic bacteria

Oxyanion Organism

Description and
morphological
characteristics Mechanism References

Acidophilic protozoa

Arsenic Euglena
mutabilis

Benthic
photosynthetic
protozoan

Oxidation of
arsenite to arsenate
Bioaccumulation
of As in the cell
(336�112 μg As/g
dry wt.) as
inorganic arsenite
(105�52 μg As/g
dry wt.) and
arsenate
(231�112 μg As/g
dry wt.)
Adsorption of As
at the cell surface
(57 mg/g dry wt.)

Casiot et al.
(2004)
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reduced product Cr (III) on the cell surface. They showed that the addition of neutral
red as an electron mediator could shorten reduction time to 1 h (Bai et al. 2018).
Chen et al. (2019) investigated isotope fractionation of Cr (VI) during reduction by
Caldicellulosiruptor saccharolyticus under different metabolic pathways and envi-
ronmental parameters. This research showed that Cr isotope enrichment factors did
not change by chromium reduction pathways and temperature, but it was sensitive to
the electron donor type (Chen et al. 2019).

Aeribacillus pallidus BK1 is another novel thermophilic strain with the optimum
growth temperature of 60 �C and the ability of chromium reduction. The minimal
inhibition concentration for chromium by this strain was reported to be 400 mg/L.
The BK1 strain was able to remove 98.34% and 86.89% of Cr (VI) after 36 h with
initial hexavalent chromium concentrations of 20 and 100 mg/L, respectively. When
the initial concentration of Cr (VI) was 300 mg/L, 33.65% removal was observed.
This study showed that Cr (VI) was transported to the cytoplasm by transmembrane
transportation and reduction was done in the cytoplasm by the reductase (Ma et al.
2019).

Tellurite is another oxyanion which its reduction by thermophiles has been
studied by few researchers. In a report published in 1988, Moscoso et al. studied
the ability of Bacillus stearothermophilus in tellurite reduction and demonstrated the
resistance of this bacterium to potassium tellurite (Moscoso et al. 1998). In another
research, resistance to potassium tellurite and sodium selenite by Thermus
thermophilus HB8 and Thermus flavus AT-62 was proved (Chiong et al. 1988a).
Furthermore, they have demonstrated the tellurite-reducing ability of Thermus
thermophilus HB8 and showed that the presence of tellurite reductase in cell-free
extract could be the reason of this bacterium’s ability to resist and grow in the
presence of (>10�4 M) K2TeO3

� (Chiong et al. 1988b).
About arsenic reduction by thermophiles, Gihring and Banfield (2001) isolated a

new strain in Thermus genus from the arsenic-rich environment. They showed that
ThermusHRI3 has the ability of rapid oxidization of inorganic As (III) to As (V) and
it also used As (V) for respiration (Gihring and Banfield 2001). In another study,
Gihring et al. reported rapid oxidization of arsenite to arsenate by Thermus aquaticus
YT1 and Thermus thermophilus HB8 (Gihring et al. 2001). Other strains belonging
to Thermus genus with the ability to reduce arsenate are Thermus sediminis L198
and L423, two yellow pigmented strains, which were isolated from a geothermal
spring, introduced by Zhou et al. (2018). These strains showed growth at
temperatures from 45 to 75

�
C, oxidizing thiosulfate to sulfate, and growth by

using arsenate as the terminal electron acceptor for aerobic or anaerobic respiration
(Zhou et al. 2018).

In the other study in 2003, Takai et al. isolated a new strain of Deferribacter
desulfurican, a thermophilic bacterium from a deep-sea hydrothermal vent. This
strain required the elemental sulfur (S0), nitrate, or arsenate for growth as the electron
acceptors (Takai et al. 2003).

The other report was published by Cuebas et al. (2011). This group reported the
Geobacillus kaustophilus strain isolated from geothermal soils and showed its
capability in resistance toward arsenic (Cuebas et al. 2011).
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Attempts have also been made to find mechanisms of resistance to arsenate in
bacteria. In 2013, Heath presented the investigation of arsenite oxidase from
Thermus thermophilus HB8 strain (Heath 2013), and Del Giudice et al. (2013)
reported studies in the field of arsenate detoxification mechanism(s) in resistant
bacteria. Giudice et al. introduced a novel arsenate reductase from Thermus
thermophilus HB27. Also TtarsC gene, a putative chromosomal arsenate reductase
gene, on the genome of T. thermophilus HB27 was found (Del Giudice et al. 2013).
Moreover, Antonucci et al. worked on arsenic resistance mechanism(s) in Thermus
thermophilus HB27 and reported two adjacent genes involved in arsenic resistance,
TtsmtB and TTC0354, encoding an ArsR/SmtB transcriptional repressor and a Zn2+/
Cd2+-dependent membrane ATPase, respectively. They showed that mutants for
these genes are more sensitive to arsenic (Antonucci et al. 2017). In another research
on arsenic resistance mechanism(s) in Thermus thermophilus HB27 in 2018,
Antonucci et al. reported that this bacterium has a set of genes encoding proteins
involved in arsenic resistance. These proteins are arsenate reductase, TtArsC; arsenic
efflux protein, TtArsX; and arsenic responsive transcriptional repressor, TtSmtB.
They showed that TtArsX and TtSmtB are also required for cadmium resistance
(Antonucci et al. 2018).

Some strains had the ability to reduce different oxyanions. Podosokorskaya et al.
(2016) introduced a novel moderate thermophile bacterium, Tepidibacillus infernus,
with the optimum growth at 50 �C temperature. They reported that this bacterium
can respire selenite and arsenate. In this research, the reduction of arsenate (10 mM)
to arsenite and selenate (10 mM) or selenite (5 mM) to elemental selenium was
reported (Podosokorskaya et al. 2016). Bacillus thermoamylovorans SKC1, a mod-
erately thermophilic bacterium, could reduce chromate (at initial concentrations of
up to 150 mg/L), selenite, tellurite, and soluble Fe (III) (Slobodkina et al. 2007).

Respiration of arsenate and selenate by Pyrobaculum arsenaticum, a hyperther-
mophilic archaeon that is isolated from a hot spring, was reported in 2000. This
archaeon used arsenate, thiosulfate, or elemental sulfur as electron acceptors (Huber
et al. 2000). Another thermophilic archaeon with the ability of arsenate detoxifica-
tion is Sulfolobus acidocaldarius strain BC that was mentioned in the previous
section (Sehlin and Lindström 1992). Table 9.6 provides further information on
metalloid detoxification by thermophiles.

9.5 Concluding Remarks

In summary, the concern for metalloid oxyanions’ toxicity and their excess release to
the environment is still a hot topic that needs immediate investigations resulting in an
effective solution. As the most probable origin of these contaminations in the
environment is anthropogenic, the first solution would be to reduce their release to
the environment and in the next step eliminate their toxicity to reduce their detri-
mental effects on the living organisms.

Even though many remediation techniques have been developed till now, the
biological remediation seems to be more promising as it implements a natural
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solution. Among all the bioremediation techniques, microbial entities have attracted
more attention. With introduction of extremophiles and the similarity of their natural
habitat to the contaminated areas, the idea of their capability in this field was further
strengthened. For example, halophilic organisms are naturally not only withstanding
the high salt concentrations but also love the salts and require them for growth and
viability. As all the metalloids are in their oxyanionic form, their presence may
resemble the salt’s presence in the halophilic organism’s habitat, and these
organisms have previously developed the mechanism to overcome high salts’
toxicity or their application in their own favor to acquire energy. Or having high
concentrations of the metalloid in an acidic or alkaline effluent or in high-
temperature areas requires the application of an organism acclimated to live in
these environments normally defined as harsh for other living organisms.

Moreover, the synergistic effect of simultaneous presence of the oxyanions on
their removal by halophilic organisms has not yet been investigated for other
extremophiles and the mechanism(s) behind this phenomenon is yet to be
investigated. On the contrary, these toxic metalloids once neutralized can be useful
in different industries especially in nanoscale. Nature has provided a way to manu-
facture these nanoparticles using a green way, i.e., microorganisms. They can be a
living factory not only reducing the toxicity of the oxyanions but also manufacturing
something useful out of these contaminants.
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Conventional and Nonconventional
Biodegradation Technologies
for Agro-Industrial Liquid Waste
Management

10

Sebastián Pineda Pineda and Juan Carlos Higuita Vásquez

Abstract
Nowadays, the world is in a period of waste accumulation in large quantities,
which strongly influences the health of ecosystems and ultimately the human
community. Many companies worldwide produce thousands of effluents whose
alternative uses are still unclear. Therefore, every agro-industrial sector has
greater responsibility toward safe utilization of agro-materials, either through
waste recycling or the correct treatment of waste to reduce their toxicity and the
environmental burden.

Many biodegradation technologies have been developed in order to address
this problem such as vermicomposting, unicellular protein production, energy
generation (e.g., biogas, biofuels, and hydrogen) and waste utilization as
co-substrate in fermentation processes. Thus, new studies and green nonconven-
tional methods have been settled aiming at waste recycling like biohythane
production, dark fermentation, and bioremediation. Other alternatives are based
on physicochemical processes such as fertigation, livestock feed production,
combustion, gasification, membrane operations, and electrochemical processes.
Many treatments consist of a combination of both technologies: biological and
physicochemical processes.

Agro-industrial liquid wastes (ALW) contain a considerable amount of
organic matter, which can be decomposed by biodegradation reactions. Biodeg-
radation is the process by which organic compounds are fragmented into smaller
substances. Organic material can be degraded aerobically, with oxygen, or
anaerobically, without oxygen. These reactions occur in order to obtain energy
for microbial growth, and it is commonly associated with the production of value-
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added products such as enzymes, pigments, biopolymers, biofuels, food flavoring
compounds and bioactive compounds, among others.

However, ALW are characterized by high values of biochemical and chemical
oxygen demands (BOD, COD), suspended solids, high electrical conductivity,
phenols, aromatic compounds, low pH values, and the prohibition of disposal on
soil or rivers. Many conventional technologies increase the emissions of CO2,
CH4, N2O, and other volatile greenhouse gases emissions. In addition, the
increase of compounds like NO3

�, NH4
+, K+, Ca2+, Mg2+, Na+, and other metals

in soil might contaminate groundwater when leached out. Wrong treatment also
promotes eutrophication and undesirable changes in ecosystems and their proper
functioning.

Keywords
Agro-industrial liquid wastes · Waste management · Physicochemical
technologies · Biological technologies

10.1 Introduction

Today, waste management is of great importance since many wastes are produced at
large scale and commonly generate several negative factors, such as high levels of
pollution (Arm et al. 2011). ALW are the residues obtained after chemical and
biochemical processes in the industry. Their composition varies considerably
depending on several factors such as raw materials and the different operation
processes (Krzywonos et al. 2009).

ALW contain high loads of dissolved solids and recalcitrant organic matter (e.g.,
nitrogen-colored polymers of brown color, phenols, etc.), ash, and usually have low
pH (3–5). Biochemical and Chemical Oxygen Demand (BOD and COD, respec-
tively) are indicators of the contamination potential which vary in ranges between
35,000–50,000 and 100,000–150,000 mg O2 L�1 respectively (Bustamante
et al. 2005). These characteristics of ALW, combined with their high production
volume, necessarily require an adequate treatment and final management. It is
common that governments stipulate a maximum limit for BOD and COD of agro-
industrial wastewater discharge to body waters in a range of 50–400 mg O2 L

�1 and
150–650 mg O2 L

�1, respectively. ALW are commonly used as culturing media in
order to achieve the bioconversion from sugars or simple organic acids to high value-
added products. Furthermore, the organic load is reduced and therefore its toxicity.

In many countries, the application of ALW as fertilizer is the most commonly
used treatment due to its composition and easy disposal. This alternative is the
simplest and cheapest solution for management of effluents. Utilization of ALW as
fertilizer demands a small initial investment, low maintenance costs, has no techno-
logical complexity, and usually increases crop yields. However, adverse environ-
mental impacts, such as salinization and leaching of soil nitrates, should be
considered (Parnaudeau et al. 2008). Also, contamination of aquifers and even the
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worsening of global warming by releasing nitrous oxide (N2O) in soil are other
problems when ALW are used as fertilizers.

The aim of this chapter is to show useful information about conventional and
nonconventional biodegradation technologies to ALWmanagement. This report was
focused on a global situation since many producing countries have the same issues
with their AWL final disposal. Additionally, this work was performed facing ALW
management using physicochemical technologies and biological processes.

10.2 Issues Associated with ALW

ALW usually contain high amounts of phenol compounds (34–542 mg L�1), organic
matter, carbohydrates, aromatic compounds, and other carbon-rich compounds.
Irrigation with ALW in agricultural soil tripled CO2 emissions under flooding
conditions (200 m3 ha�1). Nevertheless, many authors reported that the addition of
ALW to soil generates CH4 fluxes from �64.4 to 3.1 μg m�2 h�1 for the control soil
and from �42.0 to 44.3 μg m�2 h�1 in the soil added with ALW. Additionally, the
annual application of 46 kg of N ha�1 in the form of ALW rendered a N2O emission
from 0.31 to 0.52 kg ha�1. CO2, CH4, and N2O increased emissions are also
problems associated with ALW irrigation. Total volatile solid contents in ALW
are high, between 79,000 and 82,222 mg L�1 depending on their origin. Applied to
crops, the amount of organic materials like nitrate (NO3

�), ammonium (NH4
+),

potassium (K+), calcium (Ca2+), magnesium (Mg2+), sodium (Na+), and metals
will increase in soil and when leached out might contaminate groundwater. ALW
also promote eutrophication and undesirable changes in ecosystems and their func-
tioning (Moran-Salazar et al. 2016).

Eutrophication is the process through which lakes, streams, or bays become
overloaded with excess of nutrients such as nitrogen and phosphorus. When the
aquatic life dies, microorganisms feed on the remains as part of the decomposition
process and consequently consume the available oxygen in water. This leaves little
dissolved oxygen for fish and other aquatic animals thus resulting in the suffocation
of aquatic life (SSSA 2018). Different technologies have developed for ALW
management and are divided into the following two main categories: biological
and physicochemical processes. In turn, each of these two categories is divided into
conventional and nonconventional approaches.

10.3 Biological Technologies for ALW Management

The environmental damage caused by discarding ALW into the soil or water bodies
was an incentive for research aiming to find alternative economic applications for
this agro-industrial waste. Results from such studies indicate that, when properly
used, ALW could contribute to improve soil quality (Silva et al. 2006), agricultural
productivity, clean energy generation and bioremediation, among others.
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10.4 Conventional Technologies

10.4.1 Vermicomposting

Composting is considered as a technique in which aerobic mesophilic and thermo-
philic microorganisms consume organic matter as a substrate under controlled
conditions. This biological process produces a stabilized, mature, deodorized, and
hygienic material free of pathogens and plant seeds and rich in humic substances that
can be used as soil conditioner (Lim et al. 2015).

Usually this technology is used in combination with solid wastes. If earthworms
are applied in this method, it can be known as an integrated composting–
vermicomposting process. Earthworms can transform the organic fraction of the
mixture between solid and liquid wastes into a nutrient-rich fertilizer under aerobic
conditions. Eisenia fetida is a species of earthworms which under suitable pH,
temperature, and moisture has the potential to convert organic waste into products
with a high nutritious value that can be used as a biofertilizer (Meunchang
et al. 2005; Amouei et al. 2010; Lim and Wu 2016).

For example, co-composting followed by vermicomposting of the ALW
mixtures, cow manure, and chopped bagasse was performed for 60 days using
earthworms of Eisenia fetida species by Alavi et al. (2017). The results showed
that the trend of changes in C/N was decreasing. The pH of the final fertilizer was in
alkaline range (8.1–8.4) and the total potassium decreased during the process
ranging from 0.062% to 0.15%, while the total phosphorus increased from 0.06%
to 0.10%. The germination index (GI) for all samples was 100%, while the cellular
respiration maturity index was <2 mg C-CO2 g�1 organic carbon day�1, thus
confirming a very stable compost. The results of this study indicate that the compost
obtained from the co-composting/vermicomposting process could be used as a soil
amendment.

10.4.2 Biogas Production

Anaerobic digestion of ALW can be regarded as a favorable strategy, since the
digestate could still be used to partially substitute the mineral fertilizers on the crops
and the produced biogas could be improved to biomethane and sold as a new energy
product (Beil and Beyrich 2013; Janke et al. 2014). However, before being applied
on a large scale, the anaerobic digestion process should be carefully assessed,
especially concerning the characteristics of substrates such as organic matter and
nutritional value, macronutrients, trace elements, and specific biogas production.

In order to obtain an appropriate anaerobic digestion process, a balance among
the main nutrients such as carbon, nitrogen, phosphorus, and sulfur is necessary. If a
substrate has a too high C/N ratio, or in other words, has a lack of nitrogen, it may
negatively influence on the functioning microbial community. According to a study
performed by Janke et al. (2015), the lowest methane yield for some ALW after
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35 days was 246 � 15 N m L gCOD�1, and the maximum yield was
302 � 06 N mL g COD�1.

España-Gamboa et al. (2012) modified a laboratory-scale up flow anaerobic
sludge blanket (UASB) reactor to obtain methane by treating ALW. The report
showed that the COD removal efficiency was 69% at an optimum organic loading
rate (OLR) of 17.05 kg COD m�3 day�1, achieving a methane yield of
0.263 m3 kg�1 COD and an 84% biogas methane content. Effluent characterization
presented lower values than the ALW, except for potassium, sulfide, and ammonia
nitrogen.

10.4.3 Utilization of ALW as Co-Substrate in Fermentation Processes

ALW can replace certain percentages of the raw materials used in fermentation
processes since these wastes have fermentable sugars and many nutrients in its
composition. According to Fadel and Abdel-Naser (2014), ethanol yields in a
fermentation using Saccharomyces cerevisiae can vary depending on the volume
proportion of ALW used as shown in Table 10.1.

There was a slight change in the efficiency when 40% v/v ALWwere used instead
of water and a relative decrease is observed in the ethanol yield and fermentation
efficiency when ALW were introduced above 50% v/v instead of water in the
fermentation medium.

In addition, the ALW organic load decreases because this waste is recycled in
another bioprocess. This means that the alternative for ALW management also
reduces the environmental impact.

Table 10.1 Effect of
recycling varying ALW
amounts on ethanolic
fermentation

ALW (% v/v) EY (%) RS (%) FE (%)

0 11.0 1.8 100.0

10 11.0 1.9 100.0

20 11.1 1.9 100.9

30 11.0 2.1 100.0

40 10.7 2.2 97.3

50 10.5 2.3 95.5

60 10.2 2.5 92.7

70 9.6 3.0 87.3

80 9.3 3.8 84.6

90 8.9 4.4 80.9

100 8.5 4.9 77.3

EY ethanol yield, RS residual sugars, FE fermentation efficiency
Taken from Fadel and Abdel-Naser (2014)
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10.4.4 Unicellular Protein Production

Bioconversion of agricultural and industrial liquid wastes into microbial protein has
been receiving increasing attention from the 1970s. The reduction of organic loads
and at the same time the production of a valuable commodity is the greatest
advantage of such a process. Among the yeast species that can be used for such
purposes, Candida utilis is particularly attractive taking into account its high protein
content, good amino acid profile, and the possibility of growth from different
substrates (Nasseri et al. 2011).

Through this technology, the ALW organic load can be reduced by 75% or 60%
when the process was carried out in batches or in continuous regimes, respectively.
Cell concentration reaches values around 8.0 g L�1.

The yeasts have big advantages such as their size (easier to harvest), lower nucleic
acid content, high amino acids contents (as lysine), and the ability to grow at low
pH. Some of the disadvantages are the lower growth rates, relative lower protein
content (between 45% and 65%), and lower content in methionine than in bacteria.
Filamentous fungi have harvesting advantages, but they have some limitations such
as lower growth rates as that of yeasts, lower protein content, and acceptability.
Other microorganism used for unicellular protein is the algae, but it has
disadvantages because it has cellulosic cell walls which are not digested by human
beings. In addition, they also frequently concentrate heavy metals. In the case of
algae, it has to be stressed that, due to technical and economic reasons, it is not the
general intention to isolate and utilize the sole protein, but to propagate the whole
algal biomass. To date, various new technologies have been employed worldwide
for mass production and processing of photoautotrophic microalgae.

Microalgae, cyanobacteria, and aquatic plants are renewable source of nutrients
and high-value compounds that could be used as feedstock for the production of
many products (Appenroth et al. 2017; Laurens et al. 2017). They contain proteins,
fatty acids, pigments, antioxidants, etc., that are an interesting source to be utilized as
food and feed supplements. Cultivation of microalgae and duckweed (aquatic plant)
offers some interesting advantages, such as continuous harvesting, use of nonarable
land, and use of ALW or seawater as the basis of the cultivation medium. Further-
more, they can face the increasing global food demand. Some microalgal species,
such as Arthrospira (Spirulina), Chlorella, and Dunaliella are rich in proteins
(>50%dw) and have the ability to be grown in polluting liquid effluents. Sugar
and organic acid biodegradation from AWL by microalgae show productivities in a
range of 20–30 tDM ha�1 year�1 (Walsh et al. 2015).
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10.5 Nonconventional Technologies

10.5.1 Soil Bioremediation

The use of biomass to clean up polluted soils is an effective approach because of the
critical role that microorganisms play in biodegradation of organic pollutants and
removal/stabilization of heavy metals (Mrozik and Piotrowska-Seget 2010; Polti
et al. 2014).

Among environmental microorganisms, actinobacteria have been extensively
reported as potential bioremediation agents (Alvarez et al. 2017). They may be
well suited for inoculation in soil because of their mycelial growth, their relatively
rapid growth rates and capability to colonize substrates.

Aparicio et al. (2017), used actinobacteria biomass to clean up contaminated soils
as an attractive biotechnology approach. The authors report the ability of four
actinobacteria, Streptomyces sp. M7, MC1, A5, and Amycolatopsis tucumanensis,
to generate biomass from ALW. In all cases, the decrease in pesticides present in the
studied soils was about 50% after 14 days of incubation. However, chromium
removal was statistically different depending on the preparation methodology of
the inoculum. While the combined actinobacteria biomass recovered from their
respective single cultures removed about 85% of the chromium, the mixed culture
biomass removed more than 95%.

10.5.2 Dark Fermentation

The gradual introduction of fuels with progressively lower carbon content per unit of
energy (wood—coal—oil—natural gas) results in a constant decarbonization of the
global fuel mix. This chain of lower carbon content fuel ends in Hydrogen (H2).
Currently, the cost of H2 produced from biological processes is very high, especially
due to medium cost and process sensitivity. In some bioprocesses for biohydrogen
production (such as dark fermentation of organic matter), volatile fatty acids, which
are platform molecules that can be used as raw material for green chemistry, are
produced and accumulated in the liquid phase. The production and commercializa-
tion of these platform molecules will have a great impact on the economics of
technologies for biohydrogen production.

The use of microbial consortia and liquid industrial wastes for biohydrogen
production by dark fermentation is seen as a crucial strategy in an effort to overcome
the economic and technical disadvantages of this potential technology. Sydney et al.
(2018) carried out fermentation in an ALW-based medium supplemented with pure or
complex carbon sources. Authors demonstrated that consortia LPBAH1 and LPBAH2
were predominantly composed of Oxalobacteraceae and Lactobacillaceae, while
LPBAH3 was rich in sporulating Lactobacillaceae (> 96%). The most relevant
results related to biohydrogen and volatile fatty acids production were as follows:
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1. The highest biohydrogen yield was achieved with LPBAH1 (>50%
Oxalobacteraceae) in an ALW medium supplemented with sugarcane juice
(1.59 � 0.21 mol H2 mol�1 glucose).

2. The lower H2 yields were achieved with LPBAH3, which otherwise produced the
highest amount of butyric acid (up to 10 gL�1).

10.5.3 Biohythane Production

Anaerobic digestion consists fundamentally on a sequence of metabolic reactions
taking place through hydrolysis, acidogenesis, acetogenesis, and finally
methanogenesis phases. These stages aim to stimulate the microbial degradation of
organic matter to obtain different compounds and bioenergy precursors.

Biohythane is a mixture of biohydrogen and biomethane. Most of the studies
performed in this area report a two-stage biohythane generation technique, where the
first stage consists principally of a hydrogen fermentation followed by a methane
fermentation reaction in a specific bioreactor (Liu et al. 2014; Kongjan et al. 2013).
Lab-scale bioreactors have been developed and evaluated with different kinds of
substrates in order to produce biohythane (Farghaly and Tawfik 2017; Lin et al.
2015).

Different microorganisms have been used for biohythane production. Costa et al.
(2015) reported biohythane production from Sargassum sp.; Jariyaboon et al. (2015)
used Thermoanaerobacterium sp., Clostrdium sp., Methanosarcina mazei, and
Methanothermobacter defluvii to synthesize biohythane, and Elreedy et al. (2015)
evaluated biohythane production using Proteobacteria and Firmicutes.

Pinto et al. (2018) submitted a study about the co-digestion of three abundant
solid coffee residues (green coffee powder, parchment, and defatted cake) and ALW
under thermophilic anaerobic conditions. They proposed a pilot plant under
optimized conditions using a mesophilic sludge seed to produce biohydrogen. The
initial conditions were acidogenic regimes (pH 5.0–6.5) followed by methanogenic
conditions (pH 6.5–8.0). The bioreactor produced a hydrogen-rich biohythane for
the first 15 days with a maximum yield on day four (31.45% hydrogen). For the
co-digestion of the defatted cake and ALW, the only gas of interest produced was
biohydrogen 32% v/v between the ninth and 32nd day.

10.6 Physicochemical Degradation Processes for ALW

Among the different treatment technologies, biological processes are commonly the
preferred option based on the economy of the treatment. However, when recalcitrant
compounds are involved, biological processes may not be totally effective since the
inhibitory effects associated with the presence of such recalcitrant organic
compounds may cause low yields and process instabilities (Ioannou et al. 2015).
Many treatments consist on a combination of both, biological and physicochemical
processes.
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10.7 Conventional

10.7.1 Fertigation

ALW have many components such as organic matter, K, N, Ca, Mg, and K being the
most relevant mineral element for the agricultural use of the wastes. Therefore, ALW
utilization can contribute to enhancing crops productivity with effects on the physi-
cochemical and biological soil qualities (Jiang et al. 2012).

However, ALW flows applied in crops must follow appropriate guidelines, which
fluctuate according to soil characteristics. Specific recommendations must be
followed for each area to prevent excessive use and subsequent mineral lixiviation,
for example, of nitrates and potassium, and contamination of underground waters. In
addition, the high content of organic matter in ALW can increase pollution.

It is evident that there is no unanimity about the polluting capacity of ALW.
Different points of view indicate, on the one hand, toxic effects on ground and
surface waters and, on the other hand, that rational use of this waste does not result in
environmental risk. Nevertheless, it should be emphasized that ALW can behave as a
pollutant or beneficial fertilizer depending on the amount applied. In this context, the
appropriate application of ALW must consider soil chemical and physical
characteristics, besides aspects like the history of residue application, the intensity
of cultivation in the agricultural area, and the proximity of water springs.

10.7.2 Concentration by Evaporation

ALW in natura are diluted solutions and their application to soil is carried out in
large quantities. The distribution and treatment of ALW frequently involve three
different stages: (a) the primary transport from industry to the storage tanks, (b) the
secondary transport from the tanks to the treatment industries, and in some cases
(c) the distribution to final destination. Each phase has logistic costs represented
mainly on equipment, infrastructure, power, and management techniques hence
making its use problematic in areas distant from the production places. However,
ALW can be concentrated by evaporation, resulting in a product with higher
economic viability that can be transported to distant locations. In many liquid
wastes, it is possible to recover up to 78% of the water, thus reducing its volume
by evaporation processes.

10.7.3 Animal Feedstock

Some ALWs are considered as nonconventional feedings, but are not universally
used in animal feedstock. Hence, if they are properly used, they could be an
important element in the sustainable animal feed production systems (Iranmehr
et al. 2011). ALW may be used as an economical animal feed due to their low
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cost and the presence of organic compounds (i.e., acids, alcohols, and sugars),
minerals, and nitrogen compounds (amino acids and peptides).

Determination of the protein fraction is one of the most relevant indicators for
using ALW as animal feeding and as raw material for elaborating new feedstocks.
This aspect is important due to the benefits of its functional diversity for different
animal species (Silva et al. 2011). Protein quality is a key concept in protein
nutrition, mainly determined by the profile and proportion of amino acids, although
other structural characteristics and solubility may affect its digestibility and in turn,
its nutritional value.

10.7.4 Combustion

Low calorific fuels such as ALW have calorific values that are too low to be burnt
with conventional burners (between 10.45 and 7.47 MJ kg�1). However, it is
possible to burn such fuels in a SSB-LCL (SAACKE Swirl Burner for Low Calorific
Liquids) firing system and to feed the resulting exhaust gases to a boiler or a
combustor. The system consists of a SAACKE swirl burner with a special burner
throat. The SSB is a well-proven gun-type burner for industrial and power station
plants. This burner was developed for the combustion of natural gas and fuel oil and
operates according to the “mixing at the burner mouth” principle. This burner results
in low CO and NOx emissions. It is meanwhile also used in many applications for
low calorific gases with even below 3.0 MJ m�3 LHV (lower heating value) (Schopf
and Erbino 2010).

10.7.5 Gasification

The main objective of gasification is to convert a lignocellulosic matrix in volatile
gases and char that can be used in other processes to generate different kinds of
energy. In case of ALW, the major problem is the high water content and the
minimum percentage of biomass. However, good yields can be achieved with the
adequate technology (Dirbeba et al. 2016).

Gasification is a widely explored technology for its potential in providing higher
efficiency cycles. Extensive ranges of biomass and waste products have been studied
as potential fuels. Patel and Nikhil (2000) studied gasification of concentrated ALW
using a spray-type air-blown laboratory reactor at a temperature range of
677–727 �C. Gasification experiments frequently are conducted in an inclined
plate reactor with rectangular cross section (80 mm � 160 mm) and 3000 mm
long. A support flame was found necessary in the injection zone in addition to the
regenerative heat transfer. Effluent with 60% solids was injected as film on the
reactor bed. The typical gas fractions obtained during gasification condition (air
ratio ¼ 0.3) are 10.0–11.5% of CO2, 10.0–12.0% of CO, 6.7–8.0% of H2, 1.75% of
CH4, 0.2–0.4% of H2S, and about 2% of saturated moisture. The carbon conversion
obtained was in the range of 95–96%.
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10.8 Nonconventional

10.8.1 Membranes

Membrane technology has achieved over the last years a great commercial and
strategic importance. The increasing interest in this technology is mainly associated
with its relative simplicity, ease of use, low energy consumption, and application in
the separation of liquid and gas mixtures (van de Water and Maschmeyer 2004).

ALW can be concentrated through membranes. These waste management pro-
cesses are a promising approach for improving its use. Moreover, concentrating
ALW may increase fertilization quality and may both reduce transport costs and
broaden the application range. This approach may represent an alternative method to
evaporation (Amaral et al. 2016). Thus, the permeate stream arising from the
membrane module could be recycled, whereas the retentate stream could be used
in fertigation.

10.8.2 Electrochemical Process

An interesting alternative for ALW treatment is the use of electrochemical processes
to achieve a partial oxidation of the organic compounds before the biological step.
The electrochemical oxidation process is expected to decrease the toxicity of some
organic materials and allow subsequent degradation of the substrate by an anaerobic
consortium (Tröster et al. 2002).

Electrochemical oxidation is an attractive technology due to its capability to treat
(under moderate conditions, ambient temperature and pressure) toxic and/or com-
plex organic contaminants present in industrial or domestic wastewaters. Organic
pollutants can be reduced by either direct or indirect oxidation (Prabhakaran
et al. 2009; Flores et al. 2017).

Anodic oxidation of organic materials takes place in association with the oxygen
transfer from water to the reaction products. In other words, water is the source of
oxygen atoms for the whole oxidation. These reactions are intensely related to the
anode surface. Therefore, if the anode contacts are weak, the electrochemical activity
on the way to oxygen evolution will be lower and the chemical reactivity toward
organic oxidation will be higher (Kapałka et al. 2010).

10.9 Conclusion

There are many conventional technological alternatives for ALW treatment, like
concentration by evaporation, combustion, livestock feed production, gasification,
vermicomposting, yeast production, biogas production, and recycling in fermenta-
tion. Based on the foregoing, many efforts have been directed to allocate, properly,
the large volume of these wastes. Hence, new studies and green nonconventional
methods have been developed aiming at recycling and disposing ALW. Most of the
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nonconventional technologies were emerging for improving the environmental and
economics sustainability. Some of them are biohythane production, dark fermenta-
tion, and bioremediation as biological alternatives and membrane and electrochemi-
cal processes from a physicochemical point of view. Those technologies are not
completely developed, but the studies about these processes are increasing exponen-
tially. These emerging technologies reduce the pollution load through the biotrans-
formation of complex organic compounds into value-added products or clean
energy.
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White Rot Fungi: Nature’s Scavenger 11
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Abstract
The world’s worst offenders in terms of pollution are related to the xenobiotic
organopollutants, often toxic and recalcitrant in nature. They have complex
aromatic structures which are persistent and recalcitrant, for example, xenobiotics
such as phenols, plastics, hydrocarbons, paints, synthetic dyes, pesticides,
insecticides, paper and pulp mill effluents, and pharmaceuticals. Applications of
physicochemical methods are quite expensive to operate; moreover, they intro-
duce secondary pollutants during the “remediation” process. The white rot fungi
technology is eco-friendly and cost-effective and thus has emerged as a viable
method for bioremediation in a wide range of synthetic dyes. Moreover, they do
not require preconditioning to a particular pollutant, tolerate high concentrations
of pollutants and nutrient limitation induces the production of extracellular
ligninolytic enzymes with broad substrate specificity which includes several
kinds of laccases, peroxidases, and oxidases producing H2O2. They utilize solu-
ble as well as insoluble hazardous compounds as a nutrient source and convert
them to simple fragmented forms. White rot fungi also remove the pollutants from
the effluents by absorption, adsorption, and accumulation. Recently, many
researchers have successfully exploited white rot fungi, for example, Pleurotus
ostreatus, Phanerochaete chrysosporium, Tramates hirsute, T. versicolor,
Lentinus edodes, and Trichoderma longibrachiatum for bioremediation of
xenobiotics. The aim of this chapter is to address the present status and develop-
ment of bioremediation strategies for synthetic textile dyes using white rot fungi
and their enzymes.
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11.1 Introduction

The unsustainable development of industries in this modern world has led to
incredible increase in environmental pollution. Large amount of pollutants are
produced by these industries resulting in a considerable fall in the levels and quality
of the ecosystem. The “World’s Worst Pollution Problems 2016: The Toxics
Beneath Our Feet” published by Green Cross Switzerland and Pure Earth (Earth
and Cross 2016) presents an update of the top ten polluting industries based on the
global burden of disease caused by each source. They include used lead acid battery
(ULAB) recycling, mining and ore processing, tanneries, dumpsites, industrial
estates, smelting, artisanal small-scale gold mining (ASGM), product
manufacturing, chemical manufacturing, and the dye industry. These industries
collectively put over 32 million people at risk and account for 7–17 million
Disability-Adjusted Life Years (DALYs) in low- and middle-income countries.

One of the major environmental problems facing by the world today is the
contamination of soil, water, and air by toxic chemicals. White rot fungi are
extraordinary in their versatility to degrade a large variety of complex and recalci-
trant environmental pollutants that contaminate soil and groundwater ecosystems,
constituting a potential danger to human and animal health. It is fairly well proven
now that white rot (as well as some nonwhite rot fungi) have the ecological and
biochemical capability to degrade important categories of toxic chloro-organic
pollutants. Certain hazardous compounds, such as synthetic textile dyes, polycyclic
aromatic hydrocarbons (PAH), pentachlorophenols (PCP), polychlorinated
biphenyls (PCB), 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT), 2 benzene,
toluene, ethylbenzene, and xylene (BTEX), and trinitrotoluene (TNT) are persistent
in the environment and are known to have carcinogenic and/or mutanogenic effects.
Due to the magnitude of this problem and the lack of a reasonable solution, a rapid,
cost-effective, ecologically responsible method of clean-up is the need of hour. One
growing mechanism of decontamination that may fit these requirements is bioreme-
diation, that is, application of microorganisms to degrade toxic organopollutants is
an efficient, economical approach that has been successful in laboratory studies.

White rot fungi are a group of fungi comprising some 1600–1700 species
characterized by the ability to depolymerize and mineralize lignin using a set of
extracellular ligninolytic enzymes (Gilbertson 1980; Alexandropoulos et al. 1996).
Most known white rot fungi are Basidiomycetes, although a few Ascomycetes
genera within the Xylariaceae are also capable of white rot decay (Eaton and Hale
1993). White rot fungi can be exploited in bioremediation system as they possess an
extracellular lignin-degrading system which can degrade insoluble chemicals such
as lignin (a heterogeneous polyphenolic polymer) or an extremely diverse range of
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very persistent or toxic environmental pollutants (Barr and Aust 1994). The mycelial
growth allows rapid colonization of substrates and hyphal extension enables pene-
tration of soil, thus making it advantageous to reach the pollutants (Reddy and
Mathew 2001). These fungi use abundant, economical lignocellulosic materials as
a nutrient source and can tolerate a wide range of environmental conditions like
temperature, pH, and moisture levels (Maloney 2001).

The three major families of lignin-modifying enzymes believed to be involved in
lignin degradation are laccases, lignin peroxidases, and manganese peroxidases
(Reddy and Mathew 2001). The key step in lignin degradation by ligninolytic
enzymes involves the formation of highly reactive free radical intermediates,
which are formed when one electron is removed or added to the ground state of a
chemical (Reddy and Mathew 2001), thereby triggering oxidation or reduction of
“neighboring” compounds. Variety of reactions carried out by these radicals
includes benzylic alcohol oxidation, carbon–carbon bond cleavage, hydroxylation,
phenol dimerization/polymerization, and demethylation (Pointing 2001).
Ligninolytic enzymes are not substrate specific and they are not induced by either
lignin or other related compounds (Cancel et al. 1993). As ligninolytic mechanism is
the most widely studied and used in bioremediation, it has been shown that this
system is also involved in the oxidation of a significant number of xenobiotics as
polycyclic aromatic hydrocarbons, synthetic and natural dyes, and some pesticides
such as pentachlorophenol. Compounds that have an aromatic structure, such as the
recalcitrant xenobiotics, are also highly susceptible to degradation by ligninolytic
enzymes (Field et al. 1993; Barr and Aust 1994). To date, the fungi including
Phanerochaete chrysosporium, Trametes versicolor, Bjerkandere adusta, and
Pleurotus ostreatus have been studied for the bioremediation of xenobiotic organic
pollutants and waste treatment.

11.2 Synthetic Dyes and Their Applications

Dyes are used to color fabrics; bright colorful textiles around us make the world a
very charming place. Synthetic dyes are primarily used in the production of
consumables and are commonly found in paints, textiles, printing inks, paper, and
plastics—adding to the color and patterns of materials (Table 11.1).

Natural dyes have increasingly been replaced by chemical dyes that provide and
retain richer color throughout wash and exposure (Kant 2012). The chemical
property of dye is modified when the fabric is soaked in it, so the resulting color
stays permanently even after repeated use. Dyes are classified into acid, reactive,
direct, basic, vat, disperse, metal complex, mordant, and sulfur types. Most of the
dyes have their own production process but sulfuric acid, chromium, copper, other
metals, additives, solvents, and chemicals are added as a catalyst for synthesis. As a
result, the wastewater effluents of dye factories can pose a complex threat to the
health and environment. Two-third of the total dyestuff market is occupied by the
textile industry (Riu et al. 1998), which consumes large volumes of water and
chemicals for wet processing of the textiles. Azo dyes contain N¼N double bonds
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and account for about 70% of all textile dyestuffs produced. Anthraquinone dyes are
toxic, carcinogenic, mutagenic, and resistant to microbial degradation (Itoh et al.
1996). Triphenylmethane dyes are characterized by the presence of chromogen

Table 11.1 Examples of synthetic dye and their applications in various industries

Group Structure
Example of
dye λmax Application

Anthrapyridone Poly R-481 515 Wool, polyamide, silk,
nylon, leatherAnthraquinone Poly B-411 597

Anthraquinone RBBR 590

Cationic
thiazine

Methylene
blue

600 Wool, leather, silk,
modified cellulose fibers

Di azo Acid
Red-97

530 Cellulose fibers, cotton,
viscose, leather, nylon,
synthetic fibers, paper,
inks, paints, plastics

Di azo Congo red 680

Di azo Direct
red-81

562

Di azo Reactive red 521

Di azo Reactive
black-39

580

Mono azo Eriochrome
black-T

551

Mono azo Reactive
violet 5R

559

Mono azo Reactive
blue-28

573

Multi azo Acid brown 600

Tri aryl
methane

Phenol red 424 Synthetic fibers, paper,
inks

Tri aryl
methane

Malachite
green

615

Tri aryl
methane

Crystal
violet

532

Tri phenyl
methane

Aniline blue 600 Wool, leather, silk,
modified cellulose fibers

Tri phenyl
methane

Bromo
phenol blue

591

Tri phenyl
methane

Bromo
thymol blue

439

Tri phenyl
methane

Coomassie
brilliant
blue R-250

602

Tri phenyl
methane

Basic
Fuchsin

532
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containing three phenyl groups attached to the central carbon atom. A major cause of
color discharge pollution into the environment is incomplete absorption of dyes onto
the textile fiber during the dyeing process. Various industries use up to 40,000
different types of synthetic dyes and pigments, and the annual production of dyestuff
is up to 450,000 tons globally. Textile manufacturing process uses more than 10,000
different types of dyes. Figure 11.1a represents the consumption of synthetic dyes
throughout the world, and Fig. 11.1b shows production of different type of dyes in
India. Among them, the major and more versatile class of dye is azo dye, and the
annual production accounts for up to 50.0% of the total dyes produced (Zollinger
2003). Azo dyes are largely used in several industries such as textile, paper and
printing, leather and tanning, food, color photography, pharmaceuticals and medi-
cine, cosmetic and hair coloring, wood staining, agricultural, biological and chemi-
cal research, light-harvesting arrays, and photoelectrochemical cells (Kuhad et al.
2004; Couto 2009).

11.2.1 Production of Textile Effluents Containing Synthetic Dyes

The global annual production of synthetic dyes is nearly 800,000 tons. During
dyeing process, 10–25% of synthetic dyes are lost, and 2–20% is directly discharged
as aqueous effluents in the environment by textile industry. During the dyeing and
finishing operations, up to 200,000 tons of these dyes are lost to effluents every year.
It can be estimated that approximately 75% of the dyes, belonging to the classes of
the reactive (~36%), acid (~25%), and direct dyes (~15%) were discharged by
Western European textile processing industries (Couto and Toca-Herrera 2006).
Synthetic dyes have been widely used to determine the specific surface area of

Fig. 11.1 (a) World consumption of synthetic dyes in 2017 (Chemical Economics Handbook
2018). (b) Annual production of various dyes in India (Dyestuff Industry in India and China by
Angela T. Forrester 2019 (Beebe 2019))
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activated sludge process for groundwater tracing, to ensure successful management
of sewage and wastewater treatment (Forgacs et al. 2004). Textile industry is the
largest consumer of these dyes which cover 65.0% of the dye market. Selections of
different classes of dyes depend on the types of fibers to which they can be applied.
The most commonly used dyes are reactive dyes as they can be applied to both
natural (silk, wool, cotton) and synthetic (modified acrylics, polyesters) fibers
(O’Neill et al. 1999).

Reactive dyes have one or more reactive groups and are capable of forming a
covalent bond with a compatible group of synthetic fiber. They are very popular due
to their high wet-fastness, brilliance, and range of hues (Hao et al. 2000). Acid and
basic dyes are commonly used for dyeing natural fibers (wool, cotton, and silk) and
some synthetics (polyesters, acrylic, and rayon) fibers. Direct dyes as the name
indicates are directly applied to cellulose fibers, and they are used for dyeing
rayon, paper, and leather and to a small extent to nylon. Mordant dyes have limited
applications and they are used for dyeing wool, leather, furs, and anodized alumi-
num, while solvent dyes are used for dyeing inks, plastics, wax material, fat, and
mineral oil products. Unfortunately, the textile industry consumes enormous
amounts of water (up to 200 L kg�1 of textile fabricated) and chemicals in its
operation (Table 11.2 and Fig. 11.2) (Bertea and Bertea 2008). Due to the higher
level of contamination in dyeing and finishing processes (i.e., dyes and their
breakdown products, pigments, dye intermediates, auxiliary chemicals and heavy
metals, etc.), recycling of treated wastewater has been recommended (Table 11.3).

Table 11.2 Types of textile finishing processes and their water consumption (adapted from Bertea
and Bertea 2008)

Types of finishing process

Water consumption, 10�3 m3 kg�1 textile product

Minimum Medium Maximum

Raw wool washing 4.2 11.7 77.6

Wool finishing 110.9 283.6 657.2

Fabric finishing

Short process 12.5 78.4 275.2

Complex processing 10.8 86.7 276.9

Cloth finishing

Simplified processing 8.3 135.9 392.8

Complex process 20 83.4 377.8

Panty processing 5.8 69.2 289.4

Carpet finishing 8.3 46.7 162.6

Fiber finishing 3.3 100.1 557.1

Non-fabrics finishing 2.5 40 82.6

Yarn finishing 33.4 212.7 930.7
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11.2.2 Environmental Impact of Textile Dye Effluents

Color is the first contaminant to be recognized in wastewater. Synthetic dyes in water
(<1 mg L�1) are highly visible, so they are usually the first undesirable change to be
recognized in wastewater, and they also affect the aesthetic merit, transparency, and
gas solubility in water bodies. In addition, textile dyes at high concentrations inhibit
sunlight penetration, respiration activities, consequently upsetting the biological and
photosynthetic processes in the aquatic environment. The dyes which are
synthesized using benzidine and other aromatic compounds are generally carcino-
genic and are a major problem, because such anthraquinone-based dyes are resistant
to degradation due to their fused aromatic ring structure. Some disperse dyes have
good ability to bio accumulate, and the azo and nitro compounds are reduced in
sediments to toxic amines (e.g., R1-N¼N-R2 + 4H+ + 4e� ! R1-NH2 + R2-NH2).
Many of the textile chemicals degrade slowly and continue to consume oxygen even
after 30 days and produce potentially mutagenic, carcinogenic, and harmful effluents
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Fig. 11.2 Percentage of dyes discharged by various units of textile industry (adapted from Bertea
and Bertea 2008)

Table 11.3 Types of pollutants and their concentration in textile waste water (EWA 2005)

Type of
finishedtextile

Dyes, g kg�1

textile product
Auxiliaries, g kg�1

textile product

Basic chemical
compounds, g kg�1

product

Polyester fibers 18 129 126

Fabrics from
synthetic fibers

52 113 280

Fabrics from cotton 18 100 570

Dyed fabrics from
cellulose fibers

11 183 20,088

Printed fabrics from
cellulose fibers

88 180 807
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(Hao et al. 2000; Pinheiro et al. 2004) for life forms mainly because of the
carcinogens, such as benzidine, naphthalene, and other aromatic compounds
(Suteu et al. 2009a, b; Zaharia et al. 2009). Furthermore, the presence of these
dyes for a long time in watercourses leads to bioaccumulation of dyes in fishes and
other organisms.

Dyes are persistent in nature, for example, the half-life time of hydrolyzed
Reactive Blue 19 is about 46 years at pH 7 and 25 �C (Hao et al. 2000). Some
dyes decompose in nature but the degradation products may also have a toxic impact
on the aquatic environment (Carmen and Daniela 2012). Azo dyes and their degra-
dation products (aromatic amine) can cause allergies, dermatitis, skin irritation,
carcinogenic and mutagenic actions, as well as acute and chronic toxicity (Yaseen
and Scholz 2017; Carmen and Daniela 2012). Different synthetic dyes exhibit
different biological activities, hence our knowledge concerning their behavior in
the environment and health hazards remain incomplete (Forgacs et al. 2004). Azo
dyes constitute the largest group of synthetic colorants and thus they are the most
common synthetic dyes released into the environment (Zhou and He 2007; Ali
2010). Some azo dyes are toxic to mammalian system and have been linked to
bladder cancer, spleen sarcomas, and hepatocarcinomas (Table 11.4). They produce
nuclear anomalies and chromosomal aberrations in experimental animals and in
cultured mammalian cells, respectively. Assessment of the toxicity of dyes is
important because increased incidences of bladder cancer have been reported in
workers exposed to huge quantities of azo dyes (Puvaneswari et al. 2006). Many
screening methods have been developed to detect mutagenic/carcinogenic
substances. These have played important roles in screening of suspected chemicals
and also in studying the mechanisms of mutagenesis and carcinogenesis, thus they
provide valuable information to assess the genetic effects of chemicals in human
being. Microorganisms have been extensively used for quick screening of effluents
and chemicals for toxicity. Hao et al. (2000), in their review, tabled the results on the
toxicity assessment for the single cell alga, Selenastrum capricornutum, and for the

Table 11.4 Examples of synthetic dye and their toxicity in human being

Name of the dye Effects on human being

Reactive Brilliant
Red

Inhibits function of human serum albumin

Acid Violet-7 Induce chromosomal aberration, lipid peroxidation, acetyl cholinesterase
in mice

Disperse Red-1 &
Disperse Orange-1

Increase the frequency of micronuclei in human lymphocytes

Reactive Black-5 Decrease urease activity, arginine ammonification rate in terrestrial
ecosystem

Disperse Blue-291 Mutagenic, cytotoxic, genotypic effects, formation of micronuclei, DNA
fragmentation in human hepatoma cells

Direct Black-38 Urinary bladder cancer in humans

Direct Blue-15 Mutagenic
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fathead minnow, Pimephales promela. Pereira et al. (2009a, b) successfully used
yeast Saccharomyces cerevisiae to study the effect of azo dye Sudan Orange-G and
the anthraquinone dye Acid Blue-62 before and after an enzymatic treatment. The
Ames test is commonly used to access the mutagenic potential of many compounds
(Ames et al. 1975). Mathur et al. (2006) evaluated the mutagenic potential of
commonly used textile dyes in India by Ames test using Salmonella typhimurium
TA 100 strain. Seven dyes were tested by him, and the result showed that six dyes
had mutagenic activity. Nath et al. (2016) observed the harmful impact of synthetic
dyes in the oestrous cycle and in the reproductive system of rats. Amin et al. (2010)
reported negative impact of dyes in biochemical markers of vital organs, such as the
liver and kidney.

Besides this, dyes in water bodies can also affect the health of human beings by
various ways. They can also have acute and/or chronic effects on living systems
depending on their concentration and length of exposure. The first and major
concern is to remove color and to eliminate or significantly decrease the toxicity
(i.e., detoxification) of dye-containing wastewater. Both the developed and develop-
ing countries impose stringent standards day by day for the elimination of dyes from
industrial effluents (Robinson et al. 2001).

11.3 Wastewater Remediation

Due to the globalization of world market, a number of challenges are being faced by
the textile industries, for example, maintaining the quality and productivity, highly
competitive atmosphere, more stringent ecological parameters, and legislation on the
limits of color discharge. This in turn directs the industry for innovations and
changes in the present technology as well as to develop environmental protective
treatment strategies that effectively eliminate the dyes from the waste. Many physi-
cochemical and biological methods have been studied and applied for this purpose,
but the choice of method is based on the characteristics of wastewater and economic
factors.

11.3.1 Physicochemical Methods for Remediation of Textile
Effluents

Synthetic dyes are recalcitrant in nature, it is nearly impossible to remove them by
conventional wastewater treatments such as adsorption, photo-oxidation, coagula-
tion, flocculation, photo and chemical degradation. Chemical methods cleave the
chromophoric group present in the dye and produce toxic compounds, which are the
major disadvantage of this method (Robinson et al. 2001). Textile wastewaters are
characterized on the basis of chemical oxygen demand (COD), biochemical oxygen
demand (BOD), pH, color, and salinity. The final composition of the wastewater
usually depends on the type of chemicals and dyes used during dry and
wet-processing steps (Dos Santos et al. 2007; Chequr et al. 2013). The main
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pollutants present in textile effluents are recalcitrant organics, color, toxicants,
surfactants, and chlorinated compounds (Mansour et al. 2012). Biological systems
are the most viable choice available for effluent treatment/decolorization considering
the manpower requirements, running expenses, and ease in developing and adopting
the technology. Due to the complex composition of wastewater, it is difficult to
select best treatment option for the bioremediation of a specific type of industrial
waste water. The selection of such processes depends on the effluent composition,
characteristics of the dyes, toxicity of the degradation products, and cost as well as
the future use of the treated water.

Table 11.5 presents the concentration of colors, their standard limits, and the
amount of wastewater produced by textile and other industries in India and the
United States (Anjaneyulu et al. 2005). European Community (EC) regulations are
also becoming more stringent with increasing awareness about wastewater pollution
(O’Neill et al. 1999). Pollution prevention programs also need to focus on
introducing new technologies which reduce water and energy consumption as well
as make the effluent water reusable. Another case of water pollution is so-called
“red-water” pollution which occurs during the last stage of purification of trinitro-
toluene (TNT) (Hao et al. 1994). Bleaching of pulp, paper, and textile fibers are also
the major sources of colored wastewaters.

Various technologies, which include physical, chemical, and biological methods,
have been developed for the removal of synthetic dyes from waters and wastewaters
to reduce their environmental impact (Fig. 11.3). Physical methods such as sorption
techniques, irradiation, and membrane-filtration processes (micro, ultra,
nanofiltration, reverse osmosis); chemical methods such as coagulation or floccula-
tion combined with flotation and filtration, precipitation, or flocculation with Fe(II)/
Ca(OH)2, electroflotation, electrochemical processes (electrocoagulation and
electro-oxidation), ion exchange, conventional oxidation methods (e.g., with
ozone), irradiation, and biological methods such as biosorption, aerobic, and anaer-
obic microbial degradation, and the use of pure enzymes have normally been
applied. All the methods have their own advantages and disadvantages (Table 11.6).

Table 11.5 Color concentrations limits and quantum of water generated from industries (adapted
from Anjaneyulu et al. 2005)

Industry
Quantum of water generated
(m3 ton�1)

Color concentration
standards (hazen units)

Color limits
(hazen units)
USPHS BIS

Textile 120 m3 ton fiber 1100–1300 0–25 20

Pulp and paper

Large 175 m3 ton paper�1 100–600 0–10 5–101

Small 150 m3 ton paper�1

Tannery 28 m3 ton raw hide�1 400–500 10–50 25

Kraft mill 40 m3 ton�1 2100–2300 10–40 20

Sugar 0.4 m3 ton cane�1 150–200 5–10 20
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Table 11.6 Physicochemical methods applied for wastewater treatment with their advantages and
limitations (Table adopted from Zaharia et al. 2012)

Treatment
methodologies

Treatment
stages Advantages Limitations

Physicochemical treatments

Precipitation
Coagulation
flocculation

Pre/main
treatment

Short detention time and low
capital costs
Relatively good removal
efficiencies

Agglomerate
separation and
treatment
Selected operating
condition

Electrokinetic
coagulation

Pre/main
treatment

Economically feasible High sludge
production

Irradiation Posttreatment Effective oxidation at lab scale Requires a lot of
dissolved oxygen (O2)

Electrochemical
oxidation

Pretreatment No additional chemicals
required and the end- products
are non- dangerous/hazardous

Cost-intensive
process; mainly high
cost of electricity

Ion exchange Main treatment Regeneration with low loss of
adsorbents

Specific application;
not effective for all
dyes

Membrane
filtration

Main treatment Removes all dye types;
recovery and reuse of
chemicals and water

High running cost
concentrated sludge
production
Dissolved solids are
not separated in this
process

Photocatalysis Posttreatment
process

Carried out at ambient
conditions Inputs are not toxic
and expensive
Complete mineralization with
shorter detention times

Effective for small
amount of colored
compounds
Expensive process

Adsorption with solid adsorbents such as

Activated
carbon

Pre/post
treatment

Economically attractive
Good removal efficiency of
wide variety of dyes

Very expensive; cost
intensive regeneration
process

Peat
pretreatment

Effective
adsorbent due
to the cellular
structure

No activation required Surface area is lower
than activated carbon

Coal ashes Pretreatment Economically attractive
Good removal efficiency

Larger contact times
and huge quantities
are required
Specific surface area
for adsorption are
lower than activated
carbon
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The major disadvantages of physicochemical methods are that they are highly
expensive, less efficient, less versatile, need specialized equipment, interfered by
other wastewater constituents and moreover they are not capable of handling the
generated waste (Van and Villaverde 2005; Kaushik and Malik 2009). It is very
important to develop efficient, economic, and environment-friendly technologies for
reduction of dye content in the wastewater to acceptable levels at affordable cost
(Couto 2009). None of the technology in use today has universal application because
the removal and degradation of dyes depend on their physical and chemical
attributes, as well as the selection of treatment method. The technologies used and
those in development for the removal of dyes have been discussed in several reports
(Vandevivere et al. 1998; Robinson et al. 2001; Forgacs et al. 2004; Anjaneyulu
et al. 2005; Hai et al. 2007; Hao et al. 2007; Mondal 2008). Some of the processes do
not satisfactorily remove the color of dye, while others are expensive (Mondal
2008).

11.3.2 Biological Treatments

Biological treatment of wastewater is usually termed as bioremediation. Bioremedi-
ation is the use of biological system such as microorganisms (bacteria, yeast,
filamentous fungi, Actinomycetes, and algae) or their enzymes for the removal
and/or breakdown of xenobiotics (synthetic organic chemical compounds).

These processes are energy dependent and take advantage of the biochemical
reactions taking place in living system and their enzymes for the breakdown of
polluting agents (organopollutants) into different products. Biological methods can
lead to complete mineralization of organic pollutants at low cost, and above all they
are considered environmentally friendly (Pandey et al. 2007). They also get rid of
BOD, COD, and suspended solids. The main limitation with some dyes and/or their
degradation products may be toxicity to the organisms used in the process. Yaseen
and Scholz (2017) recommended shallow wetland systems planted with aquatic
plants for the treatment of wastewater containing dyes. However, use of such
treatments is limited and was in use for a short time period (Muthunarayanan et al.
2011; Sivakumar et al. 2013). Percentage and type of dyes in the textile effluents
depends on their degree of fixation with the fabric (Carmen and Daniela 2012).
Treatment performances of textile dye effluents by electrochemical oxidation
(Randazzo et al. 2011), ozonation (Wijannarong et al. 2013), biosorption (Guendouz
et al. 2016), bacterial degradation (Kolekar et al. 2013), and fungal degradation
(Taha et al. 2014) have been reported.

Kagalkar et al. (2010), Khandare et al. (2011), and Kabra et al. (2012) have
reported the application of Aracheae, Portulacaceae, and Glandularia pulchella for
phytoremediation, respectively. The microbial degradation and biosorption of dyes
are often economical and eco-friendly as compared to physical and chemical pro-
cesses as they (biodegradation) may lead to complete mineralization of dyes (Pandey
et al. 2007) (Table 11.7).
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11.4 Role of White Rot Fungi for Bioremediation of Synthetic
Textile Dyes

White rot fungi play a crucial role in the global carbon cycle. On the basis of type of
rot cause by wood-degrading fungi, they are divided into three groups: white-rot,
brown-rot, and soft-rot fungi. White rot fungi (WRF) can degrade lignin efficiently
under natural conditions; they mostly colonize dead or living wood (Eriksson et al.
1990). Lignin degradation by these fungi is thought to occur during secondary
metabolism and typically under nitrogen starvation. A wide variety of lignin

Table 11.7 Biological treatment methods used for wastewater treatment with their advantages and
limitations (Table adopted from Zaharia et al. 2012)

Treatment
methodologies

Treatment
stages

Advantages of biological
treatments Limitations

Aerobic
process

Posttreatment Partial or complete
Decolorization for all classes of
dyes

Expensive treatment

Anaerobic Process main
treatment

Resistant to wide variety of
complex colored compounds
Biogas produced is used for stream
generation

Longer adaptation
phase

Single cell
(fungal, algal,
and bacterial)

Posttreatment Good removal efficiency for low
volumes and concentrations

Very effective for
specific color removal
Culture maintenance
is cost intensive and
difficult
Cannot cope up with
large volumes of
wastewater

Enzymatic
treatment

Posttreatment Effective for specifically selected
compounds unaffected by shock
loadings and shorter contact times
required

Enzyme isolation and
purification is
tiresome
Partial efficiency due
to the presence of
interferences

Redox
mediators

Pre/
supportive
treatment

Easily available and enhances the
process by increasing electron
transfer efficiency

Concentration of
redox mediator may
give antagonistic
effect
Also depends on
biological activity of
the system

Engineered
wetland
systems

Pre/post
treatment

Cost-effective technology and can
be operated with huge volumes of
wastewater

Requires high capital
for initial installation
and expertise
Management during
monsoon becomes
difficult
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degradation efficiency and selectivity abilities, enzyme patterns, and substrates
enhancing lignin degradation are reported from these fungi (Hofrichter 2002).
WRF have sustained our interest because several studies have reported their ability
to decolorize and detoxify wide range of synthetic dyes (Fu and Viraraghavan 2001).

Advantages of white rot fungi (WRF) for bioremediation of dyes:

1. They use cheap and easily available agriculture waste as a source of nutrient.
2. Due to their extracellular degradation system, they can tolerate relatively high

concentration of pollutants.
3. As compared to other microorganisms they are able to survive in the presence of

several toxic xenobiotics.
4. They have a nonspecific, free-radical-based degradation mechanism that is able to

degrade a mixture of toxic xenobiotic compounds.
5. They do not require preconditioning for particular toxic chemicals.
6. They can withstand a wide range of adverse environmental conditions.
7. Solubility of the pollutant is not important for the degradation or biotransforma-

tion of a pollutant and degradation is proportional to its concentration.

Based on their ligninolytic enzyme production pattern (i.e., Lignin Peroxidasep
(LiP), Manganese ProxidaseP (MnP), lacasse, Versatile Peroxidase (VP), or their
combination), wood-rotting fungi can be divided into three groups (Hatakka 2001):

1. LiP-, MnP-, and laccase-producing.
2. MnP- and laccase-producing.
3. LiP- and laccase-producing fungi.

The most common group among the white rot fungi is the MnP- and laccase-
producing group (Hatakka 1994). The search for ligninolytic enzymes with different
properties and potential applications is still ongoing. It is expected that new isolated
fungi and their enzymes may catalyze the chemical reactions more effectively
helping in the successful remediation processes. An enzyme-based method uses
very less energy and also poses minimal adverse effect on the ecosystems. Among
extracellular enzymes, laccases are oxidoreductive ligninolytic enzymes having
broad substrate specificity (Baldrian 2006). Laccases are also known as “green
enzymes” because they use oxygen present in air as an electron acceptor. They
have broad substrate specificity. Laccases- and laccase- mediated system can
degrade and detoxify a wide range of phenolic and non-phenolic recalcitrant envi-
ronmental pollutants. They have been used by many industries including paper,
pulp, textile, petrochemical, food processing, medical and health care, and in
designing of biosensors and nanotechnology (Upadhyay et al. 2016). Large-scale
operation requires higher amount of crude and purified laccases at low cost. White
rot fungi generally produce higher amount of laccases (Shekher et al. 2011), but the
physiological requirements for laccase production vary with different white rot fungi
(Wesenberg et al. 2003). Biodecolorization of wastewater involves two methods:
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(1) biosorption and (2) biodegradation (Fu and Viraraghavan 2001; Padmesh et al.
2005; Prigione et al. 2008).

11.4.1 Removal of Dyes by Biosorption Using White Rot Fungi

Biosorption is a method of accumulating and concentrating the pollutants from
wastewater using biological systems (live or dead microorganisms or biomaterials)
for their recovery and disposal. Because of easy availability of biomass and the
flexibility of using microbes like bacteria, yeast, fungi, and algae, biosorption has
been widely employed for adsorption of a wide range of dyes from textile effluents
(Fu and Viraraghavan 2001; Padmesh et al. 2005; Prigione et al. 2008). Textile dyes
have different chemistry and thus their interaction with microorganisms or
biomaterials for biosorption depends on the chemistry of both (Robinson et al.
2001; Erdem et al. 2005). The process is affected by biofunctional groups in fungal
biomass, specific surface properties, initial pH of the dye solution, and presence of
factors like salts and ions which compete with dyes for binding. The advantages of
using biomass for wastewater treatment are that it is cheap and readily available in
bulk, and requires simple and cheap growth media (Fu and Viraraghavan 2002).
Besides this, it effectively reduces the concentration of dye to very low levels. It is
far more superior to the conventional absorption processes. The problem of toxic
waste and nutrient requirement with the use of living biomass is eliminated by using
dead ones.

The major disadvantage is that the process is slow, and some bioreactors have
been reported to be clogged. Bioadsorption of dyes does not destroy them and thus
remain on the microbial biomass in its intact form. An alternative method for
removing dyes is adsorption on various lignocelluloses but it may cause pollution.
Nigam et al. (2000) showed that the dye-adsorbed lignocelluloses (wheat straw,
corncobs, and wood chips) are suitable substrates for solid-state fermentation by
T. versicolor and P. chrysosporium, and the resulting fermented substrate could be
used as fertilizer or soil conditioner which is an excellent and easy way for removing
and bioremediation of dyes from wastewaters. Barley husks were used to adsorb and
decolorize (53.0%) mixed dyes (cibacron yellow C-2R, cibacron red C-2G, cibacron
blue C-R, remazol black B, and remazol red RB) under solid-state fermentation
condition by B. adusta.

11.4.2 Removal of Dyes by Biodegradation Using White Rot Fungi

Biodegradation implies destruction of the parental pollutant into fragments by
microbes or by their enzymes. Many a time, complete mineralization is achieved
by conversion of xenobiotics into CO2, H2O, and inorganic salts. Few organic
molecules are recalcitrant and are not degraded because of their synthetic origin
and complex chemical structure. White rot fungi have been exploited since many
years as a promising biotechnology for the dye decolorization from textile effluents.
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This emerging technology attempts to overcome the selective disadvantage of other
physicochemical methods of dye degradation, that is, >70.0% of organic material
can be converted to biosolids (Forgacs et al. 2004). Moreover, these processes are far
more economic. An efficient dye degradation biotechnology development requires
selection of a suitable strain and optimization of favorable conditions to achieve
maximum degradation of dyes (Novotny et al. 2004; Lucas et al. 2008). Strains of
white rot fungi vary in their physiological requirements which provide them the
potentials to be utilized for decolorization of different dyes. The efficacy of biore-
mediation of dyes can be increased by isolating new strains or by the adaptation of
existing ones. Both liquid and solid medium can be used to study decolorization of
dyes present in the media by white rot fungi (Table 11.8) as well as their extracellular
enzymes.

11.4.2.1 Study of Dye Decolorization on Solid Agar Medium
The agar plate screening method can be used to study the decolorization of dyes
present in solid media. The decolorization of dye on solid agar medium could be
observed by visual removal of color during active growth of fungi. Eichlerová et al.
(2006) selected Dichomitus squalens to decolorize eight structurally different dyes
[(Orange G (azo dye), Amaranth (monoazo dye), Orange I (monoazo dye), Remazol
Brilliant Blue R (reactive anthraquinone dye), Cu-phthalocyanine dye, Poly R-478
(polyaromatic anthraquinone dye), Malachite Green and Crystal Violet (Tri aryl
methane)]. He reported that there was a reduction in the mycelial growth of
Dichomitus squalens in presence of malachite green and crystal violet even at a
low concentration (0.05 g L�1), while at 0.1 g L�1 concentration of malachite green,
the growth was entirely inhibited suggesting negative impact of these dyes.

11.4.2.2 Study of Dye Decolorization Using Active Growth of Fungi
in Liquid Medium

Decolorization of textile dyes by growing cells of white rot fungi in liquid media has
been reported. The most effective carbon and nitrogen sources for fungal
(Ganoderma sp.WR-1) and laccase-mediated decolorization of Amaranth and textile
dyes were starch and yeast extract, respectively. Agitation gave better results. It also
decolorized other dyes [Reactive Orange 16 (monoazo), Orange II, Acid Red
106 (monoazo), Cibacron Brilliant Red 3B-A (reactive monoazo)] partially after
8 h. RBBR and industrial effluents having reactive dyes were effectively decolorized
but individual dyes were decolorized faster. Sometimes as reported by Couto et al.
(2002), addition of activators like Tween 80, veratrylalcohol, manganese(IV) oxide
to the medium for enzyme (ligninolytic) production by microorganisms
(Phanerochaete chrysosporium) increases the degradation rate of Poly R-478 dye.

Similarly, Kiran et al. (2012) reported that highest decolorization ratios for
P. ostreatus IBL-02 and P. chrysosporium IBL-03 using reactive dye 222 (diazo
dye) in an agitated liquid batch cultures under the optimum fermentation conditions
were 92.0% and 86.0%, respectively. Rice bran (2.0 g%), ammonium oxalate (0.1 g
%), MnSO4 (1.0 mM), and CuSO4 (1.0 mM) were the most effective carbon source,
nitrogen source, mediator, and metal ion responsible for dye decolorization and
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Table 11.8 Methods used for dye decolorization by white rot fungi

Incubation mode Microorganism Dye Reference

Dye decolorization by submerged growth of white rot fungi

Static batch F. trogii ATCC
200800
T. versicolor
ATCC 200801
P. chrysosporium

Crystal Violet Yesilada et al.
(1995)

Static batch, shaking
batch

Dichomitus
squalens

Orange G, RBBR Eichlerová
et al. (2007)

Shaking batch T. versicolor
strain 1

Reactive blue 4 Yemendzhiev
et al. (2009)

Shaking batch P. ostreatus
MTCC 142

Crystal violet Kunjadia et al.
(2012)

Shaking batch Coprinus
plicatilis

Turquoise blue HFG Akdogan and
Topuz (2014)

Shaking batch Coriolopsis
sp. (1c3)

Crystal violet, methyl
Violet, cotton blue
Malachite green

Chen and
Ting (2015)

Shaking batch Curvularia sp. Congo red Senthilkumar
et al. (2015)

Shaking batch P. ostreatus,
P. sapidus,
P. forida

Coralene Golden Yellow,
Coralene navy blue,
Coralene dark red

Kunjadia et al.
(2016)

Shaking batch Ganoderma
sp. En3

RBBR, indigo carmine,
Methyl green

Lu et al.
(2016)

Dye decolorization in liquid media by immobilized white rot fungi

Attached on pine
wood chips, attached
on palm oil fiber

T. versicolor,
P. chrysosporium

Levafx blue, Remazol
Brilliant red

Boehmer et al.
(2006)

Entrapped in alginate
beads

C. gallica,
B. adusta,
T. versicolor,
T. Trogii

Lanaset Grey G Daâssi et al.
(2013)

Entrapped in alginate
beads

T. versicolor U97 Reactive green 19 Sari et al.
(2016)

Dye decolorization in liquid media by white rot fungal pellets (whole cells)

Shaking batch,
repeated batch

T. trogii ATCC
200800

Reactive blue 19, reactive blue
49, acid violet 43, reactive
black 5, reactive
Orange 16, acid black 52

Park et al.
(2007a, b)

Shaking batch P. sanguineus Crystal violet Sulaiman
et al. (2013)

Repeated batch Ganoderma
weberianum
TZC1

Indigo dye, indigo
dye-containing textile
wastewater

Tian et al.
(2013)

Shaking batch Ganoderma
sp. En3

Reactive Orange 16, indigo
Jean dyeing real wastewater

Ma et al.
(2014)
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enzyme activities. At 1.0 mM CuSO4, these organisms showed highest decoloriza-
tion which was 96.0%. When Pleurotus ostreatus MTCC 142 strain was analyzed
for extracellular enzyme production and decolorization potential using increased
concentration of crystal violet under submerged conditions, there was an inhibitory
effect of higher concentration of crystal violet. At 20 mg L�1 crystal violet concen-
tration, 92.0% decolorization was attained but it was reduced to 32.0% after 10 days
at 50 mg L�1 of the dye and again less than 10% decolorization was obtained after
10 days at concentration of 100 mg L�1 and above. Moreover, laccase and manga-
nese peroxidase production was induced in presence of the dye, whereas the
production of lignin peroxidase was not triggered by the dye indicating laccase
and manganese peroxidase dependent decolorization of crystal violet (Kunjadia et al.
2012).

Decolorization activity of the azo dye congo red was analyzed using 42 white rot
fungi. Out of which, T. pubescens Cui 7571 exhibited the highest performance with
direct red 28 (diazo dye) (Si et al. 2013), Pleurotus eryngii F032 showed the highest
decolorization activity (94.0%) with reactive black 5 (diazo dye). The decolorization
activity decreased with an increase in the initial dye concentration due to the toxicity
of the dye on fungal growth. High color removal was attributed to the solubility of
the dye in Tween 80 (Hadibarata et al. 2013). Saratale et al. (2009) demonstrated the
degradation of the dye “Navy blue HER” by fungus Trichosporon beigelii NCIM-
3326 using HPLC analysis. Enayatizamir et al. (2011) reported that
P. chrysosporium degrade 92.0% azo black reactive five dyes after 3 days of
treatment. P. chrysosporium URM6181 and Curvularia lunata URM6179 strains
decolorized 95.0% of indigo dye from textile effluent within 10 days of treatment
(Miranda et al. 2013).

Uses of immobilized growing cells or immobilized enzymes are more promising
and an economical alternative as compared to free cells, since they are not lost,
thereby allowing their repeated use. The factors that affect biodegradation of dyes
are variable abiotic conditions, for example, pH, temperature, DO, metals, nitrate
concentration, and salts, as the changes in these parameters affect the
microorganisms and their decomposition activities. Textile wastewater contains
different classes of dyes and thus varies in their composition and pH. Thus, proper
choice of organisms or their enzymes capable of working under the available
conditions is very important, for example, fungi and their enzymes work better in
acidic or neutral media (Abdulla et al. 2000; Kandelbauer et al. 2004; Almansa et al.
2004; Zille et al. 2005), while bacteria and their enzymes prefer alkaline conditions
(Pereria et al. 2009a, b).

Senthilkumar et al. (2015) studied synthetic dye bath effluent containing amido
black 10 B (diazo dye) decolorization using P. chrysosporium under the varying
concentrations of azo dye, glucose, and manganese sulfate. Fungal growth was
adversely affected, and decrease in decolorization was noticed by an increase in
dye concentration of the effluent. Glucose favored the process of decolorization,
because when glucose concentration was increased, the fungal growth also
increased. Manganese sulfate induced the production of manganese peroxidase.
Concentration above 0.5 g% led to a decrease in the rate of decolorization. Laccase

11 White Rot Fungi: Nature’s Scavenger 285



production along with lignin peroxidase and manganese peroxidase was induced by
addition of 0.5 g starch or lignin to dye bath effluents which enhanced the rate of
color removal.

Şaşmaz et al. (2011) used crude laccase obtained from the submerged culture of
Trametes versicolor ATCC 200801 for the decolorization of reactive red 198, rem
blue RR, dylon navy 17, rem red RR, and rem yellow RR dyes and reported that the
types of mediator and dye structure have significant role in decolorization. Trametes
hirsuta Bm2 produced three laccase isoenzymes (Lac I, II, and III) in liquid media
containing 2.0 g% wheat bran (Zapata-Castillo et al. 2015). The isoenzymes
decolorized indigo carmine (100%) in the presence of syringaldehyde (0.2 mM).
As compared to the purified one, crude laccase decolorized the dye more efficiently
and hence the application of crude enzyme was more economic. Shankar and Nill
(2015) used crude laccase from Peniophora sp. (NFCCI-2131) produced in liquid
static culture for the decolorization of amido black, crystal violet, brilliant green,
methyl orange along with methylene blue and reported that in presence of 1.0 mM
ABTS or 0.1 mM HBT, it efficiently decolorized crystal violet (96.0%).

11.4.2.3 Study of Dye Decolorization Using Immobilized Fungal
Biomass

Generally, fungal growth has been found to be inhibited by textile dyes at high
concentration. At 64.0 μM concentration of malachite green on solid media,
P. chrysosporium was inhibited, whereas F. sclerodermeus was more resistant
(Papinutti and Forchiassin 2004). Both fungi were inhibited in liquid media.
Hence, an alternative approach to overcome this problem of toxicity or growth
inhibition is the use of whole pellets or immobilized cells (attachment on support
material such as polymers, activated carbon, or lignocellulosic materials and entrap-
ment in a matrix, such as agar, gel, or other synthetic polymers) (Papinutti and
Martínez 2006). Dye decolorization in liquid media by immobilized white rot fungi
is presented in Table 11.8.

As compared to free pellets, the pellets of T. versicolor immobilized on activated
carbon showed higher stability and decolorization efficiency of acid violet 7
(monoazo dye). Decolorization efficiency of the immobilized pellets in a fluidized
bed reactor with a repeated batch feeding was much higher and stable than the
continuous flow feeding. Boehmer et al. (2006) studied decolorization activities of
reactive dyes (levafix blue and remazol brilliant red) by immobilized (pine wood
chips or palm oil fiber) cultures of T. versicolor and P. chrysosporium. The color of
levafix blue was removed more than 80.0% by both fungi after 24 h of incubation.
The maximum decolorization of remazol brilliant red by T. versicolor was about
50.0% within 4 days. T. pubescens and P. ostreatus were successfully immobilized
on polyurethane foam cubes which detoxified reactive dyes [B49 dye (industrial
anthraquinone), R423 (industrial azo) and RBBR] in a bioreactor. About 97.0% of
the anthraquinone dyes (RBBR and B49) and 65.0% of the azo dye (R243) were
removed by these fungi during five sequential cycles (Casieri et al. 2008).

Birhanli et al. (2013) reported that the crude laccase produced by immobilized
culture of Funalia trogii ATCC 200800 on copper-impregnated apricot stone-based
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activated carbon decolorized reactive blue 171, reactive black 5, and indigo carmine
without mediator. They also reported that the temperature for dye decolorization was
significantly related to pH of the medium. Metal complex dye lanaset gray G was
decolorized (75.0%, 70.0%, 60.0%, and 68.0%) using immobilized (Ca-alginate
beads) pellets of C. gallica, B. adusta, T. versicolor, and T. trogii, respectively,
after three cycles. Daâssi et al. (2013) reported the involvement of laccase as main
enzyme in decolorization. Sari et al. (2016) reported decolorization (44.0 and 70.0%)
of Reactive Green 19 using T. versicolor U97 free cells in flasks and also
immobilized cells (alginate beads) in a bioreactor within 72 h.

11.4.2.4 Study of Dye Decolorization Using Metabolically Active Fungal
Cell (Pellet)

Immobilization methods are mostly costly. Hence, whole fungal pellets which are in
self-immobilized forms can be used as an alternative to immobilized forms (Wang
et al. 2005). Pellets are more advantageous than growing cell because of their
economical and practical process, reusability, long-term storability, maintenance of
high and long-term decolorization abilities, and tolerance to high concentrations of
dyes. Moreover, they can be easily separated from the liquid medium and effectively
decolorize various dyes (Table 11.8). Knapp et al. (1997) showed the biodegradation
and decolorization of orange II dye (up to 98.0%) with repeated use of fungal pellets.
Swamy and Ramsay 1999 reported that agitated cultures showed higher decoloriza-
tion than static cultures which was attributed to physiological state as pellets have
increased mass and oxygen transfer.

The pellets of C. versicolor could also decolorize the wastewaters from printing
and dyeing industry (Lin et al. 2003). Various white rot fungal pellets (T. versicolor
ATCC 200801, T. trogii ATCC 200800, P. chrysosporium ME446, P. florida,
P. ostreatus, and Pleurotus sajor-caju) were reported to show high astrazon dye
decolorization activity under repeated-batch mode (Yesilada et al. 2003). Small
differences in dye structures including steric effect and redox potential affect the
decolorization rate of T. trogii ATCC 200800 cultivated on either solid (yeast-malt-
peptone-glucose agar medium) or in a liquid phase (batch and repeated-batch) which
decolorized the blue dyes more rapidly than the black dyes. Solid culture took
10 days whereas batch liquid culture took 3 days for complete decolorization.

Decolorization of anthraquinone-based dyes (reactive blue 19, reactive blue
49, and acid violet 43) occurs faster than the azo-based dyes (reactive black
5, reactive orange 16, and acid black 52) in liquid batch cultures (Park et al.
2007a, b). Whole cells of P. ostreatus and P. chrysosporium showed different
specificities in decolorizing the dye wastewaters mainly due to the laccases which
reduced the toxicity of the acid dye wastewater both in the presence and absence of
nutrients. The differences in activity could be due to the differences in the enzyme
activity profiles of fungi, mainly laccases in P. ostreatus and manganese peroxidase
in P. chrysosporium (Faraco et al. 2009). The pre-grown pellets showed higher
decolorization (85.0%) efficiency on mixed dye, characteristic of industrial effluents
than growing cells (32.0%) within 24 h in batch culture. Hence, the pellet has more
efficacies in decolorization of mixed dyes (Yesilada et al. 2010). An actively
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growing 5-day-old submerged agitated cultures Ganoderma sp. En3 not only
showed high adaptation and tolerance toward the sulfonated azo dye reactive orange
16 but also decolorized and detoxified it even at a high concentration efficiently
(Ma et al. 2014).

11.4.2.5 Decolorization Dyes by Semisolid-State and Solid-State
Fermentation

Dye decolorization activity of white rot fungi was also investigated under solid-state
fermentation conditions wherein a moistened solid is the substrate which is also an
attachment place and a source of nutrient for fungi (Couto et al. 2002; Boran and
Yesilada 2011). Murugesan et al. (2007) reported that the maximum laccase and
MnP activities were obtained from 7-day while studying RBBR and remazol black
5 decolorization activity by white rot fungus Ganoderma lucidum KMK2 under
solid-state fermentation using wheat bran, laccase being the major ligninolytic
enzyme responsible for color removal of both the dyes. This fact was also supported
by the results of Polyacrylamide gel electrophoresis (PAGE) (Murugesan et al.
2007). Reports on RBBR decolorization activity of T. pubescens grown on sun-
flower seed shells under solid-state fermentation conditions in temporary immersion
bioreactors during five successive batches are available. Rodriguez-Couto (2011,
2012) studied decolorization of textile wastewater containing RBBR by
T. pubescens grown on various supports under semisolid-state fermentation
conditions. Dye-adsorbed sunflower seed shells could be used for production of
high titers of laccase by T. pubescens under semisolid-state conditions (Rodriguez-
Couto et al. 2009). This system was efficiently scaled up to static tray reactor. Ozmen
and Yesilada (2012) demonstrated the laccase production and astrazon dye decolori-
zation activity of T. versicolor ATCC 200801 and T. trogii ATCC 200800. T. trogii
showed 80.0% and 69.0% decolorization activity, respectively, against astrazon
black and astrazon blue dye adsorbed onto wheat bran, whereas T. versicolor
showed 86.0% and 84.0% astrazon black and astrazon blue dye decolorization,
respectively, under same conditions.

Polycyclic aromatic hydrocarbons (PAHs) comprise of various prime organic
pollutants which are toxic, mutagenic, and/or carcinogenic in nature. Besides this,
they are most ubiquitous, refractory, and unmanageable. Owing to these properties,
PAHs have created an alarming situation as far as public health and environmental
health is concerned (Ghosal et al. 2016). During past few years, fungi have been
studied comprehensively for the biodegradation of PAHs and reports of various
fungal species degrading different PAHs are now available (Cerniglia 1992;
Cerniglia and Sutherland 2010). Lee et al. (2014) reported that Peniophora incar-
nate KUC8836 and Phlebia brevispora KUC9033 degrade phenanthrene as well as
pyrene at 25 mg L�1 concentration. Lee et al. (2013) reported that Merulius
tremellosus KUC9161 showed a higher rate (83.6%) of pyrene degradation than
P. chrysosporium (68.5%) which is a well-known PAHs degrader.

Generally, these organic dye molecules are too large to penetrate into the micro-
bial cells to be degraded. Thus, it becomes necessary that the degradative enzymes
be extracted or they produce extracellular enzymes for dye decolorization.

288 A. Patel et al.



11.4.3 Bioremediation of Dyes by Ligninolytic Enzymes

White rot fungi secrete several extracellular enzymes which have broad substrate
specificity to facilitate the remarkable biotransformation or biodegradation of a wide
variety of synthetic dyes (Wesenberg et al. 2003). Ligninolytic enzymes have been
studied from a large number of fungi for bioremediation of xenobiotics. These
enzymes offer great variability in terms of induction mechanisms, degree of poly-
morphism, expression of different isoenzymes, and physicochemical and catalytic
properties. This variability determines the potential application of the isolated fungi
and their enzymes to oxidize and thereby degrade variety of selected chemical
substrates.

11.4.3.1 Production of Ligninolytic Enzymes
Ligninolytic fungi have usually been grown in defined liquid media low in N
(Keyser et al. 1978) or in C (Haapala and Linko 1993) and containing supplements
such as Mn, veratryl alcohol, and Tween 80 (Hatakka 2001). Lignin model
compounds such as dimeric β-O-4 model compounds and synthetic lignin (DHP)
have been used in liquid cultures to study lignin mineralization or enzyme activities.
The ligninolytic enzyme profile produced by the lignin degrading fungi in defined
culture media is different from that produced in media where lignocellulosic
substrates such as wood, sawdust, straw, or other natural substrates are used (Orth
et al. 1993). The production of MnP and LiP isoenzymes by P. chrysosporium is
strongly affected by medium composition (Cullen 1997).

A lignocellulosic substrate (wheat straw and hemp woody core) promotes the
production of MnP and LiP of P. chrysosporium under culture conditions in which N
and C is non-limiting (Kapich et al. 2004). Pleurotus ostreatus produces different
MnP isoenzymes when grown on sawdust and in defined culture media (Kamitsuji
et al. 2004) and Pleurotus eryngii VPs was first reported from straw-based cultures
(Camarero et al. 1999). The ecological role for the large variety of MnP, LiP, or
laccase isoenzymes in ligninolytic fungi is not yet clear (Table 11.9). It is assumed
that the varying enzyme profile/production results from adaptation to different
natural culture conditions and substrates (Conesa et al. 2002).

Laccases
Laccase is one of the enzymes that has been studied since the nineteenth century. In
1883, Yoshida was the first to extract it from the exudates of Rhus vernicifera
(Japanese lacquer tree), from which the designation laccase was derived. In 1896,
Bertrand and Laborde for the first time demonstrated the presence of laccase in fungi
(Desai and Nityanand 2011). Fungal laccases are more attractive due to their ability
to catalyze wide variety of organic compounds which include polymeric lignin and
humic substances (Baldrian 2006). Generally, ligninolytic fungi produce at least one
laccase isoenzyme, and laccases are the principal ligninolytic enzymes present in the
soil. In addition, laccase-mediated delignification of agroindustrial products
increases the nutritional value of animal feed and soil fertilizer (Gonzalez et al.
2013). Laccases require only molecular oxygen for catalysis so they are suitable for
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biotechnological applications like transformation or immobilization of the xenobi-
otic compounds in environment (Couto and Herrera 2006). Laccases have been
evaluated for a large number of biotechnological applications like dye degradation,
bioremediation of some toxic industrial wastes (Chlorinated aromatic compounds,
polycyclic aromatic hydrocarbons, nitroaromatics, and pesticides), and development
of biosensors (Gonzalez et al. 2013, Couto and Herrera 2006; Sanchez et al. 2010).

Laccases (benzenediol: oxygen oxidoreductases) are copper containing polyphe-
nol oxidases (blue oxidases) which act on diphenols, polyphenols, substituted
phenols, diamines, aromatic amines, benzene thiols, inorganic compounds like
iodine and allied substances having oxygen as electron acceptor (Fig. 11.4). In active
holoenzyme form, they are monomeric, dimeric, or tetrameric glycoprotein having
four copper atoms per monomer. These four copper atoms in their protein structure

Table 11.9 Ligninolytic enzymes and their mode of action

Enzyme Cofactor Catalyzed reactions Fungi References

Laccase O2 Phenol oxidation Trametes
versicolor

Yaropolov et al.
(1994)

Lignin
peroxidise

H2O2 Phenol polymerization Phanerochaete
chrysosporium

Gold and Alic
(1993), Haglund
(1999), Piontek
et al. (2001), Erden
et al. (2009)

Manganese
peroxidise

H2O2 Phenol oxidation;
Oxidize Mn2+ to Mn3+

Phanerochaete
chrysosporium

Hofrichter (2002)

Cellobiose-
quinone
Oxireductase

Quinone reduction;
Celobiose degradation

Phanerochaete
chrysosporium

Soares (1998)

Aryl alcohol
oxidase

H2O2 production Pleurotus
sabor-caju

Martínez et al.
(2009)

Glyoxal
Oxidase

H2O2 production Phanerochaete
chrysosporium

Martínez et al.
(2009)

Manganese-
independent
peroxidise

Activity on aromatic
substrates

Phanerochaete
chrysosporium

Wyatt and Broda
(1995), Ruiz and
Martínez (2009)

Versatile
peroxidase

H2O2 Oxidizes Mn2+; high
redox-potential
aromatic compounds

Pleurotus sp. Ruiz and Martínez
(2009)

Cellobiose
dehydrogenase

Lignin degradation
degradation; unites the
hydrolytic and
oxidative systems;
dispose manganese
(Mn2+) for MnP
through precipitate,
reduction from
manganese oxide
(MnO2)

Phanerochaete
chrysosporium

Henriksson et al.
(2000), Kersten
and Cullen (2007),
Carvalho et al.
(2009)
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have been categorized in three groups on the basis of data obtained using UV-visible
and electron paramagnetic resonance (EPR) spectroscopy (Palmieri et al. 2000).

Laccases catalyze four 1e� oxidation of a reducing substrate with concomitant
two e� reduction of dioxygen to water. The stochiometry includes four molecules of
reducing substrate for each molecule of oxygen, involving a total transfer of four
electrons [4RH + O2 ! 4R + 2H2O]. The first step of catalysis is reduction of the
reducing substrate by copper (Cu2+ to Cu+) at the T1 site, which is the primary
electron acceptor. Laccase can only act on the phenolic subunits of lignin which
leads to Cα oxidation, Cα-Cβ cleavage, and aryl-alkyl cleavage. Laccases can
catalyze one-electron oxidation of a wide range of aromatic compounds (Thurston
1994) like polyphenols (Archibald et al. 1997), methoxy-substituted monophenols,
and aromatic amines (Bourbonnais et al. 1995) to the corresponding quinones.
Phenol-oxidizing enzymes (laccases) preferably polymerize lignin by coupling the
phenoxy radicals which are produced during oxidation of lignin phenolic groups
(Campos et al. 2001). Majority of the laccases have copper molecules in their active
centre and they are classified as blue copper oxidases but some laccases do not show
these typical characteristics.

Laccases isolated from solid-state fungal cultures were yellow brown and did not
show typical blue laccase spectrum. The remarkable property of yellow laccase is
that they oxidize non-phenolic lignin models and veratryl alcohol in the presence of
oxygen (Rogalski and Leonowicz 2004). One of the laccases from P. ostreatus does
not show blue color and has been described as white colored by the author (Palmieri
et al. 1997). The result of atomic adsorption of this laccase showed that it has one
copper atom, two iron atoms, and one zinc atom as compared to four coppers in
typical laccase.

Laccase Mediator System (LMS)
The conditions which limit the laccase catalyzed oxidation of substrates are steric
hindrance (for macromolecular compounds), very low affinity between the com-
pound and the active site of enzyme, as well as high redox potential of the putative

Fig. 11.4 Laccase-mediated oxidation of phenolic subunits of lignin [Modified from (Kunamneni
et al. 2007)] [The structure of laccase used was obtained from Coprinopsis cinerea (1A65)]
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substrates. Due to lower redox potential, laccases can oxidize only phenolic
compounds. This obstacle can be overcome by using a laccase mediator system
(LMS) (Strebotnik and Hammel 2000). Laccase mediators are usually low molecular
weight substrate, water-soluble molecules, having high redox potential (>900 mV),
capable of behaving as one-electron shuttles between the enzyme and the to-be
oxidized compounds (Kawai et al. 1989; Bourbonnais and Paice 1990) (Fig. 11.5).
Laccase mediator compounds are generally laccase substrates. Laccase enzyme
removes one electron from the substrate and produce free radicals which live long
enough to diffuse away from the enzyme active site and capable of oxidizing other
substrate present in the environment, thus restoring their stable electronic
configurations at the expense of other substrates which are not directly oxidized by
laccase (Call and Mücke 1997).

Lignin Peroxidases
The peroxidases are ferric-iron containing heme oxidases requiring peroxides for
function. These enzymes have common ability to catalyze one electron oxidations,
resulting in formation of free radical species inside the lignin polymer. Afterwards,
the radical undergoes spontaneous reaction leading to the incorporation of oxygen,
bond cleavages, and finally to the breakdown of the lignin molecule. Lignin
peroxidases (LiPs) are capable of mineralizing a variety of recalcitrant aromatic
compounds (Shrivastava et al. 2005). LiP has a typical peroxidase catalytic cycle
similar to horseradish peroxidase in many aspects (Wong 2009). The general
mechanism of LiP catalyzed reaction consists of two steps:

1. A 2e� oxidation of the native ferric enzyme [Fe(III)] to yield compound I
intermediate that exists as a ferric iron porphyrin radical cation [Fe(IV) ¼ O+,
LiP-I], with the peroxide substrate (H2O2) cleaved at the O–O bond (Fig. 11.6).

2. A two consecutive 1e� reduction of ferric ion porphyrin radical cation [Fe
(IV) ¼ O+, LiP-I] by electron donor substrates like veratryl alcohol (VA) returns
enzyme in its native state.

Fig. 11.5 Mechanism of laccase action in the presence and absence of redox mediators
(Figure obtained from Zucca et al. 2015)
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The enzyme convert ferric ion porphyrin to the oxidation state using VA, yielding
compound II [Fe(IV) ¼ O, LiP-II] and a VA radical cation (VA+). In some cases,
LiP-I can also return to the native (resting) enzyme by a direct 2e� reduction.

LiP Fe IIIð Þ½ � þ H2O2 ! LiP‐I Fe IVð Þ ¼ Oþ½ � þ H2O

The natural fungal secondary metabolites veratryl alcohol (VA) and 2, chloro
1, 4, dimethoxybenzene act as redox mediators to stimulate the LiP catalyzed
oxidation of a wide range of recalcitrant substrates (Christian et al. 2005). Oxidation
of VA by YK-LiP2 from P. chrysosporium and other LiPs reveal ordered bi–bi
ping–pong mechanisms (Hirai et al. 2005).

Manganese Peroxidases
Manganese peroxidases (MnPs) are extracellular glycoproteins with an iron proto-
porphyrin IX (heme) prosthetic group. MnPs are secreted in multiple isoforms in
carbon and nitrogen limited media supplemented with Mn2+ and VA. Mn-dependent
peroxidases are unique in utilizing Mn2+ as the reducing substrate. MnP oxidizes
Mn2+ to Mn3+, which in turn oxidizes a variety of monomeric phenols including
dyes as well as phenolic lignin model compounds. The catalytic cycle thus entails the
oxidation of Mn2+ by compound I (MnP1+) and compound II (MnP2+) to yield Mn3+.
The characteristics of the cycle are very similar to that of LiP. Addition of one 1e�

equivalent of H2O2 to the native enzyme yields MnP-I, which is a Fe(IV)-oxo-
porphyrin radical cation [Fe(IV) ¼ O+]. The peroxide bond of H2O2 is cleaved
subsequent to a 2e� transfer from the enzyme heme-porphyrin.

Fig. 11.6 Mechanism of action of lignin peroxidise (Figure adopted from Wong 2009)

11 White Rot Fungi: Nature’s Scavenger 293



MnP þ H2O2 ! MnP‐Iþ H2O2 ð11:1Þ

MnP‐IþMn2þ ! MnP‐IIþMn3þ ð11:2Þ

MnP‐IIþMn2þ ! MnP þMn3þ þ H2O ð11:3Þ
Mn(III) in turn mediates the oxidation of organic substrates.

Mn3þ þ RH ! Mn2þ þ Rþ Hþ ð11:4Þ
The conversion of MnP-I to MnP-II can also be achieved by the addition of other

electron donors, such as ferrocyanide and a variety of phenolic compounds (Wariishi
et al. 1988). In the reduction of compound II to generate the native enzyme, however,
Mn(II) is an obligatory redox coupler for the enzyme to complete its catalytic cycle.
Mn2+ performs the role of mediator for MnP. High resolution crystal structure has
revealed that MnP catalyzes the peroxide-dependent oxidation of Mn2+ to Mn3+ and
Mn3+ is released from the enzyme in complex with oxalate or with other chelator
(Sundramoorthy et al. 2005).

Versatile Peroxidases
Versatile peroxidases (VPs) are glycoproteins with hybrid properties capable of
oxidizing typical substrates of other Basidiomycete peroxidases including Mn
(II) and also veratryl alcohol (VA). VPs form an attractive ligninolytic enzyme
group due to their dual oxidative ability to oxidize Mn(II) and also phenolic and
non-phenolic aromatic compounds (Wesenberg et al. 2003). It has been found that
VPs can also efficiently oxidize high redox-potential compounds such as dye
reactive black 5 (RB5) as well as a wide variety of phenols, including hydroquinones
(Gomez-Toribio et al. 2001). It has been suggested that VPs can oxidize substrates
spanning a wide range of potentials, including low and high redox potentials. Similar
to the MnP mechanism, Mn(III) is released from VPs and acts as a diffusible oxidizer
of phenolic lignin and free phenol substrates. Among Basidiomycete peroxidases,
VPs have attracted the greatest biotechnological attention due to their catalytic
versatility, which includes the degradation of compounds that other peroxidases
are not able to oxidize directly.

Other Lignin Degrading Enzymes and Accessory Enzymes
In addition to ligninases, other fungal extracellular enzymes which act as accessory
enzymes have been found to be involved in lignin degradation. These include
oxidases generating H2O2, which provide the hydrogen peroxide required by
peroxidases and mycelium-associated dehydrogenases, which reduce lignin-derived
compounds (Martinez et al. 2005). Oxidases generating H2O2 include aryl-alcohol
oxidase (AAO) (EC1.1.3.7) found in various fungi, such as P. eryngii and glyoxal
oxidase found in P. chrysosporium (Kersten 1990). In addition, aryl-alcohol
dehydrogenases (AAD) (a flavoprotein) and quinone reductases (QR) are also
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involved in lignin degradation by fungi (Guillen et al. 1992). Moreover, it has been
shown that cellobiose dehydrogenase (CDH), which is produced by many fungi
under cellulolytic conditions, is also involved in lignin degradation in the presence
of H2O2 and chelated Fe ions (Henriksson et al. 1995).

Ligninolytic fungi and their enzymes are used for the biological functions as well
as for degradation of many compounds as shown in Table 11.10. Majority of earlier
studies have been done on lignin-degrading enzymes of organisms Phanerochaete
chrysosporium, Pleurotus ostreatus, and Trametes versicolor. There has been a
growing interest in studying ligninolytic enzymes of wider array of white rot
fungi. These fungi can withstand high pH range and produce accessory enzymes
such as H2O2 forming glyoxal oxidase, aryl alcohol oxidase, oxalate producing
oxalate decarboxylase (ODC), NAD-dependent formate dehydrogenase (FDH),
and P450 mono-oxygenase. These are versatile and robust organisms having enor-
mous potential for oxidative bioremediation of a variety of toxic chemical pollutants
due to their high tolerance to toxic substances in the environment. WRF are capable
of mineralizing a wide variety of toxic xenobiotics due to nonspecific nature of their
extracellular lignin mineralizing enzymes (LMEs).

11.4.4 Bioremediation by Ligninolytic Enzymes

Oxidative degradation of dyes is mediated by white rot fungi (WRF) through their
ligninolytic enzymes. WRF and their enzymes have found profound applications in
the bioremediation of dye effluents because of their ability to degrade a diverse range
of organic pollutants including azo, heterocyclic, and polymerize dyes (Abdulla
et al. 2000). Ligninolytic fungi and their enzymes are involved in the degradation of
the complex and recalcitrant polymer lignin. Ligninolytic enzymes are highly
versatile in nature. The demand for application of ligninolytic enzyme complexes
in industry and biotechnology is increasing due to their use in a variety of processes.
Ligninolytic enzymes have potential applications in a large number of fields, includ-
ing the chemical, fuel, food, agricultural, paper, textile, cosmetic, and many other
industrial sectors. Their capacities to remove xenobiotic substances and dyes make
them a useful tool for bioremediation purposes. Ligninolytic enzymes are promising
and can replace the conventional chemical processes of several industries. Thus,
there is a broad field of investigation that is almost entirely open to new findings, and

Table 11.10 Biological applications of ligninolytic enzymes

Enzyme Applications

Laccase Spore resistance, Rhizomorph formation, pathogenesis, fruiting body
formation, pigment synthesis, lignin degradation

Lignin peroxidase Biodegradation of lignin, defense of fungi against pathogens

Manganese
peroxidase

Degradation of lignin, interspecific fungal interactions
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it is quite reasonable to propose that many new applications will be found in the near
future.

Chhabra et al. (2015) immobilized laccase obtained from Cyathus bulleri in poly
(vinyl alcohol)-boric acid or polyvinyl alcohol-nitrate beads and it was used for the
decolorization of simulated effluent containing acid red 27 (acidic monoazo dye) or
basic green 4 (malachite green) dyes. The simulated effluent containing 100 μM acid
violet 17 was decolorized 90.0% in the presence of 100 μM ABTS by laccase
entrapped in PVA-nitrate up to 10 cycles. It also decolorized simulated effluent
containing 100 μM basic green 4 (95.0%) in the presence of 100 μM ABTS up to
20 cycles under batch mode. Adak et al. (2016) reported that the laccase produced by
Pseudolagarobasidium acaciicola LA 1 under solid-state fermentation on
parthenium biomass was a thermostable enzyme and it functioned optimally at
pH 4.5 and temperature 60 �C. It decolorized RBBR (90.0%) and RB5 (33.0%)
without mediator after 4 h and 48 h, respectively.

Sayahi et al. (2016) used purified laccase from T. trogii to decolorize reactive
black 5 (RB5), reactive violet 5 (RV5), and also the mixture of RB5 and RV5 and
RBBR. The highest decolorization of 25 mg L�1 dye RB5 (93.0%) was achieved at
1.0 U ml- 1 laccase and 1.0 mM HBT concentration while the maximum decoloriza-
tion of 25 mg L�1 dye RV5 (100%) was obtained at 0.5 U mL�1 enzyme and
0.5 mM HBT concentration. RBBR also acted as a mediator and increased the
decolorization of these two dyes. The purified laccase also decolorized mixed dyes
(RBBR, RB5, and RV5) 55.0% without HBT after 24 h. The laccase of Trametes
versicolor ATCC 200801 was immobilized by Ilk et al. (2016) on the poly
(MA-alt-MVE)-g-PLA/ODA-MMT nanocomposite by adsorption or covalent cou-
pling and used for the decolorization of reactive red 3 (monoazo dye). He reported
that under the optimum conditions, the dye decolorization potential of the
immobilized laccase (65%) was much higher than free laccase (33%) and even
after 10 cycles, the activity of immobilized laccase was retained by 77.0%.

The purified laccase enzyme of Trametes versicolor IBL-04 immobilized onto
chitosan microspheres by Asgher et al. (2017) showed higher catalytic efficiency and
higher thermal as well as storage stability. The immobilized enzyme decolorized
reactive red 195A (100.0%), reactive violet 1(99.0%), reactive yellow 145A
(98.0%), reactive black 5 (97.0%), and reactive blue 21 (89.0%) after 4 h incubation
in the presence of 1 mM ABTS as a redox mediator and retained its 80.0% activity
after 10 cycles (Asgher et al. 2017). Ajit et al. (2017) applied RSM to optimize
RBBR (1000 mg L�1) decolorization using C. caperata DN laccase and achieved
542 mg L�1 of decolorization within 1.0 h by 1.0 U ml�1 of laccase without
application of mediator. After laccase treatment, the toxicity of RBBR dye was
significantly reduced.

Enzymes produced by white rot fungi are involved in green biodegradation due to
its catalytic properties. The xenobiotic compounds are a major source of contamina-
tion in soil, and laccase can efficiently degrade them (Couto and Herrera 2006).
Moreover, polycyclic aromatic hydrocarbons (PAHs), which arise from natural oil
deposits and utilization of fossil fuels, are also degraded by laccases (Anastasi et al.
2009). Many PAHs have been found to exhibit cytotoxic, mutagenic, and
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carcinogenic properties that represent serious risk to human health (Bamforth and
Singleton 2005). Lignin peroxidases (LiP) present a non-specific biocatalyst mecha-
nism and hence can also act on PAHs. LiP from P. chrysosporium was one of the
first enzymes from Basidiomycete reported for PAH degradation. MnP has been
used for mineralization of many environmental contaminants and are useful for
bioremediation process. Due to their ability to degrade azo, heterocyclic, reactive,
and polymeric dyes, it degrades trichloro bis (4, chlorophenyl) ethane (DDT),
trinitrotoluene (TNT) and polycyclic aromatic hydrocarbons (PAHs) too (Gomes
et al. 2009; Wen et al. 2009).

11.5 Product Identification and Mechanism of Dye Degradation

It is necessary to identify the metabolites produced after biodegradation of pollutants
to determine the metabolic pathways. This is important to gain the knowledge about
the fate of organic pollutants and also for the evaluation of the toxicity of the
intermediates and main products as well as to describe the microbial system and/or
enzymatic activities. According to the structure of dye, different microorganisms/
enzymes may have different pathways for degradation. Dyes absorb light in the
visible region of the spectra, and each one has a maximal wavelength so the
application of spectrophotometry is the easiest way to monitor dye degradation.
Intermediates and degradation products also contribute to the absorbance spectra,
thus all the present molecules are quantified by this technique. For the isolation and
characterization of the intermediates and products of dye degradation, advanced
techniques of chromatography such as gas chromatography (GC), high performance
liquid chromatography (HPLC), nuclear magnetic resonance spectroscopy (NMR),
mass spectrometry (Ion-trap, MALDI), and capillary electrophoresis (CE) are avail-
able. Extraction of the aqueous sample with an organic solvent or filtration are used
when a heterogeneous catalyst or solid substrate is used or when a prior separation is
required. Estimation of CO2 and NH3 produced during the microbial growth in
culture media can also provide valuable information. Recent studies have been
published on the mechanisms and pathways using the abovementioned techniques
by Lopez et al. (2004), Vanhulle et al. (2008), Bafana et al. (2009), and Pereira
et al. (2009).

11.6 Future Perspectives

Textile and dyeing wastewaters, two important environmental pollutants, contain
various dyes. Physical and chemical methods for dye removal are common methods.
However, they pose various disadvantages. Conventional biological treatment
systems such as activated sludge are not efficient for bioremediation and decoloriza-
tion. Furthermore, anaerobic treatment can produce toxic aromatic amines. White rot
fungi are a group of the most efficient microorganisms in decolorization and
degradation of textile dyes. Dyes exist in variety of different structural forms making
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them more complex for being degraded, and this complexity of degradation of dyes
demand more intense research. Moreover, most of the available studies on dye
degradation have been limited to azo dyes. Other classes of dyes viz. anthraquinone,
indigoid, xanthene, arylmethane, and phthalocyanine derivatives also seek further
attention. The dye degradation pathways, being more complex, are not yet thor-
oughly understood and the thrust in that direction has high scope for the develop-
ment of future modern technology. The on-going research in the degradation
technology associated with the field of microbiology, molecular biology, chemistry,
and genetics are fundamental for that knowledge. Moreover, the better evaluation
and understanding of the effect of colored substances and their products in the
environment or during the treatment processes will be possible. This understanding,
in turn, will lead to improvisation in the technology and more efficient application
from existing treatment processes. Isolation and studies of novel microorganisms
and enzymes having broader substrate specificity and higher activity for their ability
and capacity as potential agents in pollution remediation will be carried out. Random
or selective modification of the microorganisms and enzymes using genetic engi-
neering can greatly facilitate in designing microbes with higher catalytic efficiency
for a broader range of compounds. Optimization of the remediation process in terms
of time, efficiency, and stabilization will be more profitable. The understanding and
progress in biochemical, biological, and process engineering is also important for its
implementation at industrial scale. The most promising process for complete miner-
alization and detoxification of the colored effluent seem to be the combination of
more than one treatment (biologic and/or chemical) application. The study and
execution of novel treatments shall not only be focused on pollution diminution
but also in the recycling of water and appropriate utilization of the final byproducts.
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Nanobioremediation: An Emerging
Approach for a Cleaner Environment 12
Ekta Singh, Riyaz Ali M. Osmani, and Rinti Banerjee

Abstract
Global environmental issues have emerged owing to rapid industrialization and
urbanization. Ecological imbalance and pollution have raised serious concerns and,
thus, led to adoption of better anthropogenic practices and environmental cleanup
technologies including physical, chemical, and biological methods. Current treat-
ment practices, although efficient, have made remediation processes complex.
Among existing technologies, bioremediation and biotransformation are promi-
nently being used for heavy metal remediation of soil and water, whereas biodegra-
dation is used for toxic pollutants like polyaromatic insecticides, pesticides,
plasticizers, and petroleum hydrocarbons. This chapter overviews nanotechnology-
based alternative treatment strategies for efficient and sustainable bioremediation and
biodegradation. It discusses the advantages and disadvantages of current
technologies as well as comments on the future directions in this field.

Keywords
Nanobioremediation · Degradation · Pollutants · Nanoparticles · Environment

12.1 Introduction

The literal meaning of word “remediate” is “to solve,” and “bioremediation” can be
defined as a process in which diverse biological agents, like fungi, bacteria, protists,
and/or their secretions or enzymes, are utilized for completely degrading environ-
mental pollutants or for conversion into much less toxic forms of the same (van
Dillewijn et al. 2007).
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12.2 Health and Environmental Issues of Pollution

Our environment is pollutants including polyaromatic hydrocarbons (PAHs),
organic substituted and halogenated pesticides/dyes, toxic heavy metals, etc., and
exposure with an organism can occur via various sources and routes. Mostly,
industrial workers are a higher risk of direct exposure. Nowadays, water remediation
is of key concern as the spread is rapid. They also get converted into epoxides and
form adducts with DNA which act as potential mutagens (Cookson Jr 1995;
Vasudevan et al. 2018). The potential of animal and human fetal tissues to metabo-
lize PAHs is higher as compared to adults (Cecchin et al. 2017a). This may explain
higher risks of exposure in pregnancy and birth defects that has been seen in animals.
With respect to carcinogenicity of PAH in humans, it is yet unclear. In context of risk
to human health, exposure to heavy metals like lead, cadmium, mercury, arsenic, etc.
damages vital organs and causes toxicity and hormonal impairment (Tripathi et al.
2018).

12.3 Conventional Methods for Remediation

12.3.1 Physical Methods

Precipitation: This approach involves use of suitable anionic sulfate salts of manga-
nese, copper, ammonium, iron, alum, etc. for precipitating the metallic salts. Since
this process involves acidic pH and chemicals, it is not very specific, efficient for
removing metal contaminants at trace concentrations, and is very expensive (Mondal
et al. 2006).

Ion exchange: This is a common technique mostly employed in industries for
separating out heavy metals from industrial effluents by using solid-phase anion and
cation exchange resins. However, this technique is also very expensive, pH sensi-
tive, concentration-limited efficiency, and not very selective (Ahluwalia and Goyal
2007).

Electrowinning and electrocoagulation: These are electrochemical approaches
which are also used in industries for leaching of metals and wastewater treatment.
However, these techniques have very limited efficiency and are again expensive
(Kumar and Gopinath 2017).

Cementation: Another approach that combines precipitation and electrochemistry
for separation of heavy metals like copper, lead, gold, silver, cadmium, tin, gallium,
arsenic, etc.

Adsorption: This process involves physic- and chemisorption over adsorbent
surfaces like activated carbon or alumina, iron oxide-coated sand, copper-zinc
granules, etc. over which metals are attached and thus metal ion removal is achieved.
This process is affected by pH, surface area, and surface energy (Ahluwalia and
Goyal 2007; Kumar and Gopinath 2017).

Membrane filtration: This process involves metal separation from water by
filtration through a semipermeable membrane along a pressure gradient. This is
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however an ineffective technique due to coprecipitation of ferrous and manganous
irons and overall expensive (Kumar and Gopinath 2017).

Electrodialysis: This technique involves reverse osmosis under an applied electric
field via semipermeable membrane. It is an efficient technique for groundwater
remediation and bioaugmentation, however, being expensive and complex for bulk
treatments (Mondal et al. 2006; Kumar and Gopinath 2017).

12.3.2 Chemical Treatment Methods

Reduction: It involves treatment of polluted soils that are permeable at an alkaline
pH by injecting H2S and diothionates acting as reductants and help to immobilize
and degrade pollutants. However, since most of these chemical reactions such as in
case of colloidal form of zerovalent ion when injected leads to toxicity due to
products formed in the process, it is not a very suitable technique.

Chemical washing: It involves direct extraction of heavy metals by acids which is
a complex process that damages the soil quality and can lead to hazards.

Chelate flushing: As the name suggests, a huge amount of heavy metals can be
extracted by chelating agents like ethylenediaminetetraacetic acid (EDTA) which are
regenerated and recyclable when used in the form of solvent-loaded resins and
display an efficiency of 100% (Gray 1999; Amonette et al. 1994; Fruchter et al.
1997; Sevougian et al. 1994).

12.3.3 Biological Treatment Methods

Bioremediation refers to the application of biological agents like plants, fungi,
microbes, etc. to remove pollutants from air, water, or soil by either degradation,
removal, or conversion of toxicants into nontoxicants resulting into a permissible
acceptable concentration. For remediation of heavy metals in soil and water, this
approach is highly suitable as it is ecologically safe and economically feasible and
hence a sustainable approach. However, the efficiency of bioremediation becomes
limited when polluting agents become highly toxic for microbes and plants that are
used as microbial and phytoremedial agents, respectively. Some of the commonly
used microorganisms popularly include genera like E. coli, Bacillus, Klebsiella,
Alcaligenes, Rhodococcus, and Pseudomonas (Cantrell et al. 1995; Manning et al.
2002).

Bioremediation consists of various remediation strategies, such as
bioaugmentation, that is, natural attenuation process by using indigenous
microorganisms, stimulated process by adding nutrients (biostimulation), use of
genetically modified organisms, phytoremediation involving the use of some plants,
and biomineralization involving the thorough biodegradation of organic substances
into inorganic components (Li and Li 2011; Lacina et al. 2015; Wei et al. 2012a;
Joutey et al. 2013).
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12.3.3.1 Biofiltration
This technique involves an aqueous and porous microbial surface acting as a
biological filter to remove contaminants by adsorbing them onto the surface and
eventually incorporating them into complexes with organic constituents of water.
Biotransformation occurs and results into biomass, CO2, and water as metabolic
by-products (Devinny et al. 1999; Srivastava and Majumdar 2008).

12.3.3.2 Biosorption
As the name suggests, it is a very similar technique to biofiltration. The main
difference between both techniques is that in biofiltration, water passing through
biofilter has attachment and microbial growth happening gradually and simulta-
neously, followed by degradation and detachment of microbes. The process is
passive and utilizes microbial biomass either live or dead for bioremediation includ-
ing cell wall components of algal, fungal, or bacterial origin. It provides advantages
like regeneration of biosorbents, metal recovery, minimizing sludge, and affordable
capital and operational cost (Hashim et al. 2011). The biomass bed acts as an ion
exchange matrix and can remediate water with very low levels of heavy metal
pollutants (Volesky and Holan 1995). Biosorbents can be surface immobilized for
scale-up applications; however, analysis of efficacy, reproducibility, and
affordability attributes need to be assessed. Various approaches like complex forma-
tion, chelation, electrostatic interactions, and ion exchange have been used for heavy
metal removal using agricultural materials. The efficiency and stability of sorption
process needs prior chemical treatment of pollutants. In a nutshell, biosorption
process is a promising approach due to high rate of sorption, easily and naturally
available sorbents, inexpensiveness, and nontoxicity.

12.3.3.3 Biophysiochemical Method
As the name suggests, this process involves physical methods, i.e., adsorption or
coagulation, coupled with biochemical phenomenon. It is a widely used alternative
for conventional physiochemical process for remediation of arsenic.
Chemolithotroph strain A. ferrooxidans BY-3 isolated from mining regions has
been used for biosorption of arsenic from polluted water (Wang and Chen 2009;
Jain and Singh 2012; Yana et al. 2010). Not only bacteria but at least five distinct
fungal isolates have also been used for arsenic bioremediation (Srivastava et al.
2011a). Apart from arsenic, microbial oxidation of iron using G. ferruginea and
L. ochraceus was also used. In situ production of iron oxides forms a surface or
platform for metal absorption from aqueous solution when passed over it. Such a
combination of biological oxidation-filtration sorption process bypasses the use of
chemical additives and hence is more effective in achieving simultaneous removal of
multiple heavy metal groundwater pollutants like Mn, Fe, and As (Pokhrel and
Viraraghavan 2009).

12.3.3.4 Novel Biosorbents
Genetically engineered biosorbents have enhanced selective and specific adsorption
potential for toxic metal pollutants. These have been tested for their compatibility for
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bioremediation of industrial effluents. This technique holds promise as an effective
alternative; however, it is a relatively expensive approach (Vijayaraghavan and Yun
2008).

12.3.3.5 Bioaugmentation
This is an in situ process wherein genetically modified microbes with enhanced
metabolic capacity are employed for bioremediation of specific pollutants. A very
good example is a genetically modified Escherichia strain in which arsenic accumu-
lation is enhanced by overexpressing arsenical resistance operon repressor gene
(Kostal et al. 2004). Both genomic and metagenomic studies have identified newer
genes encoding higher level of arsenic resistance. Newer or modified pathways for
arsenic resistance can be orchestrated through directed evolution, metagenomics,
and genome shuffling (Chauhan et al. 2009; Dai and Copley 2004).

12.3.3.6 Bacterial Sulfate Reduction (BSR)
Anaerobic packed-bed reactor system can be used for arsenic, chromium, nickel, and
other heavy metal pollutants in acidic conditions from water and acid mine drainages
using sulfate-reducing bacterial strains like Desulfovibrio desulfuricans (Jong and
Parry 2003; Simonton et al. 2000; Steed et al. 2000). An efficiency up to 60–77% can
be achieved. An alternate approach can be to remove arsenic by sequestration into
insoluble sulfides in the presence of sulfate-reducing bacteria under anaerobic
conditions. Apart from this, different organic substrates with sulfur oxide act as
the terminal electron acceptor. Mobility can be increased by converting As(III) into
As(V) and toxicity is reduced (Fukushi et al. 2003).

12.3.3.7 Phytoremediation
It is a process in which plants which possess tolerance toward certain metals are used
for remediation of pollutants like arsenic. These plants accumulate pollutants intra-
cellularly rendering them nontoxic. Hydrilla is a commonly used aquatic plant used
in phytoremediation by phytofiltration. Phytoextraction involves uptake and trans-
location of pollutants in vascular system. Contaminant phytodegradation, also
known as phytotransformation, involves uptake of pollutants by plants intracellu-
larly or secretion of enzymes extracellularly for degradation. Formation of toxic
intermediates is a bottleneck in this process. Phytovolatilization is another process in
which uptake of metal pollutants occurs and released via transpiration into the
atmosphere (Jadia and Fulekar 2009; Pivetz 2001; Ali et al. 2013a; Srivastava
et al. 2011b).

The advantages of bioremediation over conventional treatment methods include
competency, cost-effectiveness, minimal sludge formation, selectivity, lack of
additives or nutrient requirement, regeneration of the biosorbent, and higher
possibilities of metal recovery (Kratochvil and Volesky 1998). When the bioreme-
diation occurs by its own self, it is termed as intrinsic bioremediation or natural
attenuation, and when it is intentionally incited with fertilizer addition for enhancing
bioavailability within the medium, then it is known as biostimulated bioremediation.
Few most frequently used bioremediation technologies include bioleaching,
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bioreactor, bioventing, composting, bioaugmentation, biostimulation, composting,
land farming, rhizofiltration, phytoremediation, etc. (Li and Li 2011).

Bioremediation of polluted and contaminated site usually works in either one way
of the two possibilities: (1) diverse substances and parameters including right
nutrient, temperature, oxygen amount, etc. are utilized to augment the growth of
pollutant-degrading microbes (indigenous microbes) present at the contaminated
sites. (2) Specialized microbes (exogenous microbes) are directly introduced to
degrade the pollutants. But in bioremediation by both means one gets rid of harmful
chemicals and other pollutants. Thus, bioremediation application broadly comprises
and falls under two main categories. In situ bioremediation is comparatively prefer-
able strategy as it involves treatment of toxic materials directly at the site of
contamination and hence less expensive and minimal discharge of pollutants occurs
in the environment. Also due to confinement of pollutants and toxins and other
pollutants, much lesser amount of nanomaterials (NMs) can clean larger volumes or
area of polluted things. However, this process is significantly slower and sometimes
poses difficulties in managing it. On the contrary, ex situ bioremediation relies on
excavation of toxic substances and contaminated materials before actual treatment.
The boons offered by ex situ bioremediation technique are faster processing, easier
control, can be applied to a broad range of contaminants and soil types, etc. (Prokop
et al. 2000; Dasand and Ansari 2009).

12.4 Nanobioremediation: Need for an Alternative Technology

12.4.1 Historical Perspective

The term “nanotechnology” was coined by Norio Taniguchi, in 1974 (Taniguchi
1974). Accordingly, “nanotechnology” was then broadly defined as the synthesis
and application of structure of particles with dimensions less than 100 nm (Sadowski
2010; Rajendran and Gunasekaran 2007; Aagosh et al. 2013). In general,
nanoparticles (NPs) can be defined as sub-nanosized colloidal structures, which
can be synthesized by either employing synthetic or semisynthetic polymers (Vyas
and Khar 2004). The synthesis of these nanosized sub-colloidal structures forms the
fundamental and vital part of research owing to their countless applications in the
field of information storage, electronics, optoelectronics, materials science, sensing
devices, catalysis, recording media, environmental cleaning, drug delivery and
medicine, etc. (Mallikarjuna et al. 2011).

It puts an ease on the researcher as it permits engineering of material properties
through size control that further drives the research toward potential applications of
these nanomaterials (NMs) in bioremediation (Shourian et al. 2009). The reduction
in dimension of the materials to nanoscale level has distinct effects on assorted
properties which may significantly differ from its counterpart bulk material (Duncan
2006).
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12.4.2 Science of Bioremediation with Nanomaterials

Recently, a range of NMs have been explored in wastewater, soil, and air treatment
(Fig. 12.1). For removal of respective pollutants here, the size-dependent unique
properties of NMs (like higher surface area, strong capability of sorption, high
reactivity, and faster dissolution) play a major role. Although several
nanotechnological approaches that have been put forth are proven to be successful
at lab scale, very few have been utilized at small-scale testing or commercialized to
date. However, nanotechnological approaches like nanotech-associated membranes,
nano-photocatalysts, and nanoadsorbents are most popular and even products based
on these are commercialized.

Different properties exhibited by diverse NMs are beneficial for their use in
bioremediation, for example, materials at nanoscale have a higher surface area,
hence higher contact volume of material for interaction thereby enhancing its
reactivity. Additionally, NMs have quantum effect, thus lowering the required
activation energy and making chemical reactions feasible. Another phenomenon

Fig. 12.1 (a) Schematic illustration showing various pollutant targets and the three most important
attributes of NBR (nanobioremediation). (b) Flowchart depicting the cycling of nanomaterials and
wastes in the environment through green synthesis and remediation process using nanotechnology.
(c) Illustrative setup for wastewater treatment and recycling by photocatalytic ZnO NPs
(Figure reproduced with copyrights permission from Tayeb et al. 2019)
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displayed by NPs is surface plasmon resonance which can be used for toxicity
detection. On the basis of shape and size, numerous metallic and nonmetallic NMs
can be used for environmental cleanup. This is because NPs have the ability to
diffuse or infiltrate into a contamination zone where microparticles are unable to
reach besides their reactivity toward redox-sensitive pollutants is much higher. It is
experiential that nanosized Fe0 coated with oxide has the ability to form weak
complexes with carbon tetrachloride (CT) and other similar contaminants, thereby
increasing its reactivity. CT reacts with Fe0 using electron transfer and is converted
into either formate, CH4, or CO2; however in batch experiments and field assess-
ment, trichloroethene, benzoquinone, and halogenated aliphatic hydrocarbons can
be degraded into chemical by-products with comparatively quite lower toxicities
(Nurmi et al. 2005). Furthermore, pentachlorophenol (PCP) degradation was
achieved in a laboratory setting using TiO2 nanotubes through a
photoelectrocatalytic reaction (Quan et al. 2005). Single-metal NPs can also be
used as biocatalysts for reducing and removing chlorine.

A bioreductive assay was conducted in which it was observed that Pd(0) NPs
were deposited on the cell wall and inside the cytoplasm of Shewanella oneidensis.
Addition of electron donors such as hydrogen, acetate, and formate resulted in
charging Pd(0) with H� radicals. When a chlorinated contaminant such as PCP
was brought in contact with these Pd(0)-coated, charged S. oneidensis, the H� radical
reacts on the Pd (0) resulting in removal of chlorine (de Windt et al. 2005). Microbial
cells capable of degrading or biorecovering specific chemicals can be immobilized
using NPs. Magnetic Fe3O4 nanoparticles modified with ammonium oleate were
coated on cell surface of Pseudomonas delafieldii. Upon application of an external
magnetic field, cells were separated from bulk solution and recycled for the treatment
again. Microbial cells coated with NPs have been demonstrated to desulfurize
organic sulfur from fossil fuel in a bioreactor system (Shan et al. 2005).

12.4.3 Nanosensors and Purifiers

Biosynthesis of NMs/NPs along with their applications in the field of sensors is
inspiring for researchers as far as the nanotechnology research is concerned. In
environment, nanosensors have been broadly used to monitor the environmental
pollutants (inorganic as well as organic) that are prevalent in the atmosphere, in soils,
and also in wastewater. Nano-detection sensors are used to detect and trace heavy
metals and the persistent organic pollutants, and these sensors can be
commercialized for application in real environmental systems (Ion et al. 2010).

Among all the diverse varieties of sensors, viz., biosensors, optical sensors, and
electrochemical sensors, the usefulness as well as efficacy of the biosensors is highly
encouraged to sense the contaminants within the environment. Functional
components of a biosensor include the recognition element (for its binding to target
component) and the transducer element (for signaling the downstream event). The
sensor can bind the recognition element differently depending upon the factors such
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as response time, signal to noise ratio, selectivity, and the limits of detection
(Shipway et al. 2000; Anker et al. 2008).

Various NMs/NPs synthesized from various sources impart unique physicochem-
ical properties that can be used to create new recognition and transduction processes
forthe biological sensors (Pandey et al. 2008; Asefa et al. 2009; Agasti et al. 2010;
Welser et al. 2011). Karuppiah et al. (2014) have reported the synthesis of AgNPs by
wild twig bark (Acacia nilotica) and used it to detect 4-nitrophenol. AgNP-modified
electrode had shown good electrocatalytic ability toward the 4-nitrophenol detection,
owing to its commendable conductivity as well as compatibility.

Au and AgNPs were synthesized using extracts from stem of B. rhamnoides
along with reduction of Au3+ ions to AuNPs consequently resulting into reduction
of 4-nitrophenol (Gangula et al. 2011). The potential of Au as well as AgNPs for
4-nitrophenol reduction was tested in the presence of NaBH4. Owing to a large
potential difference, a kinetic barrier consequently decreases the viability of this
reduction. However, the kinetic barrier was overcome in the presence of NPs, by
assisting the electron relay from donor (BH4-) to acceptor (4-nitrophenol). The
detection of reaction could be accomplished by calorimetry by measuring the
absorbance of 4-nitrophenolate ion at 400 nm.

Furthermore, a number of heavy metals present, such as Cr3+, Cr6+, Cd2+, Cu2+,
Mn2+, Zn2+, Pb2+, and Hg2+, act as toxic inorganic pollutants in environment. Lately,
NMs/NPs have been used to detect the heavy metals and are also used widely as the
colorimetric sensors possessing the high sensitivity. This approach is simple and
cost-effective in order to track the toxic metallic pollutants. The applications of Ag
and AuNPs for metal sensing have been documented in a very well manner, owing to
the tunable size and distance-dependent optical properties of NPs with high extinc-
tion coefficients at a visible region (Lee et al. 2007; Nolan and Lippard 2008; Ray
2010; Aragay et al. 2011).

Incorporation of chelating agent on the surface of biosynthesized AuNPs is
required for colorimetric sensing of metal ions. The metal ions in the environment
induce aggregation of NMs/NPs and form a multi-dentate interparticle complex with
chelating ligand, thereby causing a color change leading to the metal biosensing
(Saha et al. 2012).

Silva-De Hoyos et al. have developed the speedy and efficient biogenic route by
using Citrus paradisi extract as both reducing and capping agents, to synthesize the
AuNPs having tunable size and optical properties (Silva-De Hoyos et al. 2018). These
biosynthesized AuNPs have demonstrated metal sensing ability for Cu2+, Zn2+, Pb2+,
Ca2+, and Hg2+ via both the plasmonic and fluorescent sensing techniques.

In addition, evaluation for the catalytic activity of biosynthesized AuNPs using
IPE of bacterial strain Staphylococcus warneri was carried out by Nag et al. (2018).
These biosynthesized AuNPs have shown greater surface-enhanced Raman scatter-
ing (SERS) activity in order to detect toxic compounds. Also, these NPs have shown
an ability to degrade completely the toxic nitro aromatic pollutants such as
4-nitrophenol, 4-nitroaniline, 2-nitrophenol, and 2-nitroaniline with three times
recyclability of their catalytic activity.
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Wang et al. have detected Hg2+ with the help of unmodified AgNPs and mercury-
specific oligonucleotides by using them both as the sensors (Wang et al. 2010). Addi-
tionally, 11-mercaptoundecanoic acid-functionalized nanoparticles (MUA-AuNPs)
(13 nm) were used for the sensing of aqueous heavy metals like Cd, Pb, Zn, and
Hg. The end point is a color change from red to blue obtained through heavy metal ion
chelation process with the surface carboxylates, thereby proving successful application
in metal sensing (Kim et al. 2001a).

Farhadi et al. have quoted the green synthesis of unmodified AgNPs for detection
of Hg2+ (Farhadi et al. 2012). On the contrary, other study have reported the
colorimetric detection of Mn2+ by AgNPs, in which AgNPs were cofunctionalized
with 4-mercapto benzoic acid and melamine and used as a probe. Using L-tyrosine
as both the capping and reducing agents has demonstrated a green synthesis-
mediated metal biosensor for detecting Pb2+, Mn2+, and Hg2+ ions in an aqueous
medium (Zhou et al. 2012).

Synthesis of nitrogen-doped carbon nanodots (CNDs) was carried out by Gu et al.
(2016), and for this to achieve, the microwave treatment of lotus root (LR) was
implemented. The synthesized LR-CNDs have shown selective sensitivity toward
the Hg2+ with a detection limit of 18.7 nM. A variety of NMs/NPs are not only being
biosynthesized but also functionalized for sensing several organic as well as inor-
ganic environmental pollutants.

12.5 Green Synthesis of NPs for Nanobioremediation

Nanobioremediation (NBR) is the use of nanoparticles/nanomaterials produced by
plant, fungi, and/or bacteria by means of nanotechnology, for elimination of envi-
ronmental contaminants such as heavy metals, organic and nonorganic waste.
Different bioremediation approaches are schematically shown in Fig. 12.2. In the
past two decades, nanoscale materials owing to its efficacy, cost-effectiveness, and
eco-friendly nature have replaced the existing treatment materials (Emmanuel et al.
2014). NBR is an emerging technique for environmental cleanup by removal of
pollutants. Chemical and physical remediation, incineration, and bioremediation are
the presently available technologies for remediation of the contaminated sites. With
advancement in technology, an environmentally friendly and economically feasible
alternative of contaminant removal from environment is obtainable by bioremedia-
tion (Dastjerdi and Montazer 2010). There are three key approaches of bioremedia-
tion which include use of microorganisms, use of plants, and enzymatic remediation.

Remediation of soil and water contaminated with heavy metals and organic and
inorganic pollutants can be achieved using nanoparticles. In a recent study, it was
observed that nanosized zerovalent ions can be used to degrade organic
contaminants such as atrazine, molinate, and chlorpyrifos (Dimitrov 2006; Kavitha
et al. 2013). The efficacy of phytoremediation can be increased using nanotechnol-
ogy. Phytoremediation can be combined with nanoparticles in enzyme-based biore-
mediation (Ingale and Chaudhari 2013; Okhovat et al. 2015). For example, some
complex organic compounds such as long-chain hydrocarbons and organochlorides
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are particularly resistant to degradation by microbes as well as plants. A combination
of nanotechnology and biotechnology could be used to overcome this drawback:
using nano-encapsulated enzymes, complex organic compounds would be degraded
into simpler compounds, which can now be rapidly degraded by microbes and
plants.

Nanoscale materials can be synthesized using microbial potential to reduce metal
ions. Extracellular enzymes secreted by microorganisms can be used to synthesize
relatively pure nanoparticles (Kumar et al. 2011; Tripathi et al. 2015; Alani et al.
2012; Durán et al. 2011; Krishnaswamy et al. 2014; Nanda and Saravanan 2009;
Kalishwaralal et al. 2010; Calderon and Fullana 2015). Bacteria are valuable for
NBR due to its unique metal binding property. Not only bacteria but fungi and yeast
are also being used for nanoparticle biosynthesis (Yadav 2017; Balaji et al. 2009;
Park et al. 2011; Ahmad et al. 2003a; Balagurunathan et al. 2011; Kuppusamy et al.
2014; Ahmad et al. 2003b; Malarkodi et al. 2013; Narayanan and Sakthivel 2013; He
et al. 2007; Castro-Longoria et al. 2011). Fungi are used for bulk synthesis of
nanoparticles because of its characteristic property of fungi of large protein volumes.
However, synthesis of nanoparticles using plant extract methods is faster as com-
pared to the microbial methods (Mishra et al. 2011; Saravanan and Nanda 2010). A

Fig. 12.2 Diagrammatic illustration showing green synthesis of nanoparticles as a sustainable
approach (NPs nanoparticles, M/Mo metal/metal oxides; abbreviated elements as in periodic table)
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major drawback of NP synthesis by fungus is the production of catalytic enzymes
which reduces salts to their corresponding solid NPs. This needs to be rectified to
achieve a wide range of application of this method (Narayanan and Sakthivel 2011;
Binupriya et al. 2010; Elcey et al. 2014; Arcon et al. 2012; Kaul et al. 2012; Zhang
2003a; Lee et al. 2008; Raliya and Tarafdar 2014; Raliya and Tarafdar 2013; Xu
et al. 2005; Mazumdar and Haloi 2011). Advantages of microbes over other
biological methods include the ease of handling, high growth rates, low cost
requirement, easy culture methods, and less hazards caused to the environment
(Kim et al. 2018; Varshney et al. 2010; Parveen et al. 2016; Umer et al. 2012;
Majumder 2012; Salvadori et al. 2014; Honary et al. 2012; Cuevas et al. 2015;
Abboud et al. 2014). Yeast threads and many fungi are being used for the synthesis
of nanoparticles. Use of fungi has an advantage over use of bacteria for production of
large amounts of nanoparticles (VishnuKirthi et al. 2011; Khan and Fuleka 2016;
Jayaseelan et al. 2013a; Tarafdar et al. 2013; Subramanyam and Siva 2016; Raliya
et al. 2013; Gurunathan et al. 2015; Yadav et al. 2018; Zhang 2009). Using fungi for
synthesizing nanoparticles is considered as an eco-friendly route.

Environmental pollution is a major concern globally. Since the last two decades,
crucial efforts have been put forth to minimize the extent of pollution, to manage
diverse sources of pollutants, and to remediate the polluted soil, water, and air.
Recently, a dried waste pool of Pb mine was used to conduct a field study for finding
different native accumulator species of plants. The heavy metal contents in the dried
pool soil and in the plants grown there were determined by flame atomic absorption
spectrophotometry. As expected the heavy metal (Pb, Zn, Ni, Cu) contents of the soil
were noted to be much higher than that of the natural soil. Also, the study findings
revealed that few dominant vegetations, viz., Scariola orientalis, Centaurea virgata,
Gundelia tournefortii, Reseda lutea, Noaea mucronata, and Elaeagnus angustifolia,
have majorly accumulated toxic metals. To be more specific, the researchers
concluded from the study results that Noaea mucronata (F. Chenopodiaceae)
accumulated Pb majorly in addition to other heavy metals Cu, Ni, and Zn, whereas
Reseda lutea andMarrubium vulgare have shown major accumulation of Fe and Cd,
respectively. The researchers have evaluated bioaccumulation potential of NPs
prepared using N. mucronata extracts using polluted water in containers. Experi-
mental outcomes have depicted a manyfold reduction in heavy metal content over a
bioremediation span of 3 days (Mohsenzadeh and Chehregani Rad 2012).

12.6 Generalized Mechanisms

More recently emphasis is on developing eco-friendly and sustainable
nanotechnology-based platforms for environmental cleanup and remediation. A
repertoire of nanomaterials or nanoparticles of organic or inorganic nature have
been synthesized using microbial machineries. These have different ranges of sizes,
shapes, and functions. Overall, nanomaterials and nanoparticles which are biologi-
cally produced employ three basic mechanisms for remediation of toxic metals and
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compounds, i.e., adsorption, transformation, and catalysis/photocatalysis (Fig. 12.3).
In the following section, these mechanisms have been discussed in details.

12.6.1 Adsorption

Adsorption is a physical process wherein contaminants are adsorbed over an adsor-
bent surface due to ionic interactions. This process is exothermic in nature leading to
negative value of enthalpy and decreased entropy. The Gibbs free energy decreases
when the temperature and pressure is constant and the process occurs spontaneously.
Nanoscale bioadsorbents can be an excellent choice of alternate technology for
environmental pollution due to their economic and ecologic feasibility (Ruthven
1984). Various nanoscale adsorbents which are prokaryotic or eukaryotic in origin
are used for remediating organic as well as inorganic pollutants.

12.6.1.1 Metal/Metal Oxide Nanoparticles (me/MeONPs)
These are used specifically for adsorption of heavy metal pollutants or more recently
have been shown to have implications in organic pollutant remediation. Magnetic
metal/metal oxide nanoparticles (Me/MeONPs) are used for large-scale and effective
heavy metal remediation in wastewater treatment. Among all such particles, iron
oxide NPs are the most effective in terms of adsorption and cost (Hu et al. 2010). It
has been reported that significantly higher arsenic adsorption efficiency can be
achieved by iron oxide nanoparticles as compared to conventional method. These
nanoparticles had been prepared from tea extract and thus were eco-friendly and
affordable as well for effective and faster wastewater treatment (Lunge et al. 2014).

Fig. 12.3 Different mechanisms for nanobioremediation (R, compound; Me, metal; nZVI, nano-
scale zerovalent iron; CNTs, carbon nanotubes) (Figure reproduced with copyrights permission
from Prasse and Ternes 2010)
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Apart from this, iron oxide-based hollow nanospheres were shown to be as effective
as magnetic separation for adsorption of dyes and other organic pollutants, thus
making them a promising and novel approach. Yeast strains, for instance,
R. mucilaginosa, have been used to synthesize copper nanoparticles using copper
ions consequently leading to remediation of copper contaminated wastewater. Cop-
per oxide-based nanomaterials have been used for adsorption of lead and organic dye
suggesting the versatility of metal oxide-based nanoparticles (Salvadori et al. 2014).
Silver and gold metallic NPs have also been reported to have applications in
remediation. Zerovalent silver-based nanoscale adsorbents which are produced
biosynthetically by using phytoextract from Phyllanthus emblica have been shown
to be effective in remediation of mercury (Siva et al. 2013). Silver colloids have also
been explored for the adsorption of organic compounds. Green synthesis of silver
nanoparticles has also been one of the approaches with great potential for
nanobioremediation.

12.6.1.2 Bimetallic Nanoparticles (BNPs)
Microorganisms can synthesize bimetallic nanoparticles both intracellularly and
extracellularly. It has been shown that these can be applied for removal of both
organic and inorganic pollutants in an effective and inexpensive way. A very good
example is bimetallic gold-silver nanoparticles produced by using SCPs of BGA
Spirulina (Chang et al. 2011; Govindaraju et al. 2008). Apart from this, these phyto-
bimetallic nanoparticles can act as reductants which are safer than chemical
reductants. Phenol and flavonoid groups in these phyto reductants assist in reduction
and thereby imparts stability (Kumari et al. 2015). The other bimetallic nanoparticles
synthesized by biological reduction process include silver-selenium, titanium-nickel,
and gold-palladium, to name a few. Owing to a high catalytic efficiency, they have
been suggested as potential tools for environmental remediation (Litter et al. 2014).
Lastly, it needs to be mentioned that green synthesis of bimetallic nanoparticles for
nanobioremediation is a promising approach, but extensive research needs to be
carried out in this direction.

12.6.1.3 Modified Nanoparticles
As discussed above, metallic, metallic oxide, and bimetallic nanoparticles have been
used for remediation. However, there are limitations in terms of attributes like
extremely high reactivity, surface energy and magnetic properties, easy oxidation
by dissolved air in water, and nonspecific competition for adsorption by molecules
other than target pollutants. To ensure a longer residence and prevent aggregation of
these nanoparticles in remediation systems, surface modifications can be done using
polymers, silica, or other metals. Stability is achieved by coating their surface with
organic polymers or surfactants and inorganic silica, oxides, or sulfides of metals.
Surface-modified nanomaterials and nanoparticles achieve wastewater decontami-
nation by binding the contaminants over their surface, magnetic selective adsorption,
electrostatic interactions, and ligand binding (Jeevanandam et al. 2016). These
surface modifications provide additional binding sites and thus increase efficacy of
heavy metal and contaminant removal, e.g., surface modification of metallic and
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metal oxide nanoparticles by organic materials leads to extra binding sites and
facilitates higher cadmium adsorption. A combined removal of trichloroethylene
(organic) and chromium (inorganic) pollutants has been demonstrated using
agarose-iron nanoparticle hydrogel based on green synthesis (Nehru and Sivakumar
2012). Biologically synthesized smart nanoparticles and nanomaterials have been
fabricated using extracts of Amaranthus plant to form PVA-coated silver
nanoparticles. Nanocomposites consisting of silver, copper,and zerovalent iron
nanoparticles have been used for multiple remediation purposes in treating effluents
from pharmaceutical, tannery, and textile industries. In one of the reports, a
nanocomposite composed of chitosan/silver NPs, copper NPs, and carbon nanotubes
was shown to be highly effective for remediation of copper, cadmium, and lead toxic
contaminants in water in a short time of 10 min and moreover possessed regeneration
capacity making this process overall feasible (Suman et al. 2015). In another study, a
novel, multipurpose, and recyclable nanocomposite was fabricated for targeting
organic dyes, inorganic heavy metals, and microbial contaminants in water treat-
ment. This nanocomposite was composed of nanocellulose and silver nano-
embedded pebbles.

12.6.1.4 Other Nanosorbents
Chitosan methacrylic acid (MAA) nanoparticles have also been explored for adsorp-
tion of lead, cadmium, and nickel ions from water (Suvith and Philip 2014).
Akaganeite NMs have also been tested for the sorption of antimony and arsenic
derivatives (Shi et al. 2015). Nanocrystalline akaganeite (-FeOOH)-coated quartz
sand (CACQS) can be used for bromate ion adsorption in wastewater (Tang and An
1995). ArsenXnp is hybrid ion exchange material consisting of polymers and
oxidized nanoparticles which is commercially used in arsenic remediation. Simi-
larly, nanocrystalline titanium dioxide bead with trade name ADSORBSIA is effec-
tive in arsenic remediation (Jayaseelan et al. 2013b). Both ArsenXnp and
ADSORBSIA are economically feasible for small- to medium-scale remediation
systems for drinking water.

12.6.2 Transformation

The mechanism of transformation involves oxidation and reduction chemistry for
remediation of both organic and inorganic pollutants. This process is effective in
reducing metal toxicity by stabilizing oxidation states of these metals. Zerovalent
iron nanoparticles have been explored extensively in research for transformation of
heavy metal pollutants including cadmium, chromium, nickel, zinc, and lead. The
application of nanoscale zerovalent iron (nZVI) particles for transformation of
chromium has been explored at bench and field scale as well. These particles reduce
chromium by donating electrons and releasing ferrous ions, H2 molecules, active H+,
and solid minerals with iron as a result of corrosion during the process (Singh et al.
2012). In one of the reports, these nZVI particles were shown to be effective in
removing up to 85% of zinc ions in water. The dissolved oxygen in water leads to

12 Nanobioremediation: An Emerging Approach for a Cleaner Environment 323



corrosion, hence resulting into a coating of iron oxides over the surface of these
nanoparticles. This increases the adsorption and coprecipitates the zinc ions effec-
tively (Liang et al. 2014). Various organic pollutants such as polyaromatics,
pesticides, nitrosubstituted amine, and aromatics, halogenated solvents and
pesticides, organophosphates, etc. have been reduced using nanoscale zerovalent
iron particles. A redox potential cycling occurs between different oxidation states of
nanoparticles and metal ions (Rychoudhury and Scheytt 2013).

12.6.3 Catalysis

The process of catalysis plays a key role in energy production and environmental
pollution control and remediation. Catalytic efficiency determines the resultant in
above applications and is governed by number of active sites, larger surface area, and
hence smaller size of the catalytic particle (Chaturvedi et al. 2012). Nanoscale
catalysts of biological origin possess all these properties and are ecologically and
economically feasible (Neyaz et al. 2014). Photocatalysis is the extended term used
for light- or photon-based reaction catalysis. This approach can be used for biodeg-
radation and remediation of organic and inorganic pollutants. The mechanism
involves activation of semiconductor materials by irradiation in visible or ultraviolet
range which leads to electron transfer between valence and conduction band, thereby
generating holes. These holes are responsible for splitting of water into protons and
hydroxyl ions which consequently oxidize and degrade pollutants. Superoxide
anions are also generated in the process due to interaction of electrons in conductive
band with the dissolved oxygen. The redox reaction with holes and electrons causes
gradual degradation of organic compounds (Khan et al. 2015a).

Green synthesis of metal oxide-based nanoparticles, for instance, silver, titanium,
and zinc, has been suggested to have implications in photocatalytic remediation. The
advantages include cost-effectiveness, higher stability, and rate of reaction (Bhakya
et al. 2015a). Silver nanoparticles from stem bark and root extracts of Helicteres
isora have been studied for their role in reducing and degrading organic dyes such as
methylene blue, safranin, eosin methylene blue, crystal violet, methyl orange,
malachite green, etc. (Suvith and Philip 2014). Gold nanoparticles produced using
intracellular proteins extracted from Pycnoporus sanguineus have been shown to
photocatalytically degrade 4-nitroaniline. Titanium oxide-based nanoparticles of
bacterial origin have photocatalytic applications in water disinfection (Tang and
An 1995).

12.6.4 Fenton Reaction

Fenton reaction involves catalysis of hydrogen peroxide into a highly toxic hydroxyl
free radical in an advanced oxidation process for remediation of water containing
inorganic and recalcitrant organic pollutants. This approach is an alternative used in
wastewater polluted with phenolics, pharmaceuticals, oil refinery products, etc. In
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the conventional method, mostly iron oxides which are easily available and afford-
able are used as heterogeneous Fenton’s catalysts. In this reaction, H2O2 splits into
hydroxyl ions and hydroxyl radical and oxidizes ferrous into ferric ions. A second
molecule of H2O2 subsequently reduces ferric into ferrous ions and produces proton
and hydroperoxyl radicals which act as strong oxidizing agents for degradation of
pollutants. Fenton’s reaction like catalysis using hematite nanoparticles in
conjuction with white rot fungi has been reported for degradation of bisphenol A
which is a plasticizer and pollutant. The green synthesis of iron nanpoarticles in the
Fenton reaction has been used for removal of nitrate from wastewater (Wang et al.
2014). In a recent review, the utility of Fenton’s reaction and fluidized bed Fenton’s
process for assisting iron nanoparticle-based bioremediation has been emphasized.
Its application has been demonstrated in synthetic wastewater treatment and has
been tested in actual wastewater effluents (Tisa et al. 2014). A comprehensive list of
examples of NMs used in bioremediation is quoted in Table 12.1.

12.7 Types of Nanomaterials and their Applications
in Bioremediation and Biodegradation

A variety of NMs having different shapes and morphologies are used (Fig. 12.4). As
compared to other conventional tools, NMs are superior adsorbents owing to their
high surface area and reactivity, thus, beneficial for treatment of drinking water and
industrial wastewater (Khin et al. 2012).

Adsorption, photocatalysis, or reduction of contaminants attributed by NMs can
be used for treatment of wastewater (Das et al. 2015). Over the years, novel
nanoscale materials such as nanoscale zeolites, metal oxides, Pd/Fe0 bimetallic
NPs, zinc oxide, carbon nanotubes, chitosan, and graphene nanosheets have been
investigated for bioremediation. Additionally, a number of organic NMs, including
dendrimers, modified dendrimers, carbon nanotubes, calcium alginate, and
multiwalled carbon nanotubes, have been developed for removal of metals,
radionucleotide remediations, hydrogenation of toluene, and degradation of crude
oil and phenol. Likewise, TiO2 NPs, polysulfone-zVI, Ag-iron oxide/fly ash, poly
(acrylic acid)-coated Fe oxide, and chitosan-gelatin/graphene oxide have been used
for remediation of As, U, nitrate, and PCBs.

12.7.1 Metallic Nanoparticles

Iron NPs are considered as one of the first nanoparticles to be used in environmental
cleanup (Tratnyek and Johnson 2006). For remediation of contaminated land or
groundwater, the iron-based technologies used are broadly divided into two groups
on the basis of chemistry involved in the process of remediation: adsorptive/immo-
bilization technology, which uses iron as a sorbent, and reductive technology, which
uses iron as an electron donor to degrade or convert contaminants into less toxic or
mobile form (Cundy et al. 2008). However, many technologies make use of both
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processes. Another extensively studied metallic NPs are Zn NPs, a semiconductor
photocatalyst, which are capable of degrading organic dyes. A wide variety of
compounds from dyes to phenols as well as pharmaceutical drugs can be completely
degraded by Zn NPs using photocatalysis process (El-Kemary et al. 2010). Noble
metal NPs like gold and silver have tremendous applications in diverse areas. Lately,
the potential of Au and AgNPs in degradation of organic dyes has been analyzed.
Lastly, copper NPs can exceptionally degrade organic dyes.

As(III), highly toxic, mobile, and predominant arsenic species found in anoxic
groundwater, can be removed by nanoscale zerovalent iron (nZVI) (Kanel et al.
2005). Highly poisonous groundwater pollutant, As(V), can also be removed using
nZVI as a colloidal reactive barrier material (Kanel et al. 2006). From an aqueous
solution, Cr(VI) and Pb(II) can be rapidly separated and immobilized using
zerovalent iron NPs “ferragels,” which reduces the chromium to Cr(III) and the Pb
to Pb(0), whereas Fe is oxidized to goethite (-FeOOH) (Ponder et al. 2000). In
another study, anionic, hydrophilic carbon (Fe/C) and poly (acrylic acid)-supported
(Fe/PAA) zerovalent Fe-NP were used for dehalogenation of chlorinated
hydrocarbons in groundwater as well as in soils (Schrick et al. 2004). A reactive
wall can be constructed in the path of a contaminated groundwater plume using iron

Fig. 12.4 Diagrammatic illustration showing different types of nanomaterials used in bioremedia-
tion. Inset depicting the mechanisms for nanobioremediation (NPs nanoparticles)
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to degrade halogenated organic compounds (Wang and Zhang 1997). High surface-
area nickel-iron NPs (1:3 Ni/Fe) have been studied as a reagent for the
dehalogenation of trichloroethylene (TCE) (Schrick et al. 2002). PCP from aqueous
solutions can be vanished because of dechlorination by zerovalent metals (ZVMs) or
sorption to ZVM-related surfaces (Kim and Carraway 2000). Studies have been
carried out to determine capability of powdered zerovalent iron for dechlorination of
DDT and other related compounds at room temperature. In particular, DDT, DDD
[1,1-dichloro-2,2-bis(p-chlorophenyl)ethane], and DDE [2,2-bis(p-chlorophenyl)-1,
1-dichloroethylene] can be successfully dechlorinated using powdered zerovalent
iron in a buffered anaerobic aqueous solution at 20 �C, with and without the presence
of nonionic surfactant Triton X-114 (Sayles et al. 1997) .

Metal-based nanoscale adsorbents can be used for removing heavy metals, such
as Hg, Ni, Cu, Cd, As, Pd, Cr, etc. Calcium-doped zinc oxide NPs can serve like a
selective adsorbent for removal of lead (Khan et al. 2015b). NMs composed of
metallic oxide particles and magnetite and titanium oxide can adsorb heavy metals
more effectively even when compared to activated carbon which is the most
primitive and popularly used adsorbent (Mayo et al. 2007). Alternatively, metallic
hydroxide particles can be coupled with activated carbon for arsenic and organic
pollutant removal in wastewater treatment (Hristovski et al. 2009a; Hristovski et al.
2009b). Some of the most frequently used NPs of metallic oxide nature used in
wastewater remediation include oxides of Mn, Cu, Ce, Mg, Ti, Fe, AgNPs, and
titanate nanoflowers (Gupta et al. 2011a; Goswami et al. 2012; Cao et al. 2010; Gao
et al. 2008; Luo et al. 2010; Fabrega et al. 2011; Feng et al. 2012; Huang et al.
2012a). Titanate nanoflowers display higher adsorption capacity as well as selectiv-
ity as compared to titanate nanotubes and nanowires. Further, Zhang et al. prepared
arrays of magnesium hydroxide nanotubes to form Mg(OH)2/Al2O3 composites in
order to remove nickel ions from contaminated water (Zhang et al. 2006). A detailed
list of metallic NPs used for bioremediation is covered in Table 12.2.

12.7.2 Enzyme NPs in Bioremediation

Enzymes are biological catalysts and play an important role in bioremediation.
However, there are limitations such as short half-life and stability as well as
manufacturing and purification cost which restrict their use in remediation. These
limitations can be overcome by coupling them with magnetic nanoparticles. These
make the process of separation of reactants and products from their sites easy under
the influence of magnetic force. In a study, trypsinase and peroxidase enzymes have
been attached to core-shell magnetic nanoparticles, and it was observed that these
modified enzymes had a significant increase in half-life, activity, and stability. The
magnetic nanoparticles conferred higher lifetime to these enzymes by shielding them
from oxidation process. Also, magnetic properties enhance efficiency and post-
catalysis productivity (Qiang et al. 2007).
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Table 12.2 Metallic NPs used for bioremediation

Metallic
NPs Remediating moiety Reference

AuNPs 4-Nitrophenol Huang et al. (2009)

Methylene blue Gupta et al. (2010a)

Tertiary dye effluent (methyl orange, acid orange
10, acid red 88)

Sathishkumar et al. (2013)

Methylene blue Suvith and Philip (2014)

AgNPs Methylene blue Morones et al. (2005)

Textile effluent Corso and De Almeida
(2009)

4-Nitrophenol Gangula et al. (2011)

Coomassie brilliant blue G-250 Arunachalam et al. (2012)

Congo red Modi et al. (2015)

Organic dyes (methyl violet, eosin, safranin, methyl
orange, methylene blue)

Bhakya et al. (2015b)

Cu NPs Dichloromethane Huang et al. (2012b)

Methylene blue Sinha and Ahmaruzzaman
(2015)

Methyl orange Soomro and Nafady (2015)

Zn NPs 4-Chlorocatechol Kamat (2002)

Resorcinol Pardeshi and Patil (2009)

Fuchsine Zhou et al. (2009)

Congo red and benzopurpurine 4B Elaziouti and Ahmed
(2011)

Rhodamine B Zhao and Wang (2011)

Phenol Kruefu et al. (2012)

Cd(II) Srivastava et al. (2013)

Rhodamine B Ali et al. (2013b)

Methylene blue Srivastava and Thakur
(2006)

Methylene blue Jain et al. (2014)

Direct red 23 Kumar et al. (2014)

Eriochrome black-T dye Kazeminezhad and
Sadollahkhani (2014)

Brown CGG dye Islam et al. (2015)

Formaldehyde Darvishi Cheshmeh Soltani
et al. (2015)

Malachite green Khezami et al. (2016)

Organic dyes Sanna et al. (2016)

FeNPs Pentachlorophenol Kim and Carraway (2000)

Perchlorate Moore et al. (2003)

Chlorinated ethanes Song and Carraway (2005)

Alachlor, pretilachlor Kim et al. (2006)

Ni(II) Li and Zhang (2006)

Brominated methanes Lim et al. (2007)

(continued)
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12.7.3 Engineered Polymeric NPs

Polycyclic aromatic hydrocarbons (PAHs) are a major pollutant in environment.
Hydrophobic nature of these compounds makes them recalcitrant and insoluble and
immobilizes them within soil. These compounds get sequestered and become
unavailable by partitioning in nonaqueous phase. Modified polymeric nanoparticles
are being used effectively to increase their solubility and availability making them
accessible for biodegradation. An example is poly(ethylene)glycol-modified ure-
thane acrylate (PMUA) precursor chain which helps in increasing bioavailability of
sorbed and NAPL-sequestered phenanthrene and thus enhances effective rate of in
situ mineralization of phenanthrene. In pumping and treatment-based water remedi-
ation process, bioreactors can recycle the extracted nanoparticles. These PMUA NPs
are stable in a heterogeneous microbial population and thus recyclable after phenan-
threne or other PAH is bound and subsequently biodegraded (Tungittiplakorn et al.
2005). Amphiphilic polyurethane (APU) NPs composed of polyurethane acrylate

Table 12.2 (continued)

Metallic
NPs Remediating moiety Reference

4,40-Dinitrostilbene-2,20-disulfonic acid Fan et al. (2007)

RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) Naja et al. (2008)

Dibenzo-p-dioxins and furans Kim et al. (2008)

Lindane, atrazine Joo and Zhao (2008)

Polychlorinated biphenyls (PCBs) Choi et al. (2008)

Atrazine Satapanajaru et al. (2008)

Alachlor and atrazine Bezbaruah et al. (2009)

Pyrene Chang and Kang (2009)

Cu(II), Cr(VI) Huang and Chen (2009)

As(V), Cr(VI) Pradeep (2009)

Cr(VI) Cutting et al. (2010)

Pb(II), hg(II) Ambashta and Sillanpää
(2010)

Metolachlor Santornchot et al. (2010)

Cu(II), Pb(II) Mahdavian and Mirrahimi
(2010))

Trichloroethylene Smuleac et al. (2011)

Cationic and anionic dyes Shahwan et al. (2011)

Nitrate Ryu et al. (2011)

Chlorobenzene Lee et al. (2011)

Uranium Fan et al. (2012a)

Dichloroethane Wei et al. (2012b)

Cr(VI) and cd(II) Li et al. (2013a)

Cd2+ Boparai et al. (2013)

Dissolved sulfides Chaung et al. (2014)
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anionomer (UAA) have also been used for remediation of PAHs locked up in soil by
enhancing their desorption and transport in a similar way as surfactant micelles but
have greater stability. APU particles have hydrophobic interior with a high affinity
for phenanthrene (PHEN) and hydrophilic surfaces that promote particle mobility in
soil. Size of the hydrophobic segment in chain synthesis influences affinity of APU
particles toward pollutants and charge density over the surface influences its mobil-
ity within soil. The ability to control particle properties offers the potential to
produce different NPs optimized for varying contaminant type and soil condition
(Tungittiplakorn et al. 2004).

In a case study, chitosan-grafted biopolymer was studied for adsorption of metal
ions. The underlying mechanisms involved are speculated to be chelation, electro-
static interactions, and ion pair formation (Guibal 2004). Other than these, complex-
ation and diffusion might occur due to van der Waals and hydrophobic interactions,
H bond, and ion exchange (Varma et al. 2004; Saha and Sarkar 2012). Apart from
these, iron-oxide-coated sand (Devi et al. 2014) and magnetic nanoparticles
(Ekramul Mahmud et al. 2016) encapsulated with polymer exhibit very high poten-
tial for heavy metal remediation.

12.7.4 Carbon Nanomaterials

Initially, activated carbon was used as an adsorbent for metal ion pollutants in
remediation process; however, it was not effective at levels as low as in parts per
billion. With technological development and research, new generation of carbon-
based materials such as fullerenes, graphenes, and carbon nanotubes (Fig. 12.5)
replaced activated carbon (Mauter and Elimelech 2008). Although activated carbon
is a better adsorbent, it has limitations in remediation of heavy metals like a (Daus
et al. 2004). Carbon-based nanomaterials such as nanocrystals and carbon nanotube
(s) (CNT(s)) have extraordinary features which can have a broad range of environ-
mental applications, namely, as sorbents, high-flux membranes, depth filters, anti-
microbial agents, environmental sensors, renewable energy sources, and pollution
prevention (Mauter and Elimelech 2008). Single-walled, multiwalled, and hybrid
carbon nanotubes (SWCNTs, MWCNTs, and HCNTs) have tested for remediation
of ethylbenzene-contaminated water. It was observed that SWCNTs were more
efficient. Thus, it could be used for water remediation and prevent environmental
and health hazards of ethylbenzene (Bina et al. 2012). Recently, cyclodextrins
(CD) and CNT(s) have been used for detecting and treating water pollutants.
CDco-hexamethylene/toluene-diisocyanate polyurethanes and CNT-modified
equivalents have been used in reducing the level of organic contaminants in water
up to very low levels. An eco-friendly adsorbent, CNTs immobilized by calcium
alginate (CNTs/CA) have been used for remediation of copper up to 69.9% even in
acidic pH conditions (Li et al. 2010a). CNTs can be modified according to the target-
specific pollutants. MWCNT(s) (Kandah and Meunier 2007a) and magnetic
MWCNT nanocomposites have been used for remediation of water polluted with
nickel and cationic dye, respectively (Gong et al. 2009a).
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12.7.5 Nanofibers

Nanofibers are ultrafine nanomaterials made of metals, polymers, or ceramics by a
simple and low-cost process called electrospinning (Cloete et al. 2010; Malwal and
Gopinath 2016). The design of nanofibers, i.e., its composition, spatial organization
morphology, and diameter, is influenced by their applications. They are porous and
have large surface area and thus can form mats with complex pore structures. These
have been utilized in air filtration on a commercial scale; however, their application
in water remediation is still elusive. Nanofibers can remove microparticles at a high
rate from water and are therefore used in preliminary treatment followed by ultrafil-
tration or reverse osmosis (Peng et al. 2015). Nanoparticles with specific functional
groups or materials like titanium dioxide are incorporated into nanofibers during
electrospinning, and then these are used in production of membrane filters for
multipurpose applications. Electrospun polyacrylonitrile nanofiber mats are used
as potential adsorbents for heavy metal ion remediation (Kampalanonwat and
Supaphol 2010). Carbon nanofibers grown on iron (Fe) are being used for remedia-
tion of wastewater polluted with arsenic (V) (Gupta et al. 2010b). Nickel oxide
nanofibers which have been fabricated using poly(ethylene oxide) template have
been studied for their use in degradation of dyes in water effluents (Malwal and
Gopinath 2015).

Fig. 12.5 Nanomaterials with different types of morphologies for various applications. (a, b) TEM
image of nano-Fe0 particle in the suspension. (c) TEM image of synthesized biogenic AgNPs. (d, e)
Schematic structures of SWCNT and MWCNT. (f, g) TEM image of SWCNT and MWCNT
(Figure reproduced with copyrights permission from Kumar et al. 2017; Gowramma et al. 2015;
Eatemadi et al. 2014)
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12.7.6 Dendrimers

These nanoscale polymers are highly branched monodispersed macromolecules with
potential applications first reported by Buhleier et al. (Buhleier et al. 1978), Tomalia
et al. (Tomalia et al. 1984), and Newkome et al. (Newkome et al. 1985). The
dendrimer structure has specific composition and has three components, namely, a
centralized core, interior, and terminal branch cell (Undre et al. 2013a). The presence
of voids in the structure facilitates interaction with other substance (Undre et al.
2013b). Dendrimers can therefore make composites with nanoparticles for enhanc-
ing catalytic activity and can be effectively used for water and dye remediation. The
advantages include increased reactivity, surface area, and decreased toxicity making
them ideal for use in clean water recovery units, e.g., PAMAM dendrimers. Apart
from this, filtration units with titanium oxide porous ceramic filters with pores
impregnated with an alkylated poly(propylene imine) dendrimer or poly
(ethyleneimine) hyperbranched polymer, etc. has been designed for organic pollut-
ant remediation. Dendrimers possess hydrophobic interior for adsorbing organic
pollutants and possess a hydroxyl or amine group on the surface exterior to capture
heavy metals. The dendrimer in an ultrafiltration system can thus recover copper ions
(Rao Kotte et al. 2015). After the adsorption process, the dendrimers along with
heavy metal ions can be regenerated in acidic conditions as well.

12.7.7 Photocatalytic

Photocatalysis as described in the mechanisms section is one of the most important
and effective pretreatment approaches for remediation of nonbiodegradable and
toxic pollutants. However, decreased activity and slow kinetic reaction are major
obstacles in their use (Qu et al. 2013). Nanoscale semiconductor materials like
oxides of zinc, titanium, and tungsten and cadmium sulfide have been used for
photocatalytic remediation applications. These are easily available, affordable, and
very less toxic in nature (Lin et al. 2005; Jing et al. 2006; Nakataa and Fujishima
2012).

12.7.8 Biogenic Uraninite NPs

Biogenic uraninite nanoparticles have a considerable small size and biological
origin, making them interesting option for uranium remediation. Irrespective of its
very small size, the molecular-scale structure, surface area, energy, and dissolution
rates of hydrated biogenic uraninite are similar to coarse abiotic uranium oxide.
These observations have suggested nanoparticle size to be a factor determining
aqueous reactivity and bioremediation of subsurface uranium iron pollution (Bargar
et al. 2008). An inclusive list of NMs used in the remediation of organic and
inorganic pollutants is covered in Table 12.3.
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Table 12.3 Nanomaterials used in the remediation of organic and inorganic pollutants

Nanoscale materials
(NMs/NPs) Pollutants Reference

Organic NMs

Dendrimers (PAMAM) Binding of Cu(II), iron
chelators, radionuclide
remediation, metal ion
remediation

Ottaviani et al. (2000),
Diallo et al. (2005),
Mankbadi et al. (2011), Guo
et al. (2012), Barakat et al.
(2013)

Modified dendrimers
(PAMAM/TiO2)

Remediation of Cu(II), Ni(II),
and Cr(III)

Crump et al. (2008)

Dendrimer-encapsulated
nanoparticles (DENs)

Cobalt (Co) oxidation and
toluene hydrogenation

Xia et al. (2019)

Carbon nanotubes (CNTs) Ethylbenzene Bina et al. 2012

CNTs/Ca-alginate Cu(II) removal Li et al. (2010b)

CeO2-CNTs Heavy metal ions Peng et al. (2005), Di et al.
(2006)

Multiwalled CNTs
(MWCNTs)

Cationic dyes, crude oil
degradation, Ni(II),
naphthalene

Kandah and Meunier
(2007b), Cho et al. (2008),
Gong et al. (2009b),
Abbasian et al. (2016)

Hybrid CNTs (HCNTs) Ethylbenzene Sharma et al. (2018)

CNT/Ce-TiO2 Phenol degradation Shaari et al. (2012)

CNTs/Fe-Ni/TiO2 Degradation of methylene
blue

Ma et al. (2014)

MWCNT/ZnO Acetaldehyde degradation Saleh et al. (2011)

CS-MWCNT Degradation of Congo red Chatterjee et al. (2010)

MWCNTs/PAAM Pb(II) removal, Pb and organic
compound removal

Gupta et al. (2011b), Yang
et al. (2011)

Chitosan nanoparticles Pb(II) removal Qi and Xu (2004)

Magnetic chitosan/graphene
oxide (MCGO)

Pb(II) removal, methylene
blue

Fan et al. (2013), Ramesha
et al. (2011)

Modified magnetic chitosan
chelating resin (CSIS)

Adsorption of Cu(II), Co(II),
Ni(II)

Monier et al. (2010)

Chitosan derivatives
(chitosan-GLA)

Pb(II) biosorption Ngah and Fatinathan (2010)

Ethylenediamine-modified
magnetic chitosan
nanoparticles (EMCN)

Adsorption of dyes Castillo et al. (2014)

Graphene nanosheets (GNSs) Heavy metal removal Huang et al. (2011), Fan
et al. (2012b)

Exfoliated graphene oxide and
reduced graphene oxide (EGO
and RGO)

Adsorption of anionic and
cationic dyes

Zhou et al. (2011)

Polypyrrole-reduced graphene
oxide (PPy-RGO)

Adsorption of Hg(II) Chandra and Kim (2011)

Chitosan-gelatin/graphene
oxide (CGGO)

Removal of arsenic (As) Chandra et al. (2010)

(continued)
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Table 12.3 (continued)

Nanoscale materials
(NMs/NPs) Pollutants Reference

Self-assembled perylene-
3,4,9,10-tetracarboxylic
diimide-NH(PDINH)
supramolecular system

Degradation of phenol,
methylene blue (MB),
rhodamine B (RhB), methyl
orange (MO), bisphenol A
(BPA)

Liu et al. (2016)

7,7,8,8-
Tetracyanoquinodimethane-
perylene tetracarboxylic
diimide (TCNQ-PTCDI)

Phenol degradation and
oxidation of water

Zhang et al. (2016)

NH2-MIL-68@TPA-covalent
organic framework
hybridmaterial (NH2-MIL-
68@TPA-COF)

Organic pollutant degradation Peng et al. (2018)

Graphene quantum dots/Mn-
N-TiO2/g-C3N4 (GQDs/
TCN)

Photodegradation of organic
pollutants, like p-nitrophenol,
diethyl phthalate, and
ciprofloxacin

Nie et al. (2018)

PTCDI/P25 TiO2

nanoparticles
Decomposition of MO,
phenol, and formic acid

Wei et al. (2016)

Zeolites Heavy metals Oliveira et al. (2004),
Kocaoba et al. (2007), Guan
et al. (2010), Mallard et al.
(2015)

β-Cyclodextrin-zeolites Organics Jia et al. (2009)

Inorganic NMs

TiO2 Organic, arsenic, γ-HCH Varshney et al. (2016),
Wang et al. (2016), Jing et al.
(2009)

3D MnWO4-TiO2 Degradation of dye Xu et al. (2007)

Ti3+ self-doped mesoporous
TiO2

Organics Hassan et al. (2015)

TiO2/LDH Dye removal Wen et al. (2015)

Ni/Pt-doped TiO2 Degradation of rhodamine B
dye

Shao et al. (2014)

Titanium phosphate Heavy metal removal Pol et al. (2016)

Polyacrylic acid-modified
nZVI (PAA-nZVI)

Heavy metal arsenate removal Laumann et al. (2013)

3MPA-SPION Uranium, ammonium,
bisphenol A

Morillo et al. (2015), Zare
et al. (2016)

Nano-Fe3O4 Uranium, plutonium, nitrate,
cadmium, chromium,
antimony

Crane et al. (2011), Li et al.
(2011a), Dorjee et al. (2014)

Iron NPs-Ca alginate Inorganic nitrate removal Georgiou et al. (2015)

Polysulfone-zerovalent iron As(III) remediation Fresnais et al. (2013)

Polyacrylic acid-coated iron
oxide

Dye removal Shi et al. (2013))

(continued)
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12.8 Nanobioremediation in Marine Ecosystems

In the recent past, diverse technologies (to be specific physical, chemical, biological)
have been proposed and adopted for protecting and restoring marine environment
from various pollutants. Most of these technologies have established their signifi-
cance in retort contingency plans set for marine oil spillage. In a broad sense,

Table 12.3 (continued)

Nanoscale materials
(NMs/NPs) Pollutants Reference

Kaolinite-supported Fe/Ni
nanoparticles Ag-iron oxide/
fly ash

Simultaneous catalytic
remediation of lead and nitrate

Joshi et al. (2015)

G-nZVI Polychlorinated biphenyls Jabeen et al. (2013)

IONPs immobilized in
PEG/nylon membrane

Pb(II) absorption, treatment of
Pb(II)-contaminated water,
nitrobenzene

Tong et al. (2011)

MNHFO Adsorption of as(III) Gupta et al. (2010c)

IONPs embedded in orange
peel pith

Cr(VI) removal López-Téllez et al. (2011)

Fe(II)-montmorillonite Cr(VI) removal Vinuth et al. (2015)

FeS Metals (Hg) and halogenated
organics

Xiong et al. (2009);
Henderson and Demond
2013)

Copper oxide Removal of methylene blue,
dechlorination of organic
dichloromethane

Mustafa et al. (2013)

CdSe Photocatalytic degradation of
dye

Harris and Kamat (2009)

CdS Cd(II) removal, organic dye Raj et al. (2016), Pant et al.
(2014)

Zinc oxide Photo remediation of heavy
metals, pharmaceuticals, toxic
dyes and chemicals, thorium

Banerjee et al. (2012),
Choina et al. (2015)

Hydrous cerium oxide (HCO) Cr(VI) removal Albadarin et al. (2014)

Bimetal iron(III)-titanium(IV)
oxide (NHITO)

Arsenic removal Gupta and Ghosh (2009)

Fe/Pd nanoparticles Dye removal Luo et al. (2016)

CMC-stabilized Pd/FeNPs Pentachlorophenol
remediation

Yuan et al. (2012)

Fe-Mn oxide nanoparticles As(III) immobilization An and Zhao (2012)

Pd/Fe0 bimetallic NPs Degradation of γ-HCH Singh et al. (2012)

Ni/Fe nanoparticles Dechlorination of PCB Seteni et al. (2013)

N-F-TiO2 Bisphenol A He et al. (2016)

Au/CdS nanoparticles Cyanide solution Aazam (2014)
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biostimulation (stimulating the growth of indigenous microorganism) and
bioaugmentation (inoculating external degrading bacteria) are recognized as
promising approaches for decontaminating/detoxifying a polluted site with minimal
degree of impact on ecological system (Hassanshahian et al. 2012). Though biore-
mediation offers versatility in application and is seen as a flexible and excellent
strategy for recovering pollutants, it is practically ineffective in case of higher
concentrations of pollutants, xenobiotics, refractory compounds, etc., resulting in
untenable recovery time and treatment efficiencies (Mapelli et al. 2017). Considering
these things, nanotechnological developments and integration of NMs represent a
potential solution to deal with pollutants to facilitate bioremediation and thereby
surpass the allied limitations for ex situ or in situ applications. Moreover, a combined
approach emerges to embrace a quite wider range of crucial applications with greater
cost cutting and control over formation of undesired by-products (Cecchin et al.
2017b; Yadav et al. 2017).

In context of all these facts, it seems fascinating to make use of NPs and other
NMs in optimization of varied recovery strategies implied in harsh environmental
conditions as like the Antarctic and Arctic areas (Cappello et al. 2014). The
traditional bioremediation strategies (bioaugmentation and/or biostimulation) are
minimally effective under the odd polar environmental conditions corresponding
to reduced bacterial catalytic rate, and thus NPs and NMs can offer numerous
efficient ways for dealing with this problem.

12.9 Nanobioremediation in Air Pollution

Frequent exposure to sulfur oxides, nitrogen oxides, and volatile organic compounds
(VOCs) can lead to potential human health damages and could also result in severe
symptoms (Husken et al. 2009; Li et al. 2011b; Zhu et al. 2017). To be more
particular, the VOC concentration indoor always supersedes the outdoor one. The
most widely adopted approaches for removing VOCs are enhancing ventilation rate,
pollutant source control, and cleaning of air (Okachi and Onaka 2004; Yu and Jeong
Tai 2010). Nowadays most advanced air purifying or cleaning systems are usually
based on adsorbents like activated carbon, photocatalysis, or ozonolysis (Guerra
et al. 2018a; Huang et al. 2016; Jeong et al. 2005; Liu et al. 2017; Lofrano et al.
2017; Solsona et al. 2016; Wang et al. 2018; Yu and Kim 2012; Zou et al. 2006).
Currently, the most effective method to regulate VOCs and gaseous oxides in
ambient air purification is by photocatalytic oxidation (Boulamanti and
Philippopoulos 2009; Farhanian et al. 2013; Ifang et al. 2014). Activated carbon
or natural coal (e.g., wood or coconut shells) can be used for adsorption of VOCs.
But this process is expensive and cumbersome as the adsorbent cannot be
regenerated and hence nonreusable (Khan and Ghoshal 2000). Zeolite (Vidal et al.
2012), mesoporous organosilica (Moura et al. 2011), and low-cost materials (e.g.,
green coconut shells, etc.) (Crisafully et al. 2008) are being explored for adsorption
of VOCs.
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Nanotechnological developments and advanced NMs are not only having
promising applicability in water and soil treatment for removing respective
pollutants but also are of great significance in getting rid of pollutants from air
(Guerra et al. 2018b; Masciangioli and Zhang 2003; Vaseashta et al. 2007; Wang
et al. 2018; Xiong et al. 2018; Yunus et al. 2012). In the upcoming lines we are
briefing a few prominent examples of applications of NM-based approaches in
cleaning air. Many reports cover such implications involving volatile organic
compounds (VOCs) and toxic gases such as metal oxides and metals (Sinha and
Suzuki 2007), polymers (Guerra et al. 2017), silica (Nomura and Jones 2013),
plasmonic (Wang et al. 2013), and carbon (Lithoxoos et al. 2010; Ong et al. 2010).

The potential use of NMs for cleaning air basically depends on several factors like
air type, recycling processes and recovery processes of NMs, etc. Metal oxide and
metal-based NMs have further widened the scope of nanometallic component
applications in removal of VOCs and gases. Few selective examples of such attempts
are use of mesoporous Fe oxide for VOC (toluene and propane) oxidation (Som et al.
2010), use of titanate nanotubes for specific catalytic reduction of gases (NH3, NO2)
(Camposeco et al. 2014; Chen et al. 2013; Lee et al. 2017), and AuNPs with highly
porous Mn oxide for removing organic pollutants from indoor air (hexane, toluene,
acetaldehyde), etc. (Sinha and Suzuki 2007). According to the researchers, the said
pollutants from the air were efficiently removed and degraded in a much better way
than that of the conventional catalytic systems. Silica NMs exhibit high adsorption
capacity and have been deeply studied and utilized for gaseous contaminant remedi-
ation. For example, silica NMs have been developed in form of amine-modified
xerogels and were used for removing H2S and CO2 from natural gas (Huang et al.
2003), and porous silica and amine-modified aluminosilicate were used for selec-
tively removing ketones, aldehydes, and CO2 (Bollini et al. 2011; Drese et al. 2011;
Hazen 2018). All these silica-based NMs work on basis of covalent or ionic bonding
among amine functional group of NP surface and molecule of interest, which offers
rapid capture of materials of interest with greater selectivity (Guerra et al. 2018a,
2018b). In a research attempt, Guerra et al. have developed polymeric NPs followed
by surface activation via incorporation of amine functional groups onto the surface
using poly(ethyleneimine). The surface-activated NPs exhibited higher VOCs cap-
turing capacity with greater efficiency. In a similar fashion, functionalized polymeric
NPs were also prepared for capturing aldehyde and carboxylic acid gaseous
pollutants (Gethard et al. 2011; Campbell et al. 2015). Apart from these, plasmonic
NMs have also depicted promising potential in this meadow owing to their
customized properties (Wang et al. 2013, 2018).

12.10 Bioremediation of Electronic Waste

Electronic waste usually referred as “e-waste” is obtained from integrated circuits of
discarded and obsolete electronic goods such as laptops, computers, mobile phones,
radios, iPods, printers, batteries, etc. to list a few. Almost all components (>90%) of
integrated circuits can be reused and recycled. Furthermore, many heavy metals
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forming part of such circuits (e.g., As, Cu, Si, Fe, Pb, Hg, Zn, Cd, Ba, and Cr) are
valuable and reasonable for recycling. Recycling of these e-wastes via chemical
and/or physical treatments using varied reagents and strong acids is prone to be
hazardous and non-economical and further enhances burden on the environment. On
the contrary, use of biological methods for synthesizing NPs and NMs via
microorganisms and plant extracts can be an effective way for recycling, which is
quite safe and economical too. In a scientific report, Majumder et al. have used
Lantana camara weed leaf extract and microbes (Pseudomonas and Fusarium) for
extraction of Cu as NPs from integrated circuits of e-wastes. The efficiency of
extraction reported using the biological tool was much higher, and this research
thereby demonstrated application of biological methods in bioremediation of metals
from e-wastes, which is economical as well as eco-friendly (Majumder 2012).

12.11 Advances in Nanobioremediation Technology

One of the key aspects of nanobioremediation is implication of biotechnological
tools for environmental cleanup. It mainly encompasses three noteworthy attributes,
viz., (a) use of clean, benign, green NMs; (b) provision of solution for removing
harmful materials from polluted sites; and (c) utilization as sensor for environmental
variability (Tratnyek and Johnson 2006).

To be particular, “environmental improvements” can be achieved by putting
efforts in the nanobioremediation and its prominent phenomenon recognized as
reactive or adsorptive techniques which can be applied on-site (known as in situ)
or off-site (known as ex situ) for removal of pollutants. The former technique works
on the basis of sequestration for heavy metal contaminant removal, while the later
technique works by degrading organic contaminants.

For a long-term mitigation of environmental pollutants, implication of these
nanobiotechnological strategies is the need of time. Diverse biogenic NMs devel-
oped for the remediation purpose and explored for the same include metal oxide
variants and noble metals particularly titanium dioxides and bimetallic forms.
Among these all, nanoscale zerovalent iron (nZVI) and nZVI derivates are noted
to be more significant in nanoremediation. Researchers have reported encouraging
applicability of these NMs in degradation of unrelenting organic compounds and
removal of toxic metals such as arsenic and chromium (Thome et al. 2015a).

Owing to its cost-effectiveness, higher efficiency, and application at large scale,
in situ treatment of contaminants is most feasible and usually preferred approach.
The principle involves injection of nZVI into porous contaminated sites such as
sediments, aquifers, and soil. The accelerated degradability of pollutants in turn of
nZVI’s higher reactivity has been well established in many reports of literature.
However, sequential reduction and loss of reactivity with aging and pollutant
agglomeration are major hurdles in abundant use of nZVI in bioremediation
(Reddy and Adams 2010; Yan et al. 2013). Considering these facts, attempts have
been made to improve the reactivity, stability, and mobility of nZVI via surface
coating with organic polymers, e.g., lactate, guar gum, etc. These attempts to modify
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nZVI properties and action potential were a big success, and post-coating nZVI
depicted improved aforementioned characteristics (Reddy et al. 2014). In this fash-
ion, augmented site decontamination has been achieved via a simple strategy.

The general mechanism of bioremediation process starts with reduction of con-
taminant level followed by biodegradation of the same, till the contaminant level go
down than risk level. Along with the water and/or wastewater and soil treatment,
nowadays air pollution monitoring and air pollutant control are also in progression
with advancements in nanotechnological approaches. Carbon nanotubes have shown
manyfold absorption of dioxin than that of activated carbon owing to its higher
surface area in nanoform. Nanobiotechnological approaches in nanobioremediation
are still in progressive stage, since advancements allied to their shape, size, and
surface chemistry are yet to be optimal. Moreover, making use of these NMs for
nanobioremediation will certainly cause release of these NMs in different strata of
environment, and mankind would be surely exposed to them via ingestion, inhala-
tion, injection, topical contact, etc. Thus, to assess toxicity on biological systems and
to confirm the degree of safety of these fabricated NMs, a thorough in-depth research
is the need of the hour.

12.12 Pros and Cons of Nanomaterials in Bioremediation

Though NPs offer promising outcomes in contaminated site treatment and removal
of pollutants, a few tribulations are associated with their reactivity loss with passing
time, transportation, and effect on microbes (Bhakyaraj et al. 2017; Li et al. 2017).
FeNPs exhibit a loss in reactivity post certain time period and also depict a blocking
effect in soil via blocking the soil pores, which prevents passage of liquids through
soil. Researchers proposed use of stabilizers like lactate to enhance mobility of
FeNPs in soil consequently facilitating their transport in soil (Soni and Prakash
2012a, b).

Another major concern with the NPs is the toxicity of metallic and nondegradable
nanomaterials on microbial strains and communities. Till date numerous experimen-
tal assessments have been performed to determine effects of NPs on microbes, and
results of these studies are conflicting (Soni and Prakash 2012c). Few studies
reported inhibitory effects on microbes like Escherichia coli and Staphylococcus
aureus (Soni and Prakash 2014, 2015; Morrison et al. 2002). On the contrary, in few
other research studies, clear stimulation of NPs as electron donors on microbes has
been reported (Zhang 2009; Naraginti and Sivakumar 2014).

As we all know, soil microorganisms are enormously imperative for the natural
cycle of nutrients in the environment, and they possess the ability of naturally
degrading organic contaminants and/or of reducing and immobilizing the heavy
metals. Hence, a radical reduction in these microflora could result in weakening of
contamination resistance of soil (Prasad and Jha 2009; Mashrai et al. 2013). Apart
from this, toxic effect of nano-iron oxide-based nanoparticles has tendency to disrupt
the cell membrane by generating reactive oxygen species which ultimately lead to
cell death. In addition, absorption of nutrients via cell membrane is hindered by
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nano-iron oxide compounds, thereby inhibiting their growth (Chong et al. 2010;
Turner 2017). However, nano-iron oxide-based compounds have not been reported
to show any adverse effects on the growth of fungal colonies (Thome et al. 2015b;
Tratnyek and Johnson 2006). To reduce the toxicity level of iron NPs, many
researchers have even proposed coating of these particles with organic polymers.
Furthermore, several studies have proved that for resisting and countering toxicity of
NPs, sometimes even microbes produce array of specific degrading enzymes (Zhang
et al. 2018; Zeng et al. 2015).

In case of Cu NPs, it has been established that their toxicity varies with respect to
change in their size, and they have depicted varied effects during in vivo toxicity
assessment based on particle size (Chen et al. 2006). In addition, excessive Cu intake
leads to jaundice, hemolysis, hepatocirrhosis, lipid profile imbalance, renal dysfunc-
tion, oxidative stress, etc. and could be fatal as well (Bertinato and L’Abbé 2004;
Zietz et al. 2003; Galhardi et al. 2004). Cu NPs’ potential to cause nephrotoxicity
and hepatotoxicity along with severe spleen injuries has been confirmed in experi-
mental rat and mouse models. Moreover, they have also induced gill toxicity when
assessed using zebrafish model. Few researchers have even reported DNA damaging
capability of Cu NPs (Li et al. 2013b).

The emergence of Ag and AuNPs in bioremediation holds promising future
applications in diverse areas. Despite their numerous plus points in terms of synthe-
sis, degrading efficiency, and long-term reactivity, toxicity of Ag and AuNPs
remains a crucial concern. In fact there is lack of plenty information about the
short-term and long-term effects on these NPs on health and environment. As like
Cu NPs, even AuNPs exhibit varied properties and toxicity profile based on their
shape and sizes (Chen et al. 2009). Rod-shaped AuNPs were assessed for toxicity on
human keratinocyte cells (HaCaT) and noted to cause significant toxic effects on the
same. In addition AuNPs have depicted potential of impairing mitochondrial integ-
rity of human adenocarcinoma breast cells (Chithrani et al. 2006; Qiu et al. 2010).
Furthermore, AgNPs have also reflected genotoxic and cytotoxic responses on
human cell lines along with ROS induction and mitochondrial dysfunction conse-
quently leading to damaged DNA and chromosomal anomaly (Sambale et al. 2015).

12.13 Conclusion

Green synthesis of nanoparticles and recycling the synthesized particles for
subsequent remediation process can help us to attain a sustainable and circular
resource-waste economy. Biosynthesis gives an alternative to minimize chemical
synthesis and is simple, cost-effective, and time saving. Zn, Ag, Au, Fe, Cu, and
other nanoparticles have been synthesized by this process. On the contrary, biosyn-
thesis of FeNPs using microorganisms needs to be studied in detail as it is signifi-
cantly involved in degradation of many organic compounds and dyes. Green
synthesis of metal NPs is one of the exciting domains in the current scenario. Not
only have nanomaterials been utilized for the treatment of wastewater, groundwater,
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and soil, but the technology of nanobioremediation has also been well studied and
extended to air pollution detection and control, managing uranium, and e-wastes.

12.14 Nanobioremediation: Way Forward

Nanotechnology has potential applications in the environment remediation in
aspects like sensor fabrication, effluent treatment, toxic pollutant remediation, soil
reclamation, and green synthesis. The demand for nanoscale materials, tools, and
devices has increased globally. However, the effects of exposure in the long run,
details of pathways, and actual fate and bioaccumulation are naive areas which need
to be studied thoroughly. The green manufacturing aspects of nanotechnology could
help in in situ or pollutant remediation at the source. This has great impact in
lowering the energy input and costs of process and logistics. Taking into consider-
ation all the above factors, process for production and application of these
nanomaterials needs to be designed for monitoring and cleanup of pollutants in
environment.
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Bioelectrochemical System
for Bioremediation and Energy Generation 13
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Abstract
Bioelectrochemical systems (BESs) are one of the rising technologies capable of
converting chemical energy into electric energy and vice versa by achieving
simultaneous wastewater bioremediation. The microorganisms involved in the
process are the core of BESs as they catalyse the oxidation of organic matter
present in wastewater to produce electrons. While the chemical energy present in
wastewater is converted into electrical energy in a microbial fuel cell (MFC), the
electrical energy is being used to produce chemicals in a microbial electrolysis
cell (MEC). Similarly, appropriate use of ion exchange membranes makes MFC
capable of desalinating saline water and also facilitates recovery of nutrients from
wastewater. The BESs have also proved its efficiency in utilising the solar energy
for application in photosynthetic MFC employing microalgae as well as higher
plants. Moreover, wastewater bioremediation in MFCs has extended its applica-
bility in treating diverse waste streams starting from industrial and domestic to
wastewater containing dye, organo-chloride, nitrate, ammonia, etc. Most remark-
able advancement in BES research started with the recovery of value-added
products including heavy metals, apart from generation of power. Even though
innovative designs and low-cost efficient materials for electrodes, catalysts and
proton exchange membranes (PEMs) for application in BESs have been devel-
oped, there are quite a few challenges of BESs that need to be addressed to take
this technology forward. This chapter showers light on the microbial aspects of
BES, with special focus on MFC, along with a thorough discussion on the recent
developments in BES research emphasising its bottlenecks and challenges.
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13.1 Introduction

Water is one of nature’s precious gifts to mankind that is a renewable resource,
however at the same time a finite resource too. Apart from the fact that every living
organism needs water for survival, water plays a crucial role in the sustainability of
industrial, agricultural and production sectors. Water use has more than tripled
globally since the 1950s, and one out of every six persons does not have regular
access to safe drinking water. Lack of access to a safe water supply and sanitation
affects the health of 1.2 billion people annually (WHO and UNICEF 2014). Water
quality has been degraded by domestic and industrial pollution sources as well as
non-point sources. Growing population, rising industrialisation and expanding agri-
culture have pushed up the water demand. The CPHEEO estimates about 70–80% of
total water supplied for domestic use gets converted to sanitary wastewater and in
addition to this industries too contribute a remarkable quantity of wastewater. Thus
an increasing use of water indirectly increases the wastewater generation. As it is
always recommended to use water wisely, same is applicable for wastewater,
i.e. using wastewater wisely can make it a valuable resource. Thus, wastewater
from households, industries and agriculture should not be seen as a problem but as a
valuable resource, which could meet the demands for water, energy and nutrients.

A microbial fuel cell (MFC) is relatively new and emerging technology, which
produces electrical energy from the chemical energy stored in the organic molecules
present in wastewater or any aqueous solution (Logan et al. 2006). The working
principle of an MFC is similar to that of a fuel cell with a difference that microbes act
as a catalyst in anoxic anodic chamber and organic matter present in wastewater acts
as fuel. Assuming a 100% conversion efficiency, theoretically 1 kg of organic matter
(glucose as substrate) removed can produce 1 kWh of energy (Aelterman et al.
2006). A typical two-chambered MFC consists of an anaerobic anodic chamber
containing the anode and bacterial consortia (electrogenic bacteria), a cathodic
chamber containing the cathode and the terminal electron acceptor (TEA), a proton
exchange membrane (PEM) separating these two chambers and the electrical circuit
that allows the electron transport from anode to cathode. A dominant challenge
during the commercialisation of this technology lies in the initial cost. A major part
of the fabrication cost is attributed to the PEM, electrodes and energy supplied in
providing oxygen. Hence, there is a need for low-cost and effective alternatives for
each of these. Even though the energy consumed by providing aeration in the
cathodic chamber can be eliminated by providing air cathodes, it does not provide
any value addition to the technology in terms of products.

The application of microorganisms for bioremediation and biodegradation is
gaining much importance in today’s world owing to the fact that these
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eco-friendly microorganisms do not produce any environmentally toxic by-products
on biodegrading the wastewater. An MFC is a promising technology that utilises
these eco-friendly microorganisms; however it offers a step forward to normal
anaerobic treatment systems as it has the potential to generate direct electric power
along with wastewater treatment. This chapter throws light on the basic microbial
electron transfer mechanisms involved in an MFC with a detailing of techniques to
confirm the same including electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), etc. Also, a short review on different applications of MFC
including microbial desalination cell (MDC), microbial carbon capture cell (MCC)
and sediment microbial fuel cell (SMFC) are being covered. A special focus was
given to the bioremediation of wastewater, including domestic and industrial, and
emphasis was laid on nitrate removal, recalcitrant removal and heavy metal recovery
using MFC. The bottlenecks and future perspectives are being discussed at the end of
the chapter as a guidance to take the research on MFC forward.

13.2 Electrochemically Active Biofilms

Bacteria have great adaptability and can survive in coldest to warmest condition and
also eat a wide range of organic matter as well as some inorganic matters. Electro-
chemically active bacteria are those groups of microorganisms that can transfer
electrons to external electron acceptors, which means they can give way to electricity
generation. One of the major hurdles is in harnessing the power from these tiny
bacterial cells. Bioelectrochemical systems (BES) can efficiently harness electrical
energy out of electrochemically active bacteria. In BES, these bacteria are employed
in the anaerobic anodic chamber with a purpose to harvest electrical energy from
wastewater, and these are referred to as electrochemically active biofilms when
developed on the electrodes. Bacteria produce electricity by extracellular electron
transfer (EET), as they generate electrons while oxidation of substrate and transfer
them across their cell membrane through tiny channels. The existing techniques to
measure this are time-consuming and involve large sample size and complicated
extraction protocol, and these techniques rupture the cell and denature the proteins.

13.2.1 Mechanisms of Electron Transfer

The electrochemically active bacterial species that exhibit the ability to directly
transfer the electrons exogenously outside the cells are called electrogens (Kumar
et al. 2015). Various mechanisms have been proposed for extracellular transport of
electrons by electrogenic bacteria to the anodic surface. The electron transfer
mechanisms can be direct electron transfer and mediated electron transfer
(Fig. 13.1). Direct transfer can take place via membrane-bound cytochromes or via
electrically conductive nanowires (pili), whereas, electron transfer is mediated by
redox mediators or oxidation of reduced secondary metabolites in mediated electron
transfer.
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Direct reduction of an exogenous acceptor occurs by direct contact between the
cell’s oxidoreductases and the terminal electron acceptor (electrode). Rhodoferax
ferrireducens, which can quantitatively transfer electrons to graphite electrodes
without the need for an electron-shuttling mediator, uses the direct transfer mecha-
nism (Chaudhuri and Lovley 2003, b). Also, iron-reducing bacteria, Klebsiella
sp. IR21, isolated from the anode biofilm of an MFC, gave a power density of
8.9 � 3.65 mW/m2 (Lee et al. 2016). The electrons also get transferred via electri-
cally conductive proteinaceous filaments, i.e. nanowires, produced by the bacteria.
Pili of G. sulfurreducens was reported to serve as biological nanowires, transferring
electrons from the cell surface to the surface of Fe(III) oxides (Reguera et al. 2005).

Some bacteria transfer electrons with the help of mediators, which are redox
compounds. Mediators that transfer electrons can be secreted by bacteria as in
Shewanella, which secretes flavins that mediate extracellular electron transfer
(Marsili et al. 2008). Also, Citrobacter freundii Z7, isolated from the anodic biofilm
of MFC inoculated with aerobic sewage sludge, gave a maximum power density of
204.5 mW/m2, and experiments indicated that the strain Z7 transferred electrons via
secreted mediators (Huang et al. 2014). In some other cases, the redox compounds
include artificial mediators, which are chemicals that facilitate the shuttling of
electrons from inside of cell to electrodes outside the cell. For developing a novel
cost-effective electrode material and power production from domestic wastewater
using three different mediators, methylene blue, neutral red and 2-hydroxy-1,4-
naphthoquinone were selected as electrode mediators with different concentrations,
where methylene blue is reported to give a power density of 636 mW/m2 (Taskan
et al. 2015). Some other artificial mediators reported so far include thionine, humic
acid, potassium ferricyanide (Rahimnejad et al. 2013), anthraquinone-2-6 and others
(Kumar et al. 2015).

Fig. 13.1 Different
mechanisms of electron
transfers from
microorganisms to electrode
through (A) cell surface
proteins, (B) nanowires, (C)
endogenous mediator
produced by microorganisms
and (D) presence of
exogenous mediator
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13.2.2 Application of Electrogens in MFC

A phototrophic purple non-sulphur bacterium Rhodopseudomonas palustris DX-1
was reported to produce power density of 2720 mW/m2. This DX-1 also utilised a
wide variety of substrates (volatile acids, yeast extract, and thiosulphate) for power
production in different metabolic modes, proving its activity from a range of simple
to complex sources of organic matter (Xing et al. 2008). A bacterial strain
Ochrobactrum anthropi YZ-1 as isolated from MFC was capable of producing a
power density of 89 mW/m2 using acetate as the electron donor in the U-tube MFC
(Table 13.1). This strain was also capable of producing current using a wide range of
substrates, including acetate, lactate, propionate, butyrate, glucose, sucrose, cellobi-
ose, glycerol and ethanol (Zuo et al. 2008). Similarly, Acidiphilium sp. strain 3.2 Sup
5 cells that were isolated from an extreme acidic environment were able to produce
high-density electrocatalytic currents, up to 3 A/m2 at a poised potential in the
absence of redox mediators (Malki et al. 2008). Direct electron transfer from
different anaerobically grown Shewanella putrefaciens strains without any electro-
chemical mediators showed electrochemical activities; however, no activities were
observed in aerobically grown Shewanella putrefaciens (Kim et al. 2002).

Shewanella oneidensis DSP10 grown on graphite felt under minimal nutrient
conditions gave power density of 1500 mW/m2 from the mini-MFC (Biffinger et al.
2007). Also, higher concentrations of DSP10 were sustained at pH of 7, whereas this
trend was reversed at pH of 5, which is not favourable for DSP10, and this pH is not
suitable for MFCs because of elevated acidity levels in anolyte (Biffinger et al.
2007). Propionibacterium freudenreichii used as biocatalyst in a glycerol-oxidising
MFC gave a maximum open circuit voltage of 485 mV and a maximum power
density of 14.9 mW/m2 (Reiche et al. 2016). Klebsiella pneumoniae strain L17 used
as biocatalyst in MFCs achieved the maximum voltage outputs of 426.2 mV and
showed the presence of an electrochemically active compound that could transfer
electrons between K. pneumoniae L17 and the anode (Deng et al. 2010).

Table 13.1 Electroactive bacteria used in microbial fuel cells

Microbes Power density/current density References

Geobacter sulfurreducens 3147 mA/m2 Bond and Lovley (2003)

Geobacter metallireducens 40 mW/m2 Min et al. (2005)

Shewanella oneidensis 3700 mA/m2 Hasan et al. (2017)

Shewanella putrefaciens 4.92 mW/m2 Pandit et al. (2014)

Rhodopseudomonas palustris 3510 mW/m3 Call et al. (2017)

Thermincola ferriacetica 11,200 mA/m2 Lusk et al. (2016)

Pseudomonas aeruginosa 316 mW/m2 Ali et al. (2017)

Desulfovibrio desulfuricans 233 mA/m2 Kang et al. (2014)

Klebsiella pneumoniae 12.87 W/m3 Islam et al. (2018)
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13.2.3 Biofilm Electrochemistry

An electrochemically active biofilm can interact with metal electrode, and hence it
can be diagnosed through electrochemical analysis techniques including cyclic
voltammetry and electrochemical impedance spectroscopy. Anodic behaviour can
be diagnosed by investigating the characteristics of electron transferred to the
electrode, whereas the electrons getting removed signify the cathodic behaviour.
Biofilm formed by a mixed bacterial culture contains species with different meta-
bolic activities, and the electrochemical behaviour depends on the concentration of
the electrochemical bacterial species present. Even in case of a single pure culture
species, concentration gradient plays a major role along with the mediator
characteristics. The pH, redox potential of the anolyte as well as biofilm, availability
of oxygen, etc. also play a significant role in governing the electrochemical nature of
biofilm. In order to analyse the electrochemical behaviour of the bacterial species, a
potential is applied with respect to a known reference potential, which may or may
not cause a flow of current. The produced current is measured to relate it back to the
electrode potential. The possible mechanism that controls the electrochemical reac-
tion in the cell is assessed based on the observed current-potential relationship.

13.2.3.1 Cyclic Voltammetry: A Tool to Analyse the Biofilm
Electrochemical Phenomenon

A CV analysis is absolutely necessary to analyse an electrochemical reaction
occurring in any electrochemical cell. The electrogenic bacterial species forms a
biofilm that can interact with the electrode material by transferring electrons pro-
duced during the bacterial metabolism to the electrode. The CV can be used to
characterise the electrochemical behaviour of this biofilm by applying a potential
with respect to a known reference potential. A linear polarization potential scan
starting from initial potential to reach a final potential is done, and this causes flow of
current, which is measured. The results of this wide range of potential give rise to the
voltammogram, which is further used to investigate the possible electron transfer
mechanisms. The electrogenic bacterial community, which is associated with certain
redox couples, generates a steady-state current in MFC. Reduction and oxidation
peaks are formed during the forward and reverse scans around the formal reduction
potential of the redox couple, which can be detected by the CV. On the usage of a
mixed culture inoculum, the biofilm on the electrode will contain multiple species
having different metabolic activities. Hence, the electrochemical behaviour of the
electrode containing biofilm will depend on electrochemical or concentration
gradients formed within the biofilm. In short, the electron transfer in biofilms is
associated with complete acetate oxidation to electrons, protons and CO2, where
transfer of electron outside the cell is considered to be the rate limiting step. Thus,
cyclic voltammetry is a promising analysis tool, which by employing of electro-
chemical theories explores the electron transfer mechanism in the BES.
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13.2.3.2 Electrochemical Impedance Spectroscopy
The overpotentials associated with BES are normally investigated with the help of
voltammetry studies. The BES are associated with several losses including ohmic
loss, losses due to microbial kinetics, solution resistance losses, etc. However,
voltammetric studies are not capable of identifying the contribution of each of
these in the performance of BES. These individual contributions can be identified
and quantified by electrochemical techniques including EIS. While the voltammetry
techniques consider direct current, the EIS method involves alternating current.
During EIS, voltage is applied at small sinusoidal amplitude, and the magnitude
and shift in the response current is measured and analysed. The experiment is carried
out at a range of frequencies as different process involved different i-v response at
different frequencies. This makes it easy to understand the individual contributions,
thus making it possible to quantify and identify the individual resistance as well as
the overpotentials.

13.3 Introduction to Microbial Fuel Cell

In an MFC, the chemical energy present in the wastewater is converted into electrical
energy by bacterial catalysis (Logan et al. 2006). An MFC consists of basically two
processes, oxidation of organic matter in an anaerobic condition and reduction of a
terminal electron acceptor. However to assist the completion of the overall process in
an efficient way, it is necessary to accommodate several components into an MFC
(Fig. 13.2). These include a proton exchange membrane, electrodes, catalysts,
circuit, external resistance, etc. Each of the components used in an MFC should
satisfy a specific set of properties to get maximum output out of it, which are
described in brief here.

Fig. 13.2 Schematic diagram
of a typical two-chambered
microbial fuel cell
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13.3.1 Electrogenic Bacteria

The electrogenic bacteria are the core of an MFC. Earlier in 1911, when Potter first
came out with the concept of producing electricity out of bacterial cells, the scope to
take the technology to the field scale was very little (Potter 1911). The main
challenge was in using this phenomenon in wastewater. Wastewater contains com-
plex substrates, and hence culturing of a pure bacterial species and avoiding con-
tamination of species in waste stream are major challenges. However, the mixed
culture bacteria are not substrate specific, and hence, the efficiency on using the
mixed culture in removing organic matter from wastewater is much higher as
compared to the usage of pure culture for the same purpose. This challenge has
led scientists to explore the possibilities to efficiently utilize the mixed bacterial
culture by specifically enhancing the activity of electrogenic bacterial community
(Tiwari and Ghangrekar 2015). Most of the investigations and techniques used for
suppressing the methanogens were adopted based on either the techniques employed
in suppressing the methanogens in the digestive tract of ruminants or those employed
in enhancing the hydrogen production (Table 13.2).

13.3.2 Terminal Electron Acceptor

Oxygen upon reduction in the presence of proton yields water, which makes it the
most suitable electron acceptor in an MFC. Oxygen can be either provided through
aeration of catholyte or in the form of photosynthetic oxygen produced by
microalgae, or even air cathode can be employed in MFC. However, the sluggish
reduction kinetics of oxygen has led to the use of expensive catalysts, which forced
the need of alternate terminal electron acceptor in MFC. Nitrate and heavy metals,
including copper, iron, chromium, etc., have also been used as electron acceptor,
with a dual purpose of treating the waste stream along with supply of electron
acceptor in the cathodic chamber. Apart from this, ferricyanide, hydrogen peroxide,
perchlorate, persulphate, etc. have proved to be highly efficient electron acceptors in
an MFC (Table 13.3). The key point that should be kept in mind while selecting the

Table 13.2 Review of different methane suppression techniques employed in MFC

Techniques
Power
density References

Hexadecatrienoic acid from marine algae
Chaetoceros

21.43 W/m3 Rajesh et al. (2015)

Lauric acid 4.8 W/m3 Rajesh et al. (2014)

2-Bromoethanesulfonate (concentration of
0.1–0.27 mM)

124 mW/
cm2

Chae et al. (2010)

Heat treatment 454 mW/m2 Tiwari and Ghangrekar
(2015)

Ultra-sonication treatment 65.5 mW/
cm2

More and Ghangrekar
(2010)
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electron acceptor is the challenges to be faced during the disposal; in other words the
end product on reduction should be a valuable recovery rather than an add-on to
environmental pollution. Hence, the wastewater having the potential to be an
efficient electron acceptor should be targeted with an aim to treat the same without
employing separate costly treatment technologies.

13.3.3 Electrode Material

High electrical conductivity, better biocompatibility, hydrophilicity, anti-
corrosiveness, efficient electron transfer, cost-effectiveness, etc. are some of the
factors that should be satisfied while selecting the electrode material for an MFC.
The anode used in an MFC should allow efficient bacterial attachment and should
have high microbe accessible surface area, such as electrode with macroscale pores
that assist in internal colonisation of microbes. The electrodes used so far include
carbon-based electrodes as well as non-carbonaceous electrodes like stainless steel.
Carbon felt, paper, mesh, foam, etc. as well as graphite rod are some of the
commonly used carbon-based electrodes, which are highly biocompatible and
inert. Researchers have been exploring different forms of carbon-based electrode
owing to its low cost and ease of synthesis.

An ideal anode for an MFC should favour proper microbial attachment on the
electrode surface, should assist in high electron transfer and should have minimum
electrode resistance (Mustakeem 2015). The living biofilm on the anode acts as
biocatalyst in the anodic chamber, and hence bacterial-electrode interaction is one of
the critical parameters that determines the efficiency of MFC (Franks et al. 2010).
The interaction is very much dependent on the nature of anode material including its
surface roughness, porosity, biocompatibility, etc. (Canuto de Almeida e et al.
2019). Apart from this, the electrode material should be biocompatible, should
have high electrical conductivity, should not decompose in wastewater, and should
be hydrophilic and anti-corrosive (Wei et al. 2011). Hence, an investigation on
low-cost long-lasting anode material, which can effectively transfer the electrons

Table 13.3 Comparative evaluation of performance of MFCs operated with different TEA

Terminal electron
acceptor Substrate

Power density
(mW/m2) Reference

Permanganate Glucose 115.6 You et al. (2006)

Potassium
ferricyanide

Acetate 166.7 Li et al. (2009)

Nitrate Domestic
wastewater

117.7 Fang et al. (2011)

H2O2 Glucose 22 Tartakovsky and Guiot
(2006)

CuSO4 Glucose 314 mW/m3 Tao et al. (2011)

Vanadium Glucose 614 Zhang et al. (2010)
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produced by electrogenic bacteria, is of high priority for effective wastewater
treatment and power generation in MFC.

Graphite rod, graphite fibre, carbon felt, carbon cloth and carbon paper are some
of the most extensively used carbon-based anode materials in MFC. Even though
graphite rods have good conductivity and chemical stability as compared to other
forms of carbon-based electrodes, Chaudhuri and Lovley observed a reduced
bacterial-electrode interaction on the usage of graphite rod anode as compared to
carbon felt, which was evident from the better power generation and bacterial
biofilm formation in MFC with carbon felt as anode (Chaudhuri and Lovley
2003). However, the hydrophobic nature of untreated carbon felt restricts the
development of biofilm and hence demands pretreatments including nitric acid
pretreatment, UV/O3 pretreatment, etc. for effective biofilm growth, which other-
wise adds up to the overall cost (Cornejo et al. 2015; Hidalgo et al. 2016; Neethu
et al. 2018). Similarly, the short life span, cost and clogging nature reduce the scope
of usage of carbon paper, cloth and fibre as electrode material (Zhou et al. 2011).

13.3.4 Proton Exchange Membrane

The protons are produced during the oxidation of organic matter in the anodic
chamber by electrogenic bacteria. In addition to the completion of the electrochemi-
cal cycle and circuit, the transfer of proton to the cathodic chamber also helps in
balancing the pH of the anolyte so as to provide an ambient environment for bacterial
survival. Therefore, the PEM developed should be efficient enough to transfer a
major portion of the protons produced in the anodic chamber. Even though proton
conductivity is the primary function of a PEM, the membrane developed should also
satisfy several other characteristics. As the electrogenic bacteria require an anaerobic
environment for its growth and activity, the membrane separator should be able to
maintain the anaerobicity of the anodic chamber by allowing minimum or no oxygen
transfer from the cathodic side to the anodic side. Similarly, transfer of the substrate
from the anodic chamber to cathodic chamber should not occur, which will other-
wise cause substrate loss for the bacteria in the anodic chamber. One of the major
challenges associated with the scaling up of MFC is the cost and stability of the
electrode and separator material used. The PEM has an equal role on both these
factors, and this has led to researches in developing low-cost PEMs that are stable
enough and have the capacity to handle the hydraulic pressure developed
(Table 13.4). The cost associated with the operation and fabrication of an MFC
should be kept to minimum so as to be a low-cost alternative to the existing
wastewater treatment technologies. In view of enhancing the performance of
MFC, it is always recommended to use low-cost materials with high performance
efficiency for fabrication.
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13.3.5 Oxygen Reduction Catalyst

Oxygen is the most reliable and easily available terminal electron acceptor, which
does not deliver any toxic product on reduction. However, one of the performance-
hindering factors for an MFC is the sluggish oxygen reduction kinetics at the
cathode, which can be resolved by the use of an oxygen reduction reaction (ORR)
catalyst. High catalytic activity, high specific surface area, higher stability,
non-toxicity and ease of synthesis are the major factors that are to be considered
while selecting a catalyst. However, along with these properties, an ideal ORR
catalyst should be cost-effective for application in an MFC, which is predominantly
engineered for wastewater bioremediation. Considering the binding energy, plati-
num is considered to be the most efficient cathode catalyst for enhancing the ORR
kinetics in an MFC. The cost associated with the same has led researchers to
optimise the Pt dosing as well as to alloy it with other transition metals including
Ni. Still research is progressing to explore low-cost efficient catalyst including the
biochar-based catalyst as well as non-metallic catalysts.

13.3.5.1 Biomass-Derived Cathode Catalyst for Application in MFCs
A low-cost electrode as well as catalyst with high activity and durability is the need
of the hour for the MFC. The reduction of oxygen in the cathodic chamber occurs
either through a direct four-electron pathway or a two-step peroxide pathway. The
most efficient ORR catalysts drive the reaction to a better involvement of the four-
electron pathway, which leads to higher power output as well as lower production of
peroxide intermediates, because the peroxide formation adversely affects the

Table 13.4 Comparative evaluation of performance of MFCs using different proton exchange
membrane materials

Separator material
Thickness
(mm)

Power
density
(mW/m2)

Internal
resistance
(Ω) References

Nylon 0.17 443 � 27 84.6 Zhang et al.
(2010)

Nafion 117 0.183 57.5 � 3.9 93.0 Choi and Hu
(2013)

Earthenware 3 1042 mW/m3
– Behera and

Ghangrekar
(2011)

SPEEK 77.30 811 Ghasemi et al.
(2013)

Sulphonated polystyrene-
ethylene-butylene-polystyrene
(SPSEBS)

0.18 600 � 14 70 Ghasemi et al.
(2013)

Polyvinylchloride/4A zeolite – 250 � 5 57 Nagar et al.
(2019)

Polyvinylchloride – 92 193 Nagar et al.
(2019)
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electrode and PEM. One of the major drawbacks in MFC is the sluggish ORR at the
cathode, which was resolved by the usage of Pt-based catalyst. However, apart from
high cost, Pt-based catalyst is associated with CO poisoning, methanol crossover and
long-term instability due to particle aggregation and dissolution. Metal nanoparticle-
based catalysts with a good support material have been used in MFC to achieve
higher electrochemically active surface area.

A good support material should have sufficient electrical conductivity and higher
surface area, which can be attained on the use of porous carbon materials. The
properties of carbon-based materials including its higher electrical conductivity,
stability and functionality have increased the interest of researchers in developing
low-cost carbon-based electrode materials and catalysts. Hence, sustainable and
ample biomass reserves can be an alternative option for the production of the
same. Waste to wealth can be achieved if it is possible to convert the huge tons of
agricultural as well as other biomass waste generated globally into novel catalytic or
electrode materials. The selection of appropriate synthesis methods, with respect to
the source, is crucial in order to obtain high surface area and reactive sites with high
stability (Borghei et al. 2018). The ORR catalysts including carbon supported on Pt,
N-doped carbon, heteroatom-doped carbon, Fe/Co N-doped carbon, etc. have been
produced from biomass so far (Chen et al., 2011).

13.4 Applications of MFCs

13.4.1 Microbial Desalination Cell

The demand for fresh water and clean energy is driving the need for converting an
MFC into an MDC, wherein desalination of saline water is attained along with
wastewater treatment. Ion exchange membranes (IEMs) are most commonly used for
desalination of saline water, and it is a promising tool, which when oriented properly
can be applied in MDC for value-added product recovery. In an MDC, mainly the
potential gradient created due to the transfer of electrons from the anodic chamber to
the cathodic chamber and the concentration gradient between the desalinating
chamber and its adjacent chamber are responsible for the desalination. In an investi-
gation using a three-chambered MDC, a maximum power density of 2 W/m2

alongside removal of 90% salt from water, present in desalination chamber, was
attained (Cao et al. 2009). However, three-chambered MDC is associated with
certain challenges including the hindrance for passage of H+ ions from the anodic
chamber to the cathodic chamber, as well as the accumulation of chloride ions in the
anolyte. This decreases the anolyte pH, which poses threat to bacterial community in
the anodic chamber, which can reduce the efficiency of MDC.

In order to overcome this challenge, Pradhan and Ghangrekar modified the three-
chambered MDC into multi-chambered MDC, wherein the issue of pH imbalance
was solved by the usage of a cation exchange membrane (CEM) adjacent to the
anodic chamber, which transferred the H+ from the anolyte to the adjacent concen-
trate chamber (Pradhan and Ghangrekar 2014). Thus, MDC exploits wastewater as a
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viable substrate to yield electricity, which also has been exploited for desalination.
This technology shows promising approach by offering low-cost solution for desali-
nation of saline and brackish water (Neethu et al. 2019b). However, the use of
chemical catholyte and costly cathode catalyst makes MDC unsustainable for future
field-scale applications, which need to be overcome by the use of low-cost terminal
electron acceptors. The dependence of the performance of MDCs on the salt
concentration and MDC configuration is yet to be investigated to draw a final
conclusion on it.

13.4.2 Microbial Carbon-Capture Cell

As discussed in the above section regarding the supply of low-cost electron acceptor
(O2) with additional benefit of value addition, cultivation of microalgae in the
catholyte is one of the alternatives (Fig. 13.3). Microalgae can provide an attractive
solution for providing the photosynthetic oxygen as TEA by utilising the nutrients in
wastewater along with sequestering CO2 from anodic off gas, and further it can be an
excellent feedstock for biodiesel production upon harvesting. Hence, MCC is a
sustainable technology that uses oxygen produced by algal biomass as electron
acceptor for accomplishing concurrent electricity generation, CO2 sequestration,

Fig. 13.3 Schematic
representation of a microbial
carbon-capture cell
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wastewater treatment and algal biomass production (Neethu et al. 2018). Different
applications of microalgae in MFC have been investigated so far (Rajesh and
Ghangrekar 2016).

In the catholyte, microalgae Golenkinia sp. proved to be a source of oxygen and
achieved a maximum power density of 6.3 W/m3 (Hou et al. 2016). A maximum
power output of 1.9 W/m2 was achieved by using microalgae as substrate in the
anodic chamber of MFC (Cui et al. 2014). The marine algae Chaetoceros is reported
to inhibit the growth of methanogenic archaea in anodic chamber, due to the
presence of long-chain saturated fatty acid, and this MFC attained a power density
of 21.43 W/m3 (Rajesh et al. 2015). Apart from improving the power generation,
microalgae have the potential to remediate wastewater rich in nutrients and heavy
metals (Huang et al. 2017; Logroño et al. 2017). Investigations were also done to
explore the photosynthetic electrogenic activity in algae and cyanobacteria, wherein
incorporating photosynthetic species in the anodic chamber of MFC gave a power
density of 6.2 mW/m2 (Luimstra et al. 2014).

13.4.3 Sediment Microbial Fuel Cell

The SMFC is a modification of MFC, where oxygen is available in the overlying
water, and on cathode, oxygen reduction occurs to complete the circuit by reducing it
to water (Wang et al. 2014). Thus, oxygen availability is one of the major factors that
govern the performance of SMFC (Fig. 13.4). Unlike most MFCs, which contain a
membrane to separate the compartments containing the anode (where oxidation
takes place) and the cathode (where reduction takes place), SMFC functions without
membranes. A SMFC can have better application in natural water bodies, if it could
power small autonomous devices; however here the low power generation has
become a major challenge. A previous investigation on the effect of using different
electrode materials in SMFC has reported a maximum power density of 16 mW/m2

using graphite felt electrode and 38 mW/m2 using graphite felt multiwalled carbon
nanotubes (GF-MWNT) (Wang et al. 2014). On the contrary, an investigation
performed using a rotating cathode for increasing oxygen availability gave a

Fig. 13.4 Schematic diagram
of sediment microbial fuel cell
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power density of 49 mW/m2 (He et al. 2007). Hence, the performance of a SMFC is
dependent on several factors including the electrode material, sediment
characteristics, oxygen availability in catholyte, etc. Sediment remediation, mitiga-
tion of the aquatic water pollution, algae cultivation, etc. are some of the major
applications of SMFC. Incorporation of microalgae in the cathodic side of SMFC
makes it a sediment microbial carbon-capture cell (SMCC) with a multiple advan-
tage of algae cultivation and nutrient removal from the overlying pond water
(Neethu and Ghangrekar 2017).

13.5 Bioremediation and Biodegradation in MFC

An MFC converts the chemical energy present in wastewater to electrical energy via
the bacterial catalysis. The nature of bacterial community present in the anodic
compartment is of ultimate importance in determining the efficiency of the system.
Equally important is the substrate that is to be provided for the bacteria in the anodic
chamber. In 1911, when Potter explored the capacity of electrogenic bacteria in
producing electricity, the media used for bacterial metabolism was synthetic sub-
strate. However, later on researchers have taken the technology to a level that even
the domestic wastewater and industrial wastewater were able to replace the synthetic
media for bacterial culture. This has expanded the possible applications of a BES
including wastewater treatment and value-added product recovery. Apart from the
normal wastewater treatment technologies practised today, a BES has an added
advantage that it does not require separate units for targeting treatment of different
pollutants present in wastewater. On the contrary, bioremediation can be carried out
in a single bioreactor, wherein apart from removal of carbonaceous compounds,
nitrification, denitrification, heavy metal removal and removal of sulphate
compounds can be accomplished. The application of BES technologies in treating
different wastewater streams including domestic, industrial and wastewater
containing recalcitrant compounds is reviewed below.

13.5.1 Bioremediation of Domestic and Industrial Wastewater

The core of MFCs is the electrons generated in the anodic chamber, which are
produced on substrate oxidation by electrogenic bacteria, and hence the type of
substrate fed into the MFC is of ultimate importance. The substrate that is fed into the
MFC can range from pure organic substrates including acetate, glucose, etc. to the
complex substrates including cellulose, protein, fatty acids, etc. The concentration
and components present in the substrate depend on the source of wastewater fed into
the MFC. Apart from the domestic wastewater, which mainly contains organic
compounds, industrial wastewater including agro-based industries, fertilizer indus-
try, distilleries, dairy, etc. also have proven to be promising source of substrate for
anodic bacteria in MFC. A promising organic matter removal can be achieved on
usage of easily biodegradable organic compounds present in wastewater as substrate
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in MFC. This was much evident from an investigation carried out with different
substrates, namely, glucose, fructose and sucrose, wherein the highest power density
and COD removal efficiency, respectively, were achieved in MFC using glucose
(136 mW/m2 and 88.5%) as substrate as compared to MFC operated with sucrose
(8.8 mW/m2 and 54.2%) and fructose (3.6 mW/m2 and 67.5%).

The excellent biodegradability of organic matter by bacteria in an MFC was also
experimented on the liquid fraction of pressed municipality solid waste, wherein a
94% COD removal efficiency was achieved in the anodic chamber (Koók et al.
2016). Further the better performance of MFC fed with pure substrate was evident
when MFC fed with glucose gave almost three times higher power density as
compared with the one having domestic wastewater as substrate to bacteria (Liu
and Logan 2004). However, in addition to a better power generation, equally
important is to take advantage of MFC as an environmental and energy-friendly
solution to treat the wastewater generated from different sources. With this focus,
research was carried out in utilising the MFC in treating different forms of
wastewaters (Table 13.5).

The performance of an MFC depends on several factors including substrate
characteristics, electrode, PEM, bacteria, TEA, etc. Hence, for a single substrate,
the performance exhibited by MFC will vary with other parameters. For example,
distillery wastewater when treated in single-chamber and double-chambered MFC
gave a respective power density of 28.15 mW/m2 and 17.7 mW/m2; however, with
similar COD removal efficiencies (60%), surprisingly, the same substrate (distillery
wastewater) gave a power density of 1000 mW/m2 using a thermophilic MFC
(Ha et al. 2012). Hence, it is difficult to judge the performance of an MFC based
on the type of substrate by ignoring other dependable factors/parameters that affect
the performance of MFC. A detailed performance evaluation of MFC operated with
different substrates along with their operating condition is furnished below
(Table.13.5).

13.5.2 Bioremediation of Nitrogen-Rich Wastewater

One of the major focuses of MFC was bioremediation of wastewater, that is, the
removal of organic matter in wastewater; however equally important is the removal
of nitrogen present in the wastewater, which will otherwise lead to eutrophication of
receiving water body. Removal of nitrate in an MFC can be achieved either in the
cathodic chamber or in the anodic chamber. In the cathodic chamber, nitrate removal
can be achieved with the help of bio-cathode (algae) or by nitrate reduction to
nitrogen. A total nitrogen removal of 81.6% was achieved in the cathodic side of a
photosynthetic microbial fuel cell using algae in the cathodic zone (Neethu and
Ghangrekar 2017). Also, a 90% total nitrogen removal was attained in a planted
constructed wetland MFC, wherein root exudates of Ipomoea aquatica were utilised
(Liu et al. 2013).

Nitrate can be a potential electron acceptor in the cathodic side of an MFC, on
reduction of which it gets converted to nitrogen. Thus, for the first time in the
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literature, Clauwaert et al. (2007) reported nitrate reduction without hydrogen
production in the cathodic chamber by achieving simultaneous organic matter
removal in the anodic chamber. Here, the capability of Geobacter species in directly
accepting electrons from the graphite felt and reducing nitrate to nitrite was best
utilised for remediation of nitrate-rich wastewater, by simultaneously achieving a
power density of 8 W/m3 (Clauwaert et al. 2007). Further investigation on this
concept was carried out by directing the anolyte to an aerobic chamber for oxidation
of ammonium to nitrate, which is again fed back to the cathodic chamber of MFC for
denitrification, hence achieving a complete treatment of single wastewater stream in
MFC (Virdis et al. 2008).

Apart from cathodic chamber, nitrate removal can also be achieved in the anodic
chamber of an MFC. About 85% of nitrate removal was achieved in a single-
chamber air cathode MFC, where the nitrate-reducing bacteria present in the anodic
chamber assisted in denitrification (Sukkasem et al. 2008). Also, investigations were
carried out by employing pure culture autotrophic denitrifiers, Pseudomonas
sp. C27, where a power density of 40 mW/m2 was achieved (Lee et al. 2012).
However, it was reported that even though the denitrifying bacterial concentration
increased with an increase in the concentration of nitrate in the anodic chamber, a
decrease occurred to the proportion of electrogenic bacteria in the anodic chamber
(Liu and Logan 2004). This challenge was overcome by using a novel denitrifying
electrogenic strain EB-1, isolated from anodic biofilm capable of giving a power
density of 840 mW/m2 by achieving simultaneous denitrification (Jin et al. 2018).

Recently, Jin et al. focused on anodic denitrifying dual-chamber MFCs, which
achieved a maximum simultaneous heterotrophic denitrification and electricity gen-
eration at a COD/N ratio of 5:1 in the anodic chamber; however, the electrogenic
bacterial population in the anodic chamber of MFC operated with denitrifying
bacteria was low as compared to the control experiment operated without
denitrifying bacteria in the anodic chamber (Jin et al. 2019). Hence, the main
challenge of using denitrifying bacteria in the anodic chamber is observed to be
the suppression of electrogenic bacteria, which needs to be overcome by proper
optimisation of operating parameters.

13.5.3 Microbial Fuel Cell for Recalcitrant Remediation

Xenobiotic compounds are those compounds which are man-made chemicals that
are present in the environment at a concentration higher than their natural concen-
tration. Even though bacterial community is capable of degrading most of the
xenobiotics, there are certain compounds that are exceptional. These synthetic
compounds whose biodegradability is very slow or which are non-biodegradable
and exists in environment for long are classified as recalcitrant (Faber 1979). This
reluctance of microorganism in degrading the recalcitrant has been differently
explained in the literature as it might be due to a large molecular size or due to
difficulties in penetration or due to low solubility in water, etc. (Faber 1979).
Recalcitrant compounds can range from halogenated compounds like halocarbons
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and polychlorinated biphenyls to complex synthetic polymers (Table 13.6). Hence,
the more complex is the structure of the compound, the more difficult is its
biodegradation. Genetic engineering tools have been applied to a much greater
extent to modify the microorganism to make them capable of degrading the recalci-
trant compounds.

Even though BESs have been mainly focused on power generation, recently the
application of BES for bioremediation is gaining priority. The remediation of
xenobiotic compounds using BES is a recent and upcoming promising treatment
technique. Xenobiotic compounds cannot be directly degraded by microorganisms
owing to its complexity and hence are not readily used for bacterial metabolism.
Therefore, in most of the cases the xenobiotic compounds are treated outside the cell
rather than inside the cell. Several investigations have been carried out, wherein the
xenobiotic compounds act as an electron acceptor.

An anaerobic-aerobic process using single-chamber MFC has led to effective
degradation of azo dye when used as substrate (Danish Khan et al. 2015). Even
though the biodegradation mechanism of non-recalcitrant compounds has been
widely discussed in the literature, it is important to know the mechanism of recalci-
trant degradation by electrogenic bacteria. To state a few, say for azo dye degrada-
tion mechanism, the high redox potential of azo dye makes it a good electron
accepting candidate, and hence higher electron transfer rates can lead to rapid
reductive degradation of azo dyes in the anodic compartment of MFC (Fernando
et al. 2014). Similarly, chloronitrobenzene compounds are known to have highly
electron withdrawing nature and can be efficiently reduced to much lower toxic
forms. However, in a different investigation, the aerobic treatment of pentachloro-
phenol in cathodic compartment of dual-chambered MFC also has proven to be
better than its anaerobic treatment in single-chambered MFC (Khan et al. 2018).
Degradation of xenobiotic compounds in the anodic chamber has been widely
investigated, which includes the degradation of trichloroethane (Aulenta et al.

Table 13.6 Classification and sources of recalcitrant compounds

Classification Compounds Source

Halocarbon CHCl3 Solvents and propellants in spray
cans of cosmetics, paints, etc.

CF4, Freons, CCl2F2, CClF3, CCI3F Condenser units of cooling
systems

Lindane, DDT, BHC, Insecticides

Dalapon, 2, 4-D, 2, 4, 5-T Herbicides

Polychlorinated
biphenyls (PCB’s)

Covalently linked benzene rings with
halogens in place of hydrogen

Plasticisers, insulator coolants in
transformers and as heat
exchange fluid

Synthetic
polymers

Polyethylene, polystyrene, polyvinyl
chloride, etc. and nylons

Wrapping, garments, materials,
etc.

Alkylbenzyl
sulphonates

Surface-active detergents superior to
soaps

Cleaning

Oil mixtures Recalcitrant due to non-solubility Large oil spills
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2011), polychlorinated biphenyls (Chun et al. 2013), refractory organic pesticide
(Cao et al. 2015), hydrocarbons (Morris and Jin 2008), phenanthrene and benzene
(Adelaja et al. 2017), phenanthrene (Adelaja et al. 2014), etc. Hence, the
non-biodegradability nature of certain xenobiotics that poses restrictions in its
biodegradability can be overcome by utilising their electron transfer mechanism
and subsequent degradation in BES.

13.5.4 Value-Added Product Recovery in Microbial Fuel Cell: Heavy
Metal Recovery

Even though heavy metals are inevitable part of various industrial, medical and
several other applications, their presence in the wastewater causes heavy threat to the
environment. The non-biodegradability of the heavy metals opens up the scope to
recover heavy metal from the wastewater streams. Even though several conventional
methods including precipitation, coagulation, ion exchange, etc. have been used for
heavy metal removal, the MFC can come out as an emerging technology, where
simultaneous removal as well as recovery of heavy metal is possible. In an MFC, the
cathodic chamber, which is a destination for the electrons and protons produced in
the anodic chamber, can be efficiently used for reduction of heavy metals having a
higher redox potential to get reduced on accepting electrons and precipitate. For
example, the introduction of Cr(VI), which is highly soluble and harmful, into the
cathodic chamber of MFC gets reduced to less toxic Cr(III) (Wang et al. 2008).
Similarly, Li et al. added vanadium oxide (NaVO3) to the anodic chamber, and the
action of Rhodoferax ferrireducens assisted in removal of 75.8% NaVO3 in the
anodic chamber while achieving a 64% electron recovery. Also, a follow-up investi-
gation was carried out to investigate the fate of MFC on using the V in the cathodic
side as electron acceptor, wherein only 26% removal of V was achieved (Zhang et al.
2012). In addition, tetrachloroaurate was used as an electron acceptor in order to
recover gold efficiently. Surprisingly, a 99.98% recovery of Au was achieved for an
Au(III) concentration of 200 ppm (Choi and Hu 2013). Likewise investigations have
reported recovery of several other heavy metals including copper (Wang et al. 2010),
silver (Yun-Hai et al. 2013), selenite (Chellamuthu et al. 2011), arsenic (Xue et al.
2013), zinc (Fradler et al. 2014), cadmium (Abourached et al. 2014), etc. Therefore,
the recovery of these value-added heavy metals from the wastewater streams with
simultaneous power generation takes the MFC technology a step ahead of other
conventional wastewater treatment technologies.

13.6 Bottlenecks and Future Perspective

The major areas in the research on MFC that need to be focused are the reduction in
fabrication cost and enhancement in performance using low-cost material for differ-
ent components. The PEM, electrode and catalyst used in fabrication of MFC
account for the major cost and are also the performance-determining components
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in MFC. Optimisation of operating conditions is equally important in enhancing the
performance of MFC. Equally important is the enrichment of electrogenic bacteria
on the anode, which is an inevitable element in an MFC. Rather than going for pure
electrogenic species in MFC, it is always recommended to use mixed culture
bacterial species considering the issue of substrate specificity and feasibility while
dealing with real wastewater. Hence, there is a need to explore biological and natural
techniques to suppress the methanogenic archea present in the mixed culture in order
to enhance the activity of electrogenic bacteria. In MFCs, power generation is one of
the major goals, and hence, microorganisms capable of generating electricity in
MFCs have gained increasing research interest. Until now, experimentations have
been done to understand the microbial electrogenic consortia responsible for elec-
tricity generation in MFC. Still there is a need to understand the optimum conditions
for maximum bacterial activity so that it can be exploited in such a way that the
electrons are diverted from natural electron acceptors to the electrode effectively.

As a key component of MFC, the PEMs are gaining extensive attention in recent
years because of its selective permeability towards protons to run the MFC in highly
efficient way. Protons exhibit excess mobility in aqueous system than other ions;
hence in other biological systems and materials, the proton conductivity as well as
water mobility increases with water uptake (Neethu et al. 2019a). However, the
Nafion membrane, which is most commonly used in MFC, is associated with several
limitations such as oxygen diffusion, cation accumulation, substrate crossover,
durability due to fouling, high cost, etc. (Hasani-Sadrabadi et al. 2010). Biological
membranes have very high water permeability and selectivity, which can improve
the performance of membrane in terms of proton conductivity (Qu et al. 2013). Also,
the ceramic membranes with cation exchangers proved to be a low-cost alternative to
the costly Nafion membrane, however with a far low proton mass transfer coefficient
than Nafion (Ghadge and Ghangrekar 2015). Hence, there is a need to explore the
scope to improve the performance of the ceramic membranes as well as the use of
easily available biological membranes. Also, as most of the catalysts are expensive
and toxic, there is a need to explore a low-cost catalyst, which can increase the
oxygen reduction reaction. Rather than synthesising or procuring catalyst, the
possibility of making catalyst out of waste stream has not been experimented so far.

13.7 Summary

A microbial fuel cell is a promising low energy-consuming technology, which
converts organic matter present in wastewater to electrical energy. The multiple
applications of MFC make it unique as compared to other technologies used for
wastewater treatment. The MFC technology still needs further development in order
to harvest maximum possible electricity and attain high level of bioremediation.
There are several factors, which are discussed in detailed in this chapter, that
significantly affect the performance of MFCs and are required to be modified for
more flexibility for its practical field-scale applications. Also, organised
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multidisciplinary efforts are further required for scaling up of MFC to enhance
power production as well as wastewater treatability.
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Ligninolysis: Roles of Microbes and Their
Extracellular Enzymes 14
Ira Chaudhary and Smita Rastogi Verma

Abstract
Biodegradation of lignin, one of the most abundant components of lignocellulosic
plant biomass, represents a key step for carbon recycling. The structure of lignin,
however, makes it recalcitrant to degradation. This correlates both to environ-
mental issues and agroindustrial utilization of lignocellulosic plant biomass. By
cross-linking to both cellulose and hemicellulose, lignin forms a barrier that
prevents the accessibility of chemicals or lignocellulolytic enzymes into the
interior of lignocellulosic structure. The presence of lignin negatively affects
the utility of cellulose in pulp and paper industry, textile industry, biofuel
production, as well as animal feed. To improve the bioprocessing of lignocellu-
losic feedstocks in various industries, more effective degradation methods of
lignin are in high demand. Some microbes are able to efficiently degrade lignin
using a combination of extracellular ligninolytic enzymes, organic acids,
mediators, and several accessory enzymes. Exploring the range of ligninolytic
microbial biodiversity is the key to developing effective and eco-friendly
strategies for environmental restoration or optimal and sustainable agroindustrial
utilization of plant biomass. This study gives an insight of ligninolytic microbes
and the extracellular enzymes implicated in lignin degradation.
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14.1 Introduction

Lignocellulose, the major structural component of all plants, consists of three major
components, viz., cellulose, hemicellulose, and lignin (Sanchez 2009). Cellulose is
the major constituent of plant cell wall and is the most abundant organic molecule on
earth. It is a linear polymer of glucose, and several such chains are arranged in
parallel to form microfibrils. Hemicelluloses are heterogeneous polymers of
pentoses (e.g., xylose, arabinose), hexoses (e.g., mannose, galactose, rhamnose),
and sugar acids (e.g., glucuronic acid, galacturonic acid). Lignin is a phenolic
heteropolymer, which is formed by oxidative polymerization of plant p-
hydroxycinnamyl alcohols, namely, coniferyl alcohol, sinapyl alcohol, and p-
coumaryl alcohol (Rastogi and Dwivedi 2008). Lignin and hemicellulose polymers
act as recalcitrant adhesive for cellulose microfibrils. The recalcitrant nature of lignin
is due to its heterogeneous aromatic structure, several stable linkages, and highly
branched polymer network and is therefore very difficult to degrade (Abdel-Hamid
et al. 2013; Ruiz-Dueñas and Martínez 2009).

Lignin, though crucial for the adaptive strategies of vascular plants, exerts
negative consequences on the lignocellulosic biodegradation. The biodegradation
of lignin embodies a crucial step for carbon recycling on earth because forest
ecosystems contain enormous amount of wood. Lignocellulosic wastes are produced
in huge amounts by industries including those of forestry, pulp and paper, agricul-
ture, food, and in municipal solid wastes and animal wastes. Lignocellulosic
biomass-based industries focus mainly on cellulose, whereas lignin is discarded
mainly as waste or with very limited usage. In order to improve the sustainability
and success of these plant polysaccharide-based industries, lignin should be utilized
in improved ways and with minimal waste generation.

Currently employed chemical approaches for industrial waste treatment are
expensive and toxic to environment. Hence these wastes are mostly left untreated,
which raises many environmental concerns (Palacios-Orueta et al. 2005). To reduce
or overcome these adverse effects, it becomes indispensable to search inexpensive,
eco-friendly, and sustainable approaches for lignin degradation.

Besides having environmental impact, lignin has agroindustrial consequences as
well (Schmidt 2006). The presence of lignin prevents the accessibility of enzymes
for cellulose degradation. It hampers the optimal utilization of cellulose in pulp and
paper industry, textile industry, biorefinery, and forage digestibility (Rastogi and
Dwivedi 2014; Santos et al. 2013).

Though lignin resists attack by most microbes, nature has evolved catabolic
pathways to completely degrade lignin through the production of devoted
ligninolytic enzyme systems (Nelsen et al. 2016). Lignin biodegradation depends
both on the degradative ability of the microbial population and environmental
conditions (Waldrop et al. 2000). The focus thus shifted from chemical-based
degradation of industrial effluents to eco-friendly approach using lignin-degrading
microbes and the extracellular enzymes secreted by them. However, so far, very few
ligninolytic microbes have been identified, which do not meet the industrial demands
and are a challenge for researchers globally. Hence, discovering new microbial
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strains and understanding their enzyme system for lignin degradation become
essential. The current chapter focuses on succinctly describing the known
ligninolytic microbes and the major enzymes secreted by them that are involved in
decomposing lignin in the lignocellulosic biomass. Furthermore, the screening of
microbes with high lignin-degrading potential is discussed.

14.2 Chemical Basis of Recalcitrant Nature of Lignin

The three p-hydroxycinnamyl alcohols form monolignols through successive side-
chain reduction and ring hydroxylation/methylation reactions occurring at several
different levels (Rastogi and Dwivedi 2008). In the last step of lignin biosynthesis,
plant peroxidases/laccases oxidize monolignol to their phenoxy radicals (Higuchi
1997). Chemical coupling of the resonant forms of these radicals results in the
formation of a three-dimensional network of lignin polymer (Gellerstedt and
Henriksson 2008). Due to prevalence of the corresponding radical forms and higher
stability of the coupling products, ether linkages between the phenolic position C4
and a side-chain (or aromatic ring) carbon of the p-hydroxy phenylpropanoid
precursors are strongly predominant in the growing polymer. Due to the high
frequency of these ether linkages, the aromatic lignin units are basically
nonphenolic; hence lignin units cannot be oxidized by low-redox-potential
oxidoreductases, such as the plant peroxidases. The bulky nature of the lignin
polymer forming a complex 3-D network represents an additional limitation for
biodegradation since the enzyme accessibility is strongly reduced.

14.3 Ligninolytic Microbes

Certain fungal and bacterial species have been demonstrated to degrade lignin
(Hatakka and Hammel 2011; Huang et al. 2013). Ligninolytic ability of these
microbes owes to the presence of various lignin-degrading enzymes. These microbes
have developed two main strategies, viz., presence of catalytic residues widely
exposed at the surface of ligninolytic enzymes and use of redox mediators
participating in the enzymatic attack. Due to the presence of various enzymes and
low molecular weight compounds, these microbes have developed various competi-
tion- and mutualism-based strategies that confer them the ability to decompose
wood, to flourish in different ecological niches, and to utilize lignocellulosic plant
biomass (Janusz et al. 2013). On the basis of their action on lignin and other
lignocellulosic materials, microbes are grouped as simultaneous and selective lignin
degraders. Microbes that selectively degrade lignin may find significant potential in
the processes where the main objective is to get lignin-free cellulose for subsequent
use, for example, in biopulping, biofuel production, textile industry, and animal feed
(Anderson and Akin 2008).

Fungi are more efficient in lignin breakdown, whereas delignification by bacteria
is slower and more limited (Sigoillot et al. 2012). Fungi are thought to be the most
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substantial contributors to lignin degradation in natural systems due to their ability to
produce enormous amounts of extracellular ligninolytic enzymes and hence have
attracted a great deal of interest as potential biomass degraders for large-scale
agroindustrial applications. Hence our main focus is on lignin-degrading fungi.

Lignin-degrading bacteria mainly belong to three classes, viz., actinomycetes,
α-proteobacteria, and γ-proteobacteria (Huang et al. 2013; Kumar et al. 2018; Li
et al. 2009; Wang et al. 2016; Wilhelm et al. 2019). Bacteria of several genera such
as Alcaligenes, Arthrobacter, Pseudomonas, Streptomyces, and Nocardia readily
degrade single-ring aromatic substrates.

Wood-degrading fungi mostly live as saprotrophs or weak parasites in natural and
human-affected forest ecosystems. Generally, wood-rotting fungi are the only group
of microbes capable of mineralization of lignin and are considered as primary lignin
degraders. Depending on the morphology of wood decomposition, the saprophytic
fungi are divided into three main groups, namely, white-rot fungi, brown-rot fungi,
and soft-rot fungi (Liers et al. 2011). Among all these, white-rot fungi have an
extraordinary capability for oxidative depolymerization and consequent mineraliza-
tion of lignin. Although lignin resists attack by most microbes, basidiomycetes
white-rot fungi can efficiently degrade lignin completely to CO2 and H2O (Aarti
et al. 2015; Dashtban et al. 2010). Representatives of wood-decaying fungi are those
belonging to Basidiomycota, Polyporales, and Agaricales (Rytioja et al. 2014).
Some common examples are Phanerochaete chrysosporium, Ceriporiopsis
subvermispora, Trametes versicolor, Phlebia radiata, Pleurotus ostreatus, and
Pleurotus eryngii. Brown-rot fungi colonize wood by degrading cellulose and can
degrade lignin only partially. Among most-studied wood-decaying brown-rot fungi
that selectively degrade lignin are Gloeophyllum trabeum, Serpula lacrymans,
Coniophora puteana, Physisporinus rivulosus, and Dichomitus squalens, whereas
Trametes versicolor, Heterobasidion annosum, P. chrysosporium, and Irpex lacteus
simultaneously degrade all cell wall components. White-rot basidiomycetes mostly
affect hardwood of angiosperms, whereas brown-rot fungi mostly attack softwoods
of gymnosperms (Hatakka 2005; Sigoillot et al. 2012). Fungi belonging to
Ascomycota mostly cause soft-rot decay. The ability to degrade lignin by these
fungi is limited (Cragg et al. 2015).

14.4 Ezymes Implicated in Lignin Degradation

The importance of certain wood-degrading enzymes produced by different microbes
has been highlighted through analysis of genomics and secretomic data (Janusz et al.
2013). Genome sequence analysis of ligninolytic fungi has revealed that there is not
one defined set of enzymes for lignin degradation (Floudas et al. 2012). The
composition of the set of oxidative enzymes being produced depends on the
microbes, and different microbes differ with respect to the production of the type
of ligninolytic enzyme(s) and its isozyme(s).

Microbial enzymes implicated in lignin degradation are divided into two main
groups of extracellular oxidative enzymes, viz., lignin-modifying enzymes (LME)
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and lignin-degrading auxiliary (LDA) enzymes (Hammel and Cullen 2008). These
lignin-degrading secreted enzymes are collectively termed ligninases.

Microbial LMEs are classified into heme-containing peroxidases and phenol
oxidase. Phenol oxidase includes laccase (Lac), whereas heme-containing
peroxidases are lignin peroxidase (LiP), manganese peroxidase (MnP), multifunc-
tional (versatile) peroxidase (VP), and dye-decolorizing peroxidase (DyP)
(Lambertz et al. 2016). Some of these peroxidases attack lignin or lignin fragments
from a distance. These can oxidize mediators, e.g., manganese ions and lignin-
derived aromatic compounds (e.g., formation of veratryl alcohol cation radical),
and generate small oxidizing agents that penetrate the lignin polymer and trigger
depolymerization via radical chemistry (Hunt et al., 2013; Nousiainen et al. 2009).
LMEs are summarized in Table 14.1. LDAs are oxidative enzymes and do not
catalyze lignin degradation on their own. These act in concert with LMEs and
facilitate the degradation process by producing the required H2O2 (da Silva
Coelho-Moreira et al. 2013). LDA enzymes include glyoxal oxidase, aryl alcohol
oxidase, heme-thiolate haloperoxidases, glucose dehydrogenase, pyranose
2-oxidase, cellobiose dehydrogenase, etc. These enzymes are frequently found in
white-rot fungi secretomes (Levasseur et al. 2008).

Laccase (benzenediol: oxygen oxidoreductases; E.C 1.10.3.2), also called
blue multicopper oxidase, is a copper-containing polyphenol oxidase (Arora
and Sharma 2010). It catalyzes the oxidation of mono-, di-, and polyphenols,
aromatic amines, and nonphenolic compounds to free radicals and the four-electron
reduction of oxygen directly to water. These free radicals undergo spontaneous
reactions resulting in the cleavage of various bonds (Leonowicz et al. 2001).
Certain chemical mediators act as intermediate substrates for laccase activity.
These mediators form oxidized radicals, which then react with the high redox
potential substrates (Arora and Sharma 2010). Thus, laccase catalyzes the oxidation
of nonphenolic substructures in the presence of mediators such as 2,20-azino-bis
(3-ethylbenzthiazoline-6-sulphonate) (ABTS) derived naturally from the substrates
or produced by the fungus (Christopher et al. 2014).

Lignin peroxidase (E.C 1.11.1.14), an oxidoreductase, is an extracellular
hemeprotein. Its action depends on H2O2 and has an unusually high redox potential
and low optimum pH (Erden et al. 2009; Hammel and Cullen 2008). It can act
both on phenolic and nonphenolic aromatic compounds. LiP, like classical
peroxidases, oxidizes phenolic substrates, while the oxidation of the nonphenolic
methoxybenzenes is unique to LiP (Oyadomari et al. 2003). It preferentially cleaves
the Cα-Cβ bonds in lignin molecule but is also capable of ring opening and other
reactions.

Manganese peroxidase (E.C 1.1 1.1.13), an oxidoreductase, catalyzes the H2O2-
dependent oxidation of lignin and lignin derivatives (Hammel and Cullen 2008). Mn
(II) is the preferred substrate for MnP. The enzyme catalyzes oxidation of Mn(II) to
Mn(III), which in turn oxidizes the phenolic substrate (Hofrichter 2002). Organic
acids produced by microbes, for example, oxalate and malonate, chelate Mn (III) to
form stable complexes with high redox potentials. This facilitates the dissociation of
Mn (III) from the enzyme, thereby activating the MnP system (Mäkelä et al. 2002;
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Schmidt 2006). Mn ion, thus, acts as a diffusible redox couple in the reaction rather
than as an enzyme-binding activator.

Versatile peroxidase (EC 1.11.1.16) is also known as hybrid peroxidase or lignin-
manganese peroxidase, since VP combines LiP and MnP catalytic properties. VPs
exhibit dual oxidative ability to oxidize Mn(II) and also phenolic and nonphenolic
aromatic compounds. VP oxidizes typical LiP substrates, e.g., veratryl alcohol,
methoxybenzenes, nonphenolic model lignin compounds, and Mn2+. The substrate
specificity of VPs is similar to that of LiPs, including oxidation of high and medium
redox potential compounds. VP also oxidizes azo dyes and other nonphenolic
compounds with high redox potential in the absence of mediators (Garcia-Ruiz
et al. 2014). Due to their catalytic versatility, which includes the degradation of
compounds that other peroxidases are unable to oxidize directly, VPs have attracted
the greatest biotechnological attention.

Dye-decolorizing peroxidases (EC 1.11.1.19) are a member of the novel heme
peroxidase family (DyP-type peroxidase superfamily), showing no homology to
classic fungal heme peroxidases including LiP, MnP, and VP. DyPs are active at
low pH values and are able to degrade different dyes, particularly anthraquinone
dyes (Zamocky et al. 2015). DyP oxidizes phenolic compounds, e.g.,
2,6-dimethoxyphenol and guaiacol. Induced transcription of genes encoding DyPs
is accompanied by the increased expression of transcripts for H2O2-generating
enzymes such as glyoxal oxidase, alcohol oxidase, and pyranose 2-oxidase (Qin
et al. 2018).

In addition to LMEs, other extracellular enzymes also act as accessory enzymes
for catalysis of lignin degradation. These accessory enzymes are called lignin-
degrading auxiliary (LDA) enzymes. In order to degrade lignin, microbes require
sources of extracellular H2O2, to support the oxidative turnover of LMEs responsible
for ligninolysis. Examples of LDA enzymes include extracellular oxidases that
reduce molecular O2 to H2O2, with the synergistic oxidation of a cosubstrate.
Microbes catalyze the Fenton reaction for the conversion of H2O2 to OH. These
free radicals nonspecifically attack polysaccharides as well as lignin in plant cell
walls, thereby creating some cleavage sites that permit easy penetration of
lignocellulolytic enzymes.

The most characterized oxidases generating H2O2 are glyoxal oxidase and aryl
alcohol oxidase. Glyoxal oxidase (GLOX; EC 1.2.3.5), a copper radical protein,
generates extracellular H2O2 by oxidizing dicarbonyl and hydroxycarbonyl
compounds, such as glyoxal and methylglyoxal (Yamada et al. 2014). Aryl alcohol
oxidase (AAO; EC 1.1.3.7) belongs to glucose-methanol-choline oxidase/dehydro-
genase family (GMC). It produces H2O2 by oxidative dehydrogenation of phenolic
and nonphenolic aryl alcohols, polyunsaturated (aliphatic) primary alcohols, or
aromatic secondary alcohols (Ferreira-Neila et al. 2010). In addition, aryl alcohol
dehydrogenases (ADH) and quinone reductases (QR) are also involved in lignin
degradation by fungi. It has been suggested that the H2O2 required in ligninolysis is
formed during the cycling reaction of AAO and ADH, which converts alcohol to
aldehyde in an NADP-dependent reaction (Hernandez-Ortega et al. 2012).
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Two types of heme-thiolate haloperoxidases implicated in lignin degradation are
chloroperoxidases (CPO, EC 1.11.1.10) and aromatic peroxygenases (APO, unspe-
cific peroxygenases, EC 1.11.2.1). CPO catalyzes epoxidation and hydroxylation of
organic sulfides, olefins, and aromatic rings. It chlorinates as well as cleaves the
major structures of lignin (Hofrichter and Ullrich 2006; Ortiz-Bermudez et al. 2003).
APO transfers oxygen to aromatic and aliphatic substrates similar to cytochrome
P450. It utilizes H2O2 rather than directly transferring molecular oxygen. It has basic
ferryl environment of their active center, due to which it has high reactivity toward
benzylic C-H and phenolic substrates compared to typical peroxidases or model
compounds (Piontek et al. 2010; Wang et al. 2015).

Glucose dehydrogenase (GDH; EC 1.1.99.10) is flavin adenine dinucleotide
(FAD)-dependent extracellular enzyme. In comparison with GOX, it does not
use oxygen as an external electron acceptor but instead uses phenoxy radicals,
quinones, redox dyes, and iron complexes such as ferricyanide and ferrocenium
hexafluorophosphate (Piumi et al. 2014). Pyranose 2-oxidase (POX; EC 1.1.3.10)
catalyzes the C-2 oxidation of aldopyranoses with the reduction of O2 to H2O2

(de Koker et al. 2004).
Moreover, cellobiose dehydrogenase (CDH; EC 1.1.99.18), which is secreted

mainly by many white-rot fungi under cellulolytic conditions, is also involved in
lignin degradation in the presence of H2O2 and chelated Fe ions. It reduces Fe3+ to
Fe2+ and O2 to H2O2 (Beeson et al. 2015). The brown-rot fungi, except Coniophora
puteana, do not produce CDH (Kajisa et al. 2004). It is proposed that the effect of
CDH on lignin degradation is through the reduction of quinones, which can be used
by ligninolytic enzymes or the support of a Mn-peroxidase reaction.

14.5 Radical Chemistry in Lignin Degradation

Oxidation of lignin polymer by LMEs generates aromatic radicals. These evolve
through C4-ether breakdown, aromatic ring cleavage, Cα-Cβ breakdown, and
demethoxylation. Breakdown of Cα-Cβ in lignin releases aromatic aldehydes, or
these may be synthesized de novo by microbes. These aromatic aldehydes are the
substrates for AAO-catalyzed generation of H2O2 in cyclic redox reactions also
involving AAD (Hernandez-Ortega et al. 2012). C4-ether breakdown generates
phenoxy radicals. If not first reduced by oxidases to phenolic compounds, these
phenolic radicals may repolymerize on the lignin polymer, which is acted upon again
by LMEs. Phenoxy radicals when subjected to Cα-Cβ breakdown generate p-
quinones. Quinones participate in oxygen activation in redox cycling reactions
involving QR and LMEs (Rastogi and Chaudhary 2011). This results in reduction
of the ferric iron present in wood, either by superoxide cation radical or directly by
the semiquinone radicals and its reoxidation with concomitant reduction of H2O2 to
hydroxyl free radical (OH•). Hydroxyl free radical is a very strong oxidizing agent
that can initiate the attack on lignin in the initial stages of wood decay, when the
penetration of LMEs is prevented by the small pores in the intact cell wall. Lignin
degradation then proceeds by oxidative attack of the enzymes as described above. In
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the final steps, simple products resulting from lignin degradation are incorporated
into intracellular catabolic pathways.

14.6 Lignin-Degrading Enzyme Activity Is Indicative of Lignin
Degradation Capability

Bioligninolytic system exploiting lignin-degrading microbes with high lignin-
degrading capability can be a promising strategy in improving lignin biodegradation.
Screening of lignin-degrading microbial species can be easily done on the basis of
these ligninolytic enzymes (Herpoël et al. 2000; Santhanam et al. 2012). The
screening strategy should be easy, inexpensive, rapid, and sensitive and applicable
under industrial conditions. Thus, plate assay method for ligninolytic enzymes is the
best choice.

LiP plate assay is based on oxidative decolorization of azure B, a lignin-like
recalcitrant heterocyclic thiazine dye. Oxidation of azure B in the presence of high
concentration of H2O2 involves production of two water molecules, abstraction of
two electrons per unit of azure B, and ultimately aromatic ring cleavage. This results
in the formation of clear zones on agar plates (Aguiar and Ferraz 2007; Arantes and
Milagres 2007; Schmidt 2006). LiP enzyme activity is determined spectrophotomet-
rically in the enzyme extract according to the protocol described by Archibald
(1992), which is based on analysis of blue coloration resulting from the oxidation
of azure B. The increase in absorbance at 651 nm (millimolar extinction coefficient
48.8 mM) is recorded for 1 min against reagent blank. One unit (U) of LiP activity is
defined as activity of enzyme that catalyzes the conversion of 1 μmol of azure B per
minute.

The plate assay of MnP activity is easily done in the presence of pH indicator dye
phenol red. MnP enzyme activity in enzyme extract is analyzed spectrophotometri-
cally according to the protocol described by Kuwahara et al. (1984), which is based
on the oxidation of phenol red to give red coloration. The increase in absorbance is
observed for 1 min at 520 nm (extinction coefficient 22 mM�1 cm�1) against reagent
blank. Mn-dependent activity is calculated by subtracting the absorbance in the
absence of MnSO4. The absorbance is measured in 1 min intervals after addition
of H2O2. One unit of MnP activity is defined as activity of enzyme that catalyzes the
conversion of 1 μmol of phenol red per minute.

Laccase-catalyzed reaction in the presence of non-catalytic cooxidant ABTS is
conveniently used for plate assay of lignin degraders. The formation of bluish-green
halos around the microbial colonies is considered as a positive test for Lac activity.
Laccase activity is determined spectrophotometrically by monitoring the oxidation
of ABTS (Poppius-Levlin et al. 1999), which is based on the oxidation of ABTS to
yield green coloration. It is measured by an increase in absorbance at 420 nm
(extinction coefficient 36 � 104 mM�1 cm�1) for 1 min against reagent blank.
One unit of Lac activity is defined as activity of enzyme that catalyzes the conversion
of 1 mol of ABTS per minute.
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In our lab, the main focus was on lignin-degrading fungi. Screening of fungi from
deteriorated wood samples with high lignin degradation potential was performed on
the basis of ligninolytic enzymes plate assay. Based on LiP plate assay, a total of
20 LiP-positive fungal cultures were screened from deteriorated wood samples on
Olga et al. medium [peptone 0.3 g, glucose 1.0 g, KH2PO4 0.03 g, ZnSO4 0.0001 g,
K2HPO4 0.004 g, FeSO4 0.00005 g, MnSO4 0.0005 g, MgSO4 0.0005 g, agar 2.0 g,
azure B 0.05%, pH 6.0], incubated for 7–10 days at 30 �C (Olga et al. 1998).
LiP-positive fungal cultures were screened by their ability to decolorize azure B,
thereby producing clear zones (Fig. 14.1), and were considered as putative lignin
degraders.

After screening the cultures by LiP plate assay technique, quantitative analyses of
LiP, MnP, and Lac were done by spectrophotometric method for the 20 putative
lignin degraders. Inoculum from each fungal colony tested positive in LiP plate
assay was separately added to LMM broth medium [glucose 10 g, sodium tartrate
2 g, KH2PO4 1 g, MgSO4�7H2O 0.5 g, KCl 0.5 g, yeast extract 1 g, CuSO4 150 μM,
Na2EDTA 0.5 g, FeSO4 0.2 g, ZnSO4�7H2O 0.01 g, MnCl2�4H2O 0.003 g, H3BO4

0.003 g, CoCl2�6H2O 0.02 g, CuCl2�2H2O 0.001 g, Na2MoO4�2H2O 0.003 g, pH
6.0] and incubated at 120 rpm, 25 �C for 1 week (Dhouib et al. 2005). For each
isolate, the enzyme extract obtained after homogenization and filtration was
subjected to LiP, MnP, and Lac enzymatic analysis procedures as described earlier.
It was determined from spectrophotometric analyses that LiP, MnP, and Lac enzyme
activities were present in all the 20 fungal isolates and ranged between 53.06 � 0.01
and 182.78 � 0.15 U/mg protein, 9.24 � 0.05 and 139.56 � 0.02 U/mg protein, and
10.68 � 0.02 and 166.59 � 0.01 U/mg protein, respectively. The results are
summarized in Table 14.2.

14.7 Molecular Characterization of Ligninolytic Microbes

Currently, very little is known about the diversity of lignin-degrading microbes and
their role in lignin degradation and nutrient cycling. Discovery of novel ligninolytic
microbes, enzymes, and their biochemical characterization is essential for the decon-
struction of biomass for its application in industries. A polyphasic strategy involving

Fig. 14.1 LiP-positive fungal isolate showing white colony with clear zone in the presence of
azure B. (a) Front view. (b) Back view
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morphological, biochemical, and molecular biological techniques is essential to
obtain an improved understanding of the interaction between the microbes and
environment. The foremost incentive of the research should be on the development
of PCR-based techniques for the identification of microbial community structure in
environmental samples. These methods include sequence comparisons of conserved
genomic regions such as 16S rRNA (for bacteria)/18S rRNA (for fungi) or
comparisons of random amplified polymorphic DNA (RAPD) in the genomic
DNA with corresponding data on known organisms. Molecular genetic techniques
using DNA polymorphism have been increasingly used to identify a novel genus
(O’Neill et al. 2003). Morphological and biochemical markers may be affected by
environmental factors and growth practices, whereas DNA-based markers provide
efficient and reliable tools for measuring genetic diversity in microbes and studying
evolutionary relationships. Among the molecular markers, amplification using ran-
dom primers and gene-specific primers is employed in genetic research due to their
speed and simplicity. In our lab, among all the LiP-positive fungal isolates, five most
promising fungal isolates (isolate numbers 3, 9, 5, 17, 20) were identified by 18S
rRNA universal primer sequencing as Agaricomycetes sp., Fusarium oxysporum,
Schizophyllum commune, Bipolaris tetramera, and Basidiomycota sp., respectively.
RAPD analysis using random decameric primers revealed polymorphic and distin-
guishable banding patterns, indicative of genetic diversity of fungal isolates.

Table 14.2 Quantitative analysis of lignin peroxidase, manganese peroxidase and laccase enzy-
matic activities in fungal isolates screened on the basis of LiP plate assay method

Fungal isolate
number

LiP-specific activity
(U/mg protein)

MnP-specific activity
(U/mg protein)

Lac-specific activity
(U/mg protein)

1 69.78 � 0.15 12.09 � 0.01 28.2 � 0.06

2 74.78 � 0.1 20.15 � 0.02 12.87 � 0.04

3 182.78 � 0.15 112.09 � 0.01 50.2 � 0.06

4 62.93 � 0.05 13.41 � 0.09 23.57 � 0.05

5 173.22 � 0.01 139.56 � 0.02 40.36 � 0.09

6 67.77 � 0.09 10.04 � 0.01 36.37 � 0.03

7 63.38 � 0.01 19.08 � 0.05 20.44 � 0.02

8 79.06 � 0.03 15.35 � 0.05 28.24 � 0.01

9 180.75 � 0.01 125.21 � 0.03 42.59 � 0.08

10 60.70 � 0.04 18.10 � 0.1 26.29 � 0.04

11 65.11 � 0.08 11.16 � 0.04 23.6 � 0.08

12 87.69 � 0.01 25.61 � 0.04 19.56 � 0.01

13 72.13 � 0.02 10.24 � 0.03 16.06 � 0.01

14 78.56 � 0.01 21.09 � 0.04 17.18 � 0.09

15 63.73 � 0.09 9.24 � 0.05 10.68 � 0.02

16 53.06 � 0.01 29.35 � 0.06 137.22 � 0.03

17 131.72 � 0.06 49.21 � 0.01 166.59 � 0.01

18 76.57 � 0.01 21.1 � 0.01 32.14 � 0.01

19 78.77 � 0.03 14.04 � 0.08 22.37 � 0.08

20 93.93 � 0.01 10.41 � 0.01 38.57 � 0.03
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14.8 Conclusion

Isolation and characterization of lignin-degrading microbes with high activity or
strain improvement to get maximum yield of such enzymes is the need of the future
so as to facilitate efficient carbon cycling by catalyzing lignin degradation and also to
exploit the plant biomass to its full capacity in an environment-friendly way.
Selective lignin degraders are most attractive in removing lignin from the perspec-
tive of biotechnological applications. Further, investigation is needed to identify the
novel proteins involved in lignin degradation and their mechanisms of action. Future
strategies should aim at engineering ligninolytic enzyme consortium so as to ensure
that these enzymes meet industry standards and requirements. Engineering goals
may include directed evolution and hybrid approaches for these enzymes that exceed
the limits imposed by nature, engineering ligninolytic secretomes to create
consolidated bioprocessing microbes with synthetic biology applications, synthetic
secretomes, and evolved ancestral ligninases (Alcalde 2015; Presley et al. 2018). In
addition, the suppression of lignin biosynthesis enzymes via plant genetic engineer-
ing may be of potential use in overcoming some of the problems related to the
recalcitrance of lignin (Rastogi and Dwivedi 2006, 2008).
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Biosorption of Heavy Metals by
Cyanobacteria: Potential of Live and Dead
Cells in Bioremediation

15

Shachi Singh

Abstract
Biosorption is a physicochemical process that allows certain microorganisms to
passively bind contaminants onto their cellular structures. Mostly this process has
been applied in the removal of heavy metals from contaminated water bodies. The
technique is highly efficient and cost-effective and allows recovery of metal as
well as the biomass. Among various organisms used for biosorption of heavy
metals, such as bacteria, fungi, algae, higher plants, etc., cyanobacteria hold
special position due to their unique structural properties and high metal sorption
capabilities. Several cyanobacterial strains as live or dead cells have been used to
remove heavy metals from contaminated sites. In view of its importance, this
chapter discusses how cyanobacteria have been used in bioremediation of heavy
metals. Attempts will be made to highlight the properties of cyanobacteria useful
for biosorption and the process parameters responsible for enhancing the metal
removal capability. In addition, mechanisms underlying sorption process are
discussed.

Keywords
Biosorption · Physicochemical · Heavy metal · Cyanobacteria · Bioremediation

15.1 Introduction

Heavy metal pollution has become one of the most serious concerns in many
countries. It arises due to disposal of heavy-metal-containing wastes into the envi-
ronment, particularly in water bodies (Verma and Dwivedi 2013). Heavy metal
wastes are generated by various activities, such as application of pesticides and
fertilizers, mining and smelting industries, leather industry, electroplating, chemical
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industry, automobile exhausts, etc. (Mohammed et al. 2011). Heavy metals such as
lead, copper, cadmium, zinc, chromium, nickel, and mercury are highly toxic to
living organisms. They are nonbiodegradable and hence remain in the atmosphere
for longer period of time causing higher toxicity. They accumulate inside living
organisms through food chain and affect various metabolic processes (Mohammed
et al. 2011). All groups of living organisms including human beings, animals,
aquatic organisms, plants, and microbes are affected by heavy metal pollution.

Many techniques have been developed to remove heavy metal from the environ-
ment, such as reverse osmosis, electrophoresis, ultra-ion exchange, chemical
precipitation, membrane filtration, etc. (Barkat 2011). Although these conventional
methods are successful in removing heavy metal contamination, a more environment-
friendly technique needs to be developed which can generate least toxic wastes.
Biosorption seems to be an eco-friendly and cost-effective alternative for removing
heavy metal. It is a physicochemical process that uses biological material for removing
contaminants. In biosorption, metal ions passively bind to the surface of the biological
material through various physicochemical processes, such as adsorption, precipitation,
ion exchange, etc. (Gadd 2009; Michalak et al. 2013; He and Chen 2014).

Wide varieties of material are available in nature which had been used for the
removal of heavy metals from contaminated sites, such as bacteria, fungi, algae,
agricultural wastes, etc. (Wang and Chen 2009). However, in recent years,
cyanobacterial-based bioremediation has been in focus for cleanup operations of
contaminated sites. Metal removal by these organisms involves a rapid phase of
passive surface adsorption followed by energy-dependent slower phase of metal ion
transport across cell membrane. Large number of data is available in literatures
describing their role in bioremediation; however, it is not possible to discuss each
and every aspect of the process. Therefore, in this review, attempts will be made to
focus on the surface phenomenon and the factors influencing biosorption by
cyanobacteria.

15.2 Potential of Cyanobacteria as Biosorbent

Cyanobacteria are a diverse group of nitrogen fixing, oxygenic photosynthetic
prokaryotes that are widely distributed in freshwater, marine, and terrestrial
environments (Singh 2014). A significant contribution to metal sorption has been
attributed to these organisms since they are abundant in natural environments.
Cyanobacteria have some advantages over other microorganisms including their
unique cell wall compositions and greater mucilage volume with high binding
affinity, large surface area, and simple nutrient requirements (Micheletti et al.
2008a, b). They can be easily cultivated on a large scale providing a low cost
biomass for the biosorption process (Pathak et al. 2018). Several cyanobacterial
strains as live and dead cells have been used to treat heavy metal pollution through
biosorption. Their metal sorption capability was found to be better than many other
natural materials used for the removal of heavy metal, such as bacterial or fungal
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biomass, agricultural waste, and industrial by-products (Wang and Chen 2009;
Kananarlapudi et al. 2018).

Excellent biosorption potential by metabolically active cells of several
cyanobacterial strains had been reported. Live cells of Oscillatoria anguistissima
showed very high capacity for the biosorption of zinc, measuring 641 mg/g of cell
dry weight (Ahuja et al. 1999a, b). The biosorption of mercury by two strains of
cyanobacteria, Spirulina platensis and Aphanothece flocculosa, was also very high,
showing 456 and 428 mg/g biosorption capability, respectively (Cain et al. 2008).
Nostoc entophytum ISC32 isolated from oil-contaminated regions in southern Iran
was able to absorb 302.91 mg/g of cadmium from aqueous solution. Its metal
removal capability increased up to 29% under microgravity conditions (Alidoust
et al. 2016). A high copper removal ability through biosorption had been reported for
many cyanobacterial strains; they include Cyanospira capsulata, 240 mg/g (Paperi
et al. 2006); Cyanothece 16Som 2, 201 mg/g; C. capsulata, 143 mg/g; Cyanothece
ET 5, 113 mg/g (Micheletti et al. 2008a, b); and S. platensis, 67.93 mg/g (Celekli
et al. 2010), whereas Gloeothece sp. strain PCC 6909 wild type and its sheathless
mutant showed 46.3 and 26.7 mg/g of copper removal, respectively (Micheletti et al.
2008a, b). Chromium removal was 196, 95, and 67 mg/g by Cyanothece
strains16Som 2, CE 4, and TI 4, respectively (Micheletti et al. 2008a, b).
Aphanothece halophytica could efficiently take up zinc from aqueous solution
with a maximum capacity of 133 mg/g (Incharoensakdi and Kitjaharn 2002). Nostoc
commune also showed good metal removal capability by removing 126.32 and
115.41mg/g of Cd and Zn, respectively, from aqueous solution (Morsy et al.
2011). Anabaena sphaerica maximum biosorption capacities for live cells were
121.95 mg/g for Cd and 111.1 mg/g for Pb (Abdel -Aty et al. 2013), whereas
Fischerella ambigua ISC67 removed 98.03 mg/g of Zn ions at optimum conditions
(Safari, Ahmady-Asbchin 2018). The live cyanobacterium Nostoc muscorum Meg
1 isolated from a rice field of Meghalaya, India, receiving contaminated water from
coal mine effluents, removed 71.4 mg/g of Cd (Ahad et al. 2017). Microcystis and
Synechocystis cells were good adsorbents for antimony (Sb) in the form of anion Sb
(OH)6

� and cation Sb(III) with a sorption capacity of 4.68 mg/g shown by
Synechocystis (Sun et al. 2011; Zhang et al. 2011). Two marine cyanobacteria-
unicellular Synechococcus elongatus BDU 75042 and filamentous Anabaena
torulosa, were found to remove 53.5 and 77.35 mg/g of uranium respectively
(Acharya and Apte 2012). The effectiveness of Phormidium as an adsorbent for
rare earth metals had been tested. The rare earth elements (REEs) include 15 lantha-
nide elements (Z¼ 57–71) and yttrium (Z¼ 39). Their adsorption density was found
to be La, 375 mg/kg; Pr, 57 mg/kg; Nd, 217 mg/kg; Sm, 35 mg/kg; Gd, 20 mg/kg;
and Dy, 14 mg/kg (Kim et al. 2011). Lyngbya taylorii showed maximum metal
removal capacities of 1.47 mmol Pb, 0.37 mmol Cd, 0.65 mmol Ni, and 0.49 mmol
Zn per gram of dry biomass (Klimmek & Stan). Efficient removal of Cr from tannery
effluent by live cells of Arthrospira platensis (Pandi et al. 2009) and from retan
chrome liquor by Spirulina fusiformis, Zn and Ni removal by S. maxima (Balaji et al.
2015), and tolerance of Zn, Cd, and Pb by Phormidium uncinatum (Audiiolia et al.
1993) indicate their role in wastewater treatment.
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Living cyanobacterial biomass had been effective in biosorption of heavy metals;
however, in many cases, dead cells have shown to be equally important. Dead cells
are less affected by the toxic ions; in addition, they require little care and mainte-
nance. Maximum uptake of Cd was 44.56 mg/g in living cells of Spirulina platensis
(Murugesan et al. 2008), whereas dry biomass of Spirulina platensis was able to
remove 73.64 mg/g of Cd (Celekli and Bozkurt 2011) and 357 mg/g as reported by
Solisio et al. (2008), indicating higher capability of dead cells to remove metals.
Dried Spirulina biomass was also shown to remove 90.91 mg/g of Cr as reported by
Rezaei (2016) and 41.12 mg/g of Cr as reported by WonKwak et al. (2015),
69.04 mg/g of Ni (Celekli and Bozkurt 2011), 48.21 mg/g of Pb, and 8.75 mg/g of
Zn (Aneja et al. 2010). Adsorption capacities of dried biomass of Nostoc
sphaeroides were greater for Cr than fresh macrocolonies (Jiang et al. 2016).
Dried biomass of Nostoc muscorum removed 22.92 mg/g of Cr (Gupta and Rastogi
2008). Nostoc linckia also showed good biosorption of Cr from wastewater of
galvanic industry (Zinicovscaia et al. 2014). When compared to live controls,
autoclaving improved the binding capacities of Anabaena sp. (Coder and Reeves
1994).

Biosorption studies of immobilized cell have also shown good results. The
biosorption of Cd by immobilized Spirulina platensis TISTR 8217 on alginate gel
and silica gel showed maximum adsorption of 70.92 and 36.63 mg Cd/g biomass,
respectively (Rangsayatorn et al. 2004). Biosorption capacity determined for the
immobilized Anabaena sp. ATCC 33047 system was as high as 162 mg Cd per gram
dry biomass, entrapped within the reticulate network of polyurethane foam disks
(Clares and Guerrero 2015). Immobilized biomass of Microcystis aeruginosa
showed good result with Cu (Pradhan and Rai 2001).

15.3 Cell Surface Chemistry and Metal Binding

The cyanobacterial surfaces are complex structures containing distinct surface
layers, each with unique metal binding properties. A cell wall capable of passively
adsorbing high amounts of solubilized metals is present; in addition to that, many
cyanobacterial species surround their cell walls with a polysaccharide sheath, which
adds on additional metal binding property (Fiore and Trevors 1994; Hoiczyk and
Hansel 2000). The role of cyanobacterial surfaces in metal binding was
demonstrated by various workers. El-Enany and Issa (2000) showed that about
65–60% of Cd or Zn was distributed on the cell surface of Nostoc linckia and Nostoc
rivularis, whereas 91% of the total Cd removed by Nostoc muscorum was found to
be adsorbed on the cell surface, describing their role in metal binding (Ahad et al.
2017). Similarly, when the cells of Aphanothece halophytica with the adsorbed zinc
were treated with EDTA, it was found that less than 10% of zinc remained associated
with the cells, suggesting that the uptake of zinc is ascribed to cell surface binding of
the metal (Incharoensakdi and Kitjaharn 2002).

412 S. Singh

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/cadmium
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/alginate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/gel
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/silicon-dioxide
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/biomass


The cell surface chemistry plays an important role in the biosorption mechanism.
The affinity for metal ions to bind onto cyanobacterial surfaces comes from the
presence of proton-active surface enriched with various functional groups on the cell
wall and exopolymer sheath (Fiore and Trevors 1994). These functional groups can
deprotonate and bind metal ions to form stable ligand-metal surface complexes.
Infrared (IR) spectra for intact Calothrix filaments and separated exopolymeric
sheath material indicated that the reactive sites on Calothrix surfaces were heteroge-
neously distributed between the exopolymer sheath and cell wall (Yee et al. 2004).
Concentration of proton-active surface sites was found to be higher on the cell wall
as compared to the overlying sheath. Sorption experiments done with Cu, Cd, and Pb
ions demonstrated that the carboxyl groups on the cyanobacterial cell wall were the
dominant sink for metals (Yee et al. 2004). Peptidoglycan isolated from cell walls of
the cyanobacterium Anabaena flos-aquae demonstrated binding of Cu(II) by amine
and carboxyl ligands, whereas whole cell fractions containing the exopolymer sheath
were shown to bind Cu(I) as well as Cu(II) by phosphate ligands (Kretschmer et al.
2004). IR analysis of Microcystis cells confirmed the presence of a large number of
-COO(�) and some amino groups on the cell wall, where oxygen and nitrogen donor
atoms were found to play a vital role in biosorption of Fe, Ni, and Cr (Prahan et al.
2007). Adsorption study for uranium with the marine unicellular cyanobacterium
Synechococcus elongatus BDU130911 showed 92%, 85%, and 20% adsorption of
uranium in the control, amine-blocked treatments, and carboxyl-blocked treatments,
respectively, indicating the role of carboxylic group in uranium binding
(Vijayaraghavan et al. 2018). The ATR-IR spectra confirmed the involvement of
amino, carboxyl, and hydroxyl groups in the removal of Sb(OH)6

� by Microcystis
(Sun et al. 2011). Spirulina sp. revealed the presence of hydroxyl, amino, carboxylic,
and carbonyl groups involved in the biosorption of Cr(IV) ions (Rezaei 2016). The
process of Cr(III) removal by Spirulina sp. was hindered when carboxyl and
phosphate groups were esterified, pointing out the important role of these groups
in the biosorption process (Chojnacka et al. 2005). Similarly, chemical modifications
of functional groups after methanol esterification caused a decrease in adsorption of
Cu and Cd by S. platensis, demonstrating the role of carboxyl groups in metal
binding (Fang et al. 2011). Carboxylic acid was also shown to be the main functional
group responsible for metal binding in Phormidium valderianum and Synechococcus
sp. PCC 7942 (Gardea-Torresdey et al. 1998; Karna et al. 1999). Amino and
hydroxyl groups were shown to play an important role in the binding of Pb by
Spirulina maxima (Gong et al. 2005). EDX and FTIR analyses confirmed participa-
tion of hydroxyl, carbonyl, carboxyl, and phosphate groups in biosorption of Cd
onto the cell surfaces of Nostoc muscorum (Ahad et al. 2017), whereas amide,
hydroxyl, C¼O, and C–O groups are involved in the sorption of Cr(VI) ions
(Gupta and Rastogi 2008). Amino, carboxyl, hydroxyl, and carbonyl groups present
on the cell surface were shown to participate in the biosorption of Cd and Zn by
Nostoc commune (Morsy et al. 2011) and Cd and Pb by Anabaena sphaerica (Abdel
-Aty et al. 2013), whereas carboxyl, hydroxyl, sulfite, and amino groups are likely
responsible for the biosorption of Zn by Fischerella ambigua (Safari, Ahmady-
Asbchin 2018).
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Studies have shown that sheaths of cyanobacteria consist mainly of
polysaccharides composed of at least one uronic acid and several neutral sugars
with various negatively charged groups, such as sulfate, phosphate, and carboxylate,
providing binding sites for cations (Fiore and Trevors 1994). In Microcystis flos-
aquae slime, galacturonic acid was predominant, and it was suggested that charge
attraction to carboxyl groups contributed to Fe binding (Plude et al. 1991). Isolated
sheaths of two filamentous cyanobacteria, Calothrix parietina and Calothrix
scopulorum, composed of neutral sugar, amino acids, and small amounts of glucos-
amine and galacturonic acid, showed binding of heavy metals, such as copper,
cobalt, iron, zinc, nickel, manganese, and molybdenum (Weckesser et al. 1988).
Galacturonic and glucuronic acids present in the exopolysaccharide sheath were
involved in the removal of Cr by Synechocystis (Ozturk et al. 2009). The cyanobac-
terium Gloeothece sp. and its sheathless mutant when tested for their abilities to
remove Cu ions revealed that the mutant was more effective in the removal of the
heavy metal than the wild type (Micheletti et al. 2008a, b). Although the mutant does
not possess a sheath, it released large amounts of polysaccharidic material into the
culture medium. The released polysaccharides of the wild type and the mutant were
composed of the same 11 sugars, although in different amounts, and the metal ions
were preferably bound to the cell wall and to release polysaccharide functional
groups (carboxyl and amide groups) rather than to the sheath (Micheletti et al.
2008a, b). Isolated sheath of Gloeothece sp. have also shown to bind metal (Tease
and Walker 1987).

15.4 Mechanism of Biosorption

Binding of metal in biosorption is a passive process that does not involve any
requirement of energy (Michalak et al. 2013). N. muscorum when incubated with
Cd in light and dark demonstrated an equal metal removal capability (Ahad et al.
2017). Further when photosynthetic electron transport chain, a process that provides
energy in the form of ATP, was blocked by DCMU, cells were again able to remove
almost similar amount of Cd (Ahad et al. 2017). This process was further explained
by using glucose as a source of energy; its addition did not appear to increase the
amount of zinc taken up by A. halophytica; moreover, the presence of carbonyl
cyanidem-chlorophenylhydrazone, an uncoupler, or N,N0-dicyclohexylcarbodiimide,
an inhibitor of ATPase, hardly affected Zn uptake by the cells (Incharoensakdi and
Kitjaharn 2002). Oscillatoria sp. H1 when used for the removal of Cd ions as its
dry biomass, alive and heat-inactivated immobilized form showed almost similar
absorption capability indicating removal as surface phenomenon (Katırcıoğlu
et al. 2008).

Adsorption, chelation, ion exchange, and surface precipitation are different
processes reportedly involved in biosorption (Bilal et al. 2018). Among them, ion
exchange seems to be the principal mechanism of biosorption in cyanobacteria,
involving different functional groups present on the cell surface. Biosorption studies
of Cr, Cd, and Cu ions by the cyanobacteria Spirulina showed that the process
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equilibrium was reached quickly in less than 5–10 min, suggesting that the mecha-
nism of biosorption is rather chemisorption than physical adsorption and was further
confirmed by the low surface area associated with physical adsorption and by the
presence of cations that appeared in the solution after biosorption (Chojnacka et al.
2005). The biosorption of Co also showed that it is an ion-exchange process, as the
Co binding was accompanied by the release of large amounts of Mg ions in the
solution containing O. anguistissima cells (Ahuja et al. 1999a, b). Cell surface study
by scanning electron microscopy and surface area measurement of the biomass of
Spirulina,Microcystis, and several other cyanobacterial strains further demonstrated
that physical adsorption was not the dominant mechanism of biosorption (Fang et al.
2011). As discussed above, cyanobacteria cell walls are polyanionic in nature and
effectively act as cation exchangers due to the presence of various negatively
charged functional groups present on the cell surface.

15.5 Factors Affecting Biosorption

15.5.1 Effect of pH

The pH of the solution is an important factor since it influences solubility, total
charge of the biosorbent, as well as metal speciation (Bilal et al. 2018). At low pH,
the H+ ions are closely associated with the active ligands of the biosorbent, and
therefore, there exists a competition between the protons and metal ions for the
binding sites, whereas at higher pH, there exists lower number of H+ ions, and the
number of active sites of the negatively charged functional groups is free and
exposed resulting in increased biosorption of positively charged metal ions. At a
very high pH, the metal might begin to precipitate and can form hydroxides, thereby
hindering the biosorption process (Bilal et al. 2018). The observed low Zn
biosorption by A. halophytica at acidic pH was likely owing to the strong competi-
tion from hydrogen ions for binding sites on the cell surface; increasing the pH
further to 6.5 and 7 resulted in a progressive linear increase in metal adsorption
(Incharoensakdi and Kitjaharn 2002). Biosorption study of Nostoc muscorum
revealed that an increase in the pH from 3 to 8 increased the metal removal capacity
of the biomass and reached a plateau around pH 5 and 6 for both Pb and Cd,
respectively (Dixit and Singh 2013). Gupta and Rastogi (2008) observed an increase
in the biosorption of Pb in Oedogonium sp. by increasing pH. The Cu loading level
was 30 times higher in the cell wall sample prepared at pH 5 than in the sample
prepared at pH 2 in Anabaena flos-aquae, clearly indicating a pH-dependent
ion-exchange process involved in the binding (Kretschmer et al. 2004). Optimum
pH for Cd removal by M. aeruginosa was observed to be 7, and values below and
above 7 were found to cause a decrease in metal binding property of the cell
(Rzymski et al. 2014). The adsorption of Cu by S. platensis increased with an
increase in pH from 5 to 7, whereas highly alkaline pH conditions (pH 9 and
above) led to a decline in adsorption efficiency (Al-Homaidan et al. 2014). Similarly,
adsorption of Cd by dry biomass of S. platensis also increased from pH 3 to pH 8,
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and there was a decrease in the uptake of Cd at alkaline pH 9, which could be
attributed to the formation of a metal complex such as Cd-OH that might have
reduced the availability of Cd for adsorption (Rangsayatorn et al. 2004).

Optimum pH varies depending upon the chemical property of the metal. Maxi-
mum biosorption of Pb and Cd occurred at pH 5 and 6 by Nostoc muscorum (Dixit
and Singh 2013) and at pH 3 and 5.5 by Anabaena sphaerica (Abdel -Aty et al.
2013). This difference occurred because Pb has higher electronegativity than Cd and
hydronium ion; therefore, its affinity to the surface functional groups is higher at low
pH value (Lou et al. 2018). A similar situation occurring in Spirulina sp. where the
maximum biosorption of Pb was at pH 4 and 10 while Zn at pH 8 and 10 (Aneja et al.
2010) also reflects that the adsorption pH depends on the chemical nature of the
metal.

15.5.2 Effect of Temperature

An increase or decrease in temperature causes a change in the biosorption capacity of
the biosorbent. High temperatures enhance the biosorptive removal of metals by
increasing their kinetic energy, but are also associated with structural damage of the
biomass, thus limiting the process (Bilal et al. 2018). Gradual increase in tempera-
ture from 10 to 40 �C led to corresponding increase in the absorption of Pb and Cd by
N. muscorum; however, further rise in the temperature above 40 �C resulted into
decline in the absorption of both the metals (Dixit and Singh 2013). The findings of
Spirulina indicate that the optimum temperature for Cr uptake was 40 �C (Rezaei
2016), for Cu, 37 �C (Al-Homaidan et al. 2014), and for Cd, 26 �C (Al-Homaidan
et al. 2015). Similarly, the highest biosorption efficiency of Cd by Aphanothece
sp. was attained at 30 �C, while the lowest efficiency was found at 47 �C, by either
the damage of active binding sites in the biomass or desorption of metal ions by high
temperature due to weakening of binding forces (Awalina et al. 2017).

15.5.3 Effect of Initial Metal Concentration

The mass transfer resistance between the liquid and solid phases can be overcome by
the initial concentration of metal ion. It has been observed that the biosorption
capacity of the biosorbent increases with the increase in metal ion concentration
and then reaches a saturation value. This occurs because initially all the binding sites
are free and completely available for interaction with the metal ions; however, when
the metal concentration increases, most of binding sites are occupied and are not
available for further binding, thereby halting the sorption process (Michalak et al.
2013). The amount of Cd removed was found to increase with an increase in the
initial metal concentration from 0.5 to 3 ppm. Beyond 3 ppm, there was no further
increase in the process because all the binding sites on the cell surface were
occupied, reaching saturation limit (Ahad et al. 2017). With an increase in concen-
tration of Cu from 10 to 100 mg/L, there was a gradual increase in adsorption from
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47.65 to 90.61% by S. platensis; however, further increase above 150 mg/L led to a
decline indicating saturation of all the binding sites (Al-Homaidan et al. 2014). A
consistent decrease in metal removal was observed for Pb and Zn by Spirulina after
40 mg/L metal solution (Aneja et al. 2010). Optimum metal concentration for the
maximum sorption of Cd and Pb was 60 and 80 μg/mL, respectively, by Nostoc
muscorum (Dixit and Singh 2013). About 0.2 g Cd was retained per g dry weight of
Anabaena biomass, regardless of the initial concentration of the ion (Clares and
Guerrero 2015).

15.5.4 Effect of Biosorbent Concentration

It has been observed that an increase in cyanobacterial biomass is associated with an
increase in the biosorption process. It occurs because larger surface area generates
more available metal binding sites (Michalak et al. 2013). An increase in the dose of
adsorbent from 0.7 to 2.8 g/L resulted into an increase in the Pb and Cd removal by
N. muscorum; however, a further increase did not exhibit any significant effect on
the metal removal (Dixit and Singh 2013). Biosorption efficiency of Cd and Pb ions
by A. sphaerica was significantly increased with subsequent increase in the
biosorbent dose and almost became constant at higher dosage than 0.1 g/100 mL
and 0.2 g/100 mL for Pb and Cd, respectively (Abdel -Aty et al. 2013). The removal
of Zn from aqueous solution by A. halophytica was increased as the cell concentra-
tion increased up to 0.2 g/L (Incharoensakdi and Kitjaharn 2002). Optimum biomass
dose for removal of Cd by Anabaena was 0.445 g/L (Clares and Guerrero 2015),
whereas 2 g of S. platensiswas sufficient to get excellent Cd removal when the initial
metal concentration was 100 mg/L (Al-Homaidan et al. 2015). The optimum dose of
S. platensis for maximal removal of copper ions was found to be 0.050 g/100 mL,
and adsorption declined with a further increase in biomass concentration from
0.05 g/100 mL (Al-Homaidan et al. 2014). It is likely that higher cell concentration
might lead to the formation of cell aggregates, thereby reducing the effective
biosorption area.

15.5.5 Effect of Contact Time

Initially, all the binding sites are vacant and hence freely available for the metals to
bind; therefore, the rate of biosorption is very rapid initially. With an increase in
time, the rate of biosorption decreases due to a decrease in the available free binding
sites (Michalak et al. 2013). The uptake of Cd by immobilized Anabaena sp. ATCC
33047 was very fast in the beginning, with 65% of total Cd being removed from the
solution within the first 5 min of incubation, followed by a slower phase (Clares and
Guerrero 2015). Spirulina sp. exhibited rapid biosorption in first 15 min by remov-
ing 90% Pb and 89% of Zn from metal solutions; thereafter, increase in metal
removal was marginal (Aneja et al. 2010). The biosorption study of Cd and Pb
ions using A. sphaerica biomass indicated that the biosorption of both metals was
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rapid in the first 20 min and then was gradually increased till the equilibrium was
attained at 60 and 90 min for Cd and Pb, respectively (Abdel -Aty et al. 2013). It was
noted that the rate of adsorption of Cd by S. platensis was very rapid during the first
30 min (Al-Homaidan et al. 2015); the maximum adsorbed amount of Cr ions by
Spirulina was achieved within 60 min (Rezaei 2016) and Cu ions within the first
90 min (Al-Homaidan et al. 2014) and then was followed by a longer equilibrium
period. The difference in the rate of metal sorption could be explained by the
difference in the type of metal and variation in the cell surface chemistry of different
cyanobacterial strains.

15.5.6 Effect of Cations and Anions on the Metal Removal

Studies conducted to demonstrate the effect of various cations and anions on
adsorption of Pb and Cd by Nostoc muscorum showed that the cations Na+, K+,
and Mg2+ had little effect; in contrast, the absorption percentage of both metals was
significantly reduced in the presence of Ca2+ ion (Dixit and Singh 2013). Reduction
might be due to its competition with these metals for the binding sites. The presence
of Mg2+ and Ca2+ ions has shown to decline the Cu and Co adsorption capacity of
Oscillatoria anguistissima cells (Ahuja et al. 1997, 1999b). Mg2+ or Ca2+ ions have
also been observed to reduce copper removal capability of Cyanospira capsulata
and Nostoc PCC7936 (De Philippis et al. 2003). The inhibitory effect of Ca on Zn
biosorption has been reported for a freshwater cyanobacterium Oscillatoria
anguistissima (Ahuja et al. 1999a). Calcium along with Hg and Pb also inhibited
zinc adsorption by Aphanothece halophytica (Incharoensakdi and Kitjaharn 2002).
Among the various anions tested, EDTA caused a significant decrease in the removal
of Pb and Cd by Nostoc muscorum (Dixit and Singh 2013). The effect of EDTA
could be interpreted as relatively stronger binding of Pb and Cd with EDTA than the
metal binding sites on the cell surface. Similarly, sulfate and nitrate (0. 75–10 mM)
were found to drastically reduce the extent of Co biosorption in O. anguistissima
(Ahuja et al. 1999b).

15.5.7 Effect of Desorbing Agents on Metal Removal and Reusability
of the Biomass

Maximum desorption of Pb and Cd was achieved in the presence of EDTA and
HNO3, respectively, by N. muscorum and could be repeatedly used up to six
biosorption/desorption cycles without significant loss of its initial metal adsorption
capacity (Dixit and Singh 2013). Similarly, HNO3 and EDTA also caused 80%
recovery of Cr from N. muscorum and were reused in five biosorption–desorption
cycles (Gupta and Rastogi 2008). Chromium could also be recovered from Spirulina
biomass using HNO3 or NaOH (Rezaei 2016). The successive recycling of the
adsorption–desorption process by Spirulina for Cd removal was stable for more
than five cycles (Rangsayatorn et al. 2004). Copper was desorbed by distilled water
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at pH 2 from Microcystis biomass (Pradhan and Rai 2000), and it was observed that
immobilized M. aeruginosa could be used for 10 cycles of adsorption–desorption
cycle (Pradhan and Rai 2001). Wang et al. (2010) demonstrated that HNO3 was a
better desorbing agent than HCl, EDTA, and citric acid to remove Cu from
cyanobacterial bloom containing Microcystis as a major constituent. HCl and
NaOH effectively removed copper ions trapped in the biomass of Cyanospira
capsulata (Paperi et al. 2006). High acidic or alkaline conditions favor desorption
by weakening the electrostatic force of attraction between metal and the functional
groups (Bilal et al. 2018). Some salts, such as Na2CO3, have also shown to cause
efficient desorption of Co from the biomass ofO. anguistissima (Ahuja et al. 1999b).

15.5.8 Effect of Multi-metals on the Metal Removal Efficiency

In multi-metal systems, generally it has been observed that the interaction is com-
petitive, where the metal ions already sorbed on the biomass exert a strong hindrance
to the access of other ions at the adjacent adsorption sites. However, in some cases, a
noninteractive or synergistic behavior could also be observed. The presence of
binary metals, Pb and Cd, showed that one metal ion resulted into decreased sorption
of other metal ion by Nostoc muscorum, and it was observed that Pb caused
inhibition of Cd sorption (Dixit and Singh 2013). Studies with Lyngbya taylorii
also indicated a preference for the uptake of lead over cadmium, nickel, and zinc in a
four-metal solution (Klimmek and Stan 2001). Lead was also shown to be
sequestered preferentially over Cd by Microcystis aeruginosa (Rzymski et al.
2014). Similarly, Synechococcus sp. PCC 7942 exhibited a nearly threefold higher
bound rate for Pb than for Cd, requiring significantly shorter contact time for
effective metal removal (Rzymski et al. 2014). Micheletti et al. (2008a, b) tested
nine exopolysaccharide-producing cyanobacterial strains for their ability to remove
Cr, Cu, and Ni in a multiple-metal solution. It was observed that in the strain
Cyanothece VI 13, the presence of the three metals caused a drastic reduction in
the sorption of Ni and all the binding sites were occupied by the two other metals. An
antagonistic action was observed between metal ions in C. capsulata and
Cyanothece strains CE 4, ET 5, and VI 22 indicating a competitive interaction
among the metals for the binding sites on the biomass. N. linckia accumulated
about 30-fold of Zn and tenfold of Cd, whereas N. rivularis accumulated about
tenfold of Zn and twofold of Cd when added together showing preference of one
metal over the other (El-Enany and Issa 2000). Nostoc sphaeroides adsorption
properties of Cu, Cd, Cr, Pb, Ni, and Mn also showed that coexisting ions signifi-
cantly decreased the metal adsorption capacity (Jiang et al. 2016).Microcystis when
grown under continuous culture in the presence of Cr(VI), Cd, and Cu as mixtures of
two or three metals showed that Cr and Cd had a positive interaction that increased
the removal percentages of both these metals (Rai and Tripathi 2007). The difference
in sorption dynamics and the biosorbent capacity for different metals has been
explained in terms of the difference in the ionic size of metals, ionic radii, electrode
potential, and affinity to the functional groups on the biosorbents.
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15.6 Conclusion

The above review highlights the potential of cyanobacteria in removing heavy metal
contamination. It can be clearly seen that a wide variety of cyanobacterial strains as
live and dead cells have the capability to remove metal ions in high concentrations.
Metal sorption efficiency varies depending upon the cell surface chemistry of the
cyanobacterial strain and the chemical property of the metal ion chosen. The method
is safe and more environment friendly as compared to the available chemical
techniques and hence can easily be developed into industrial product for the treat-
ment of contaminated sites. Process parameters such as pH, temperature, contact
time, concentration of metal ions, biomass, etc., can be adjusted to achieve maxi-
mum metal removal.
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Bioremediation of Pharmaceuticals
in Water and Wastewater 16
Chhaya, Trishikhi Raychoudhury, and Sanjeev Kumar Prajapati

Abstract
Current demographic trends, the rise of chronic diseases, the accessibility of
inexpensive generic treatments, and the emergence of “lifestyle” drugs have
been the key to increased pharmaceutical medicine use throughout the world.
These pharmaceuticals are now the group of emerging contaminants with rising
concern in the scientific world due to their presence in surface water, such as lake
and river, groundwater, soil, and even drinking water and their associated impact
on invertebrates, vertebrates, and ecosystem structure and function. The two main
routes of such contaminations are (1) when such drugs taken are excreted in faces
and urine and (2) when unused drugs are thrown down. Research undertaken has
found that 60–80% of these pharmaceutical medicines are flushed down the toilet
or dumped as regular household waste that ends up in sewage treatment plants,
which are generally not designed to remove such pollutants from wastewater.
Bioremediation is a process where degradation of contamination is done with the
help of different microorganisms, which is one of the cost-effective methods that
has been used until now. Though there are some interesting reports on the
bioremediation of pharmaceuticals from water, further research is crucial for the
systematic development of novel technologies to deal with such emerging
contaminants. This chapter, therefore, is focused on summarizing and
consolidating findings from the current state of the art in the area of pharmaceuti-
cal bioremediation.
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16.1 Introduction

Pharmaceuticals are biologically active compounds that are designed to prevent and
treat a variety of ailments in humans and other animals. Pharmaceuticals are crucial
for the maintenance of good health and quality of life. Initially, the natural
compounds such as plant crude extracts and shrubs were the principal source of
therapeutics. In order to meet the needs of the intense requirement of medicines
during the First World War, the focus shifted toward research on easy and fast-
producing pharmaceuticals such as synthetic analogs. Since then, synthetic drugs
and other pharmaceuticals are in use, and their consumption is increasing day by
day. In the current scenario, we are living in a period where mortality has been
converted into morbidity, and the average person gets more medical attention than in
any previous period. According to the WHO, out of the 56.9 million deaths world-
wide in 2016, more than 54% of death are due to ischemic heart disease; stroke;
chronic obstructive pulmonary disease; lower respiratory infections; Alzheimer’s
disease and other dementias; tracheal, bronchial, and lung cancers; diabetes mellitus;
road injury; diarrheal disease; and tuberculosis (WHO 2015). Until now, thousands
of pharmaceuticals have been flourished from different raw materials such as plant
derivatives, synthetic chemicals, and animal derivatives, and the numbers keep on
increasing with the growing demand. The major elements of pharmaceutical con-
sumed are antibiotics, analgesic, antipyretic, chemotherapy products, antidepressants,
and hormones. Studies have reported the twofold amplification of defined daily intake
of cholesterol-lowering, antidiabetic, antihypertensive, antidepressant drugs in OECD
member countries (OECD Indicators 2017).

After consumption of pharmaceutical drugs by a consumer, they undergo various
metabolic processes such as cleavage, hydroxylation, and glucuronidation (Beausse
2004). Since many of these pharmaceuticals cannot be assimilated and metabolized
by the humans/animals, they are excreted after slight modification or in the unaltered
form via urine and feces (Dębska et al. 2004). Moreover, unused or expired
pharmaceuticals are also discharged to the environment without proper treatment.
Consequently, the concentrations of several commonly used pharmaceuticals are
increasing rapidly in water and wastewater leading to deleterious effects on the
environment. Pharmaceuticals are presumed “pseudo-persistent” contaminants in
aquatic environments due to their constant consumption and their polar and nonvol-
atile properties. These pharmaceuticals are now the group of emerging contaminants
with rising concern in the scientific world due to their presence in surface water, such
as lake and river, groundwater, and soil in the range from ng to μg/L. Richardson and
Bowron (1985) were the first who introduced pharmaceuticals as environmental
contaminants. In the late 1990s, their negative environmental effect has been
acknowledged, when they were reported as “agents of subtle change” (Daughton
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and Ternes 1999). These compounds generally accumulate in the system via the food
chain and show their impact on invertebrates, vertebrates, and ecosystem structure
and function. The two main routes of such contaminations are (1) when such drugs
taken are excreted in feces and urine and (2) when unused drugs are thrown down.

Human excretes pharmaceuticals as a mixture of the parent compound and
metabolites, which mainly consist of transformation products and conjugated
glucuronides (Heberer 2002). These conjugated compounds are cleaved and release
their parent compound into treated wastewater during wastewater treatment pro-
cesses (Jelic et al. 2011). Sludge from wastewater treatment plants and human
excreta are used as fertilizers and may be the major sources of pharmaceutical
contamination. Leaching of pharmaceuticals from soil or direct discharge of indus-
trial waste in the subsurface is the main source for groundwater contaminants by
pharmaceuticals. At present, almost 3.4 million deaths were attributed to waterborne
diseases (Rajaram and Das 2008). The existence of pharmaceuticals in the environ-
ment is mainly associated with the discharge of treated wastewater effluent from
wastewater treatment plants. Different studies reported that 60–80% of these
pharmaceuticals are flushed down in the toilet or dumped as regular household
waste that ends up in sewage treatment plants, which are generally not designed to
remove such pollutants from wastewater.

The pharmaceuticals are present in the environment as a complex structure, which
could cause unwanted synergistic effects. The recent studies on some of the
pharmaceuticals such as 17b-estradiol (E2), 17a-ethinylestradiol (EE2), and
diclofenac reported them as priority hazardous substances (Petrie et al. 2015).
Also, the propagation of antibiotic-resistant microbes in the environment due to
the presence of antibacterial drugs is an emerging issue (Petrie et al. 2015). The
ubiquity of a high number of potentially toxic pharmaceuticals in the water source
underpins the need to better understand their existence, fate, and ecological impact.
More than 200 pharmaceuticals alone have been accounted in river waters globally,
with maximum concentrations up to 6.5 mg/L for the antibiotic ciprofloxacin
(López-Serna et al. 2013).

A study conducted on the detection of the trace amount of pharmaceuticals in the
influent and effluent of the wastewater treatment plant and raw drinking water
samples has screened 37 pharmaceuticals, four hormones, and a number of other
micropollutants (Morasch et al. 2010; Perazzolo et al. 2010). A national survey
accomplished by the U.S. Geological Survey showed that trace amount of diverse
classes of pharmaceuticals, including prescription drugs, nonprescription drugs,
antibiotics, and other wastewater related drugs, was detected with maximum
concentrations in the range from 0.019 to 0.30 μg/L (Sun et al. 2015). Several
pharmaceuticals, such as lincomycin, ibuprofen, erythromycin, acetaminophen,
carbamazepine, roxithromycin, and metoprolol, are detectable in drinking waters.

Overall, it is evident that the occurrence of pharmaceuticals as emerging
contaminants in the water has become a matter of serious concern, and this is the
high time to focus on the removal of these from the wastewater treatment plant
effluent before it is released in the aquatic environment. In the past decades, there
have been studies on removal of pharmaceuticals from water and wastewater using
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various physicochemical methods such as solar photocatalysis (Bernabeu et al.
2011), membrane separation, advanced oxidation process, sand filtration under
aerobic/anaerobic conditions, and flocculation using chemical flocculants (Petrović
et al. 2003). Further, in recent years, biochar has emerged as a promising adsorbent
for the removal of pharmaceuticals, given that it has the high specific surface area
and density of functional groups (Chen et al. 2008). For instance, rice husk and wood
chip biochar are found to be efficient to remove levofloxacin from aqueous solution
(Yi et al. 2016). Likewise, bioremediation has also been reported to be efficient in the
degradation and removal of pharmaceuticals from water and wastewater. For
instance, filamentous bacteria Streptomyces spp. were found efficient for carbamaz-
epine removal (Popa et al. 2014). Similarly, fungi and algae have also been tested for
remediation of selected pharmaceuticals from water. However, the particular area of
pharmaceutical remediation is currently in developing stage and needs more serious
and systematic research attempts.

Hence, in light of this, this chapter is focused on summarizing the current state of
the art related to bioremediation of pharmaceuticals from water and wastewater.
Initially, some of the commonly used pharmaceuticals are listed along with their
characteristics and associated environmental impacts. Subsequently, the technologi-
cal interventions on remediation of pharmaceuticals are reviewed and summarized to
get the insight into the overall status of current development in this particular area.

16.2 Commonly Used Pharmaceuticals as Emerging
Contaminants

According to current demographic trends, nonsteroidal anti-inflammatory drugs
(NSAIDs), antibiotics, antidepressants, antihypertensives, lipid regulators,
hormones, and anticonvulsants are some commonly used pharmaceuticals
(Fig. 16.1). NSAIDs are one of the most frequently recommended pharmaceuticals
in medical practice. These drugs have anti-inflammatory, analgesic, and antipyretic
effects that make them useful for fever and acute and chronic pain. They show their
action via inhibiting the cyclooxygenase isozymes (Brune and Patrignani 2015).
They have a huge area of their application such as for the treatment of musculoskel-
etal disorders (acute like injuries and gout and chronic like rheumatoid arthritis and
osteoarthritis), dental pain, postoperative pain, headaches, and dysmenorrhea
(Tomić et al. 2017). Antibiotics are another group of pharmaceuticals that used to
prevent and treat the bacterial infections related with chronic diseases, burn and
cancer treatment, surgery, neonatal care, and transplantations (Ventola 2015). It was
considered as one of the remarkable creations of the twentieth century. Prior to this
era, the infectious disease leads to huge morbidity and mortality throughout the
globe.

Antidepressant is the basic pharmacological medication indicated for depression-
investigated patients. The group antidepressant is further classified as old and new
antidepressants. Older antidepressants are generally tricyclic antidepressants, while
newer antidepressants include serotonin-norepinephrine reuptake inhibitors,
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selective serotonin reuptake inhibitors, and monoamine oxidase inhibitors. Tricyclic
antidepressant is supposed to inhibit the reuptake of acetylcholine, serotonin, and
norepinephrine in the presynaptic membrane that further increases the serotonin
amount in the synaptic cleft. Monoamine oxidase inhibitors inhibit the activity of the
monoamine oxidase enzyme, which ends up to raise serotonin level (Sardar et al.
2016). Similarly, high blood pressure or hypertension is another serious cause of
mortality and morbidity; hence, their management is quite important. Beta-blockers,
angiotensin receptor blockers, angiotensin-converting enzyme inhibitors, calcium
channel blockers, and diuretics are the five main groups that can be consumed for the
introduction and maintenance of the treatment (Sarganas et al. 2016).

Anticonvulsants are pharmaceuticals that are consumed for the treatment of
seizure. These anticonvulsants are differentiated as first- and second-generation
anticonvulsants. First-generation anticonvulsants include benzodiazepine, pheno-
barbital, valproic acid, carbamazepine, and phenytoin that were introduced in the
twentieth century, while second-generation anticonvulsants include oxcarbazepine,
tiagabine, zonisamide, gabapentin, vigabatrin, topiramate, and pregabalin that were
recently introduced. Most of the anticonvulsants reduce pain and anxiety and
enhance the quality of sleep. Carbamazepine and gabapentin both act on sodium
channels to inhibit their depolarization. Pregabalin and gabapentin act upon calcium
channel in order to block it. A group of anticonvulsants, pregabalin, carbamazepine,
and gabapentin, can suppress glutamate, an excitatory neurotransmitter lying in
presynaptic level. Carbamazepine is potent to enhance an inhibitory neurotransmitter
gamma-aminobutyric acid (Sardar et al. 2016).

Pharmaceuticals 

Hormones

• 17-b Estradiol

• Estriol

• Estrone

• Mestranol

Antibiotics

• Erythromycin

• Ofloxacin

• Ciprofloxacin

• Sulfamethoxazole

• Amoxicillin

• Oxacillin

• Ampicillin

• Trimethoprim

Anticonvulsants

• Carbamazepine

• Primidone

• Dilantin

• Phenobarbital

Antidepressants

• Fluoxentine

• Paroxetine

• Diazepam

• Meprobamate

Lipid regulators

• Benzafibrate

• Clofibric acid

• Gemfibrozil

• Simvastatin

Antihypertensives

• Metoprolol

• Propranolol

• Atenolol

• Enalapril

• Losartan

• Furosemide

• Diltiazem

NSAIDs

• Aspirin

• Diclofenac

• Ibuprofen

• Acetaminophen

• Indomethacin

• Naproxen

Fig. 16.1 Pharmaceuticals present in environments (Magureanu et al. 2015)
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These pharmaceuticals when released in the environment are directly or indirectly
mixed to the surface water leading to contamination of various sources of water
including groundwater (Fig. 16.2). Some of the pharmaceuticals, commonly found
in wastewater, even after treatment through conventional sewage treatment plants,
are summarized in Table 16.1.

In order to manage environmental pollution, several methods have been devel-
oped to remediate waste and reuse gray water containing pharmaceuticals. The
ancient methods implemented for the remediation of wastewater include physical,
chemical, and thermal methods that have their own disadvantages which include
high maintenance cost, huge labor requirement, low efficiency, and huge equipment.
In order to attain maximal efficiency for treatment processes, advanced technologies
such as bioremediation have evolved, and research is ongoing for better outcomes.

16.3 Remediation of Pharmaceuticals

The pharmaceuticals that are present in municipal wastewater cannot be completely
treated in wastewater treatment plants with conventional methods like physicochem-
ical treatment processes including adsorption, coagulation, filtration, sedimentation,
volatilization, and oxidation ponds. In several wastewater treatment plants, the final
effluent is sent for disinfection process where UV irradiation and/or chlorination are
applied, but both techniques have low oxidation capability and very few amounts of

Fig. 16.2 Routes of pharmaceutical residue to the environment
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pharmaceutical are removed with their application. Recent research focused on the
implementation of activated sludge, advanced oxidation processes and ozonation,
membrane bioreactor, and membrane separation technology that are extensively
executed for the removal of pharmaceutical residue from wastewater (Ahmed et al.
2017).

Table 16.1 List of pharmaceuticals commonly found in wastewater influent, effluent, and surface
waters (Petrie et al. 2015)

S. no Name Uses
Influent
(ng/L)

Effluent
(ng/L)

Surface
water (ng/L)

1 Ibuprofen Nonsteroidal anti-
inflammatory

1681–
33,764

143–
4239

1–2370

2 Diclofenac Nonsteroidal anti-
inflammatory

69–1500 58–599 <0.5–154

3 Acetaminophen Nonsteroidal anti-
inflammatory

6924–
492,340

<20–
11,733

<1.5–1388

4 Naproxen Nonsteroidal anti-
inflammatory

838–
1173

170–370 1–59

5. Ketoprofen Nonsteroidal anti-
inflammatory

28–102 16–23 1–4

6 Estrone Steroid estrogen 49 4.3–12 –

7 17β-estradiol Steroid estrogen 20 0.4–1.3 –

8 17α-ethinylestradiol Synthetic estrogen 1.0 0.20–
0.47

–

9 Erythromycin Antibacterial 71–2530 109–
1385

<0.5–159

10 Ofloxacin Antibacterial 180 10 –

11 Amoxicillin Antibacterial <87 31 <2.5–245

12 Metronidazole Antibacterial 569–
2608

265–373 <1.5–12

13 Chloramphenicol Antibacterial <4–248 <6–21 <10

14 Sulfamethoxazole Antibacterial <3–115 10–19 <0.5–2

15 Sulfapyridine Antibacterial 914–
4971

277–455 <2–28

16 Metoprolol Beta-blocker 75–110 41–69 <0.5–10

17 Propranolol Beta-blocker 60–638 93–388 <0.5–107

18 Atenolol Beta-blocker 12,913–
14,223

2123–
2870

<1–487

19 Fluoxetine Antidepressant 14–86 16–29 5.8–14

20 Venlafaxine Antidepressant 120–249 95–188 1.1–35

21 Dosulepin Antidepressant 21–228 57 0.5–25

22 Amitriptyline Antidepressant 106–
2092

66–207 <0.5–30

23 Nortriptyline Antidepressant 5.1–114 7.6–33 0.8–6.8

24 Furosemide Diuretic 1476–
2789

629–
1161

<6–129

25 Bezafibrate Lipid regulator 420–971 177–418 <10–60

26 Simvastatin Lipid regulator <7–115 <3–5 <0.6
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16.3.1 Physicochemical Methods for Pharmaceutical Remediation

In the past decades, several physicochemical approaches have been attempted for
remediation of pharmaceuticals from water and wastewater. Advanced oxidation is
one of the commonly used approaches for pharmaceutical remediation. Advanced
oxidation process (AOP) is an eco-friendly electrochemical, chemical, or photo-
chemical process, whose principal mechanism involves the synthesis of hydroxyl
radical (the second strongest oxidizing agent after fluorine) as chief oxidant and
other radicals. These radicals oxidize toxic, recalcitrant, and nonbiodegradable
compound leading to degradation of target organic pollutants. The hydroxyl radical
has potential to nonselectively react with various organics via dehydrogenation or
hydroxylation until their complete mineralization. Huge research has been done with
AOPs, and still, it is gaining research interest particularly due to two major reasons:
(a) the area of potential application, and (b) the diverse technologies that are
involved. AOPs include homogeneous and heterogeneous photocatalysis dependent
on near solar visible irradiation or ultraviolet (UV), ozonation, electrolysis, wet air
oxidation, ultrasound, and Fenton’s reagent. Photolysis process involves the interac-
tion of natural or artificial light with the organic pollutant molecule that causes
induction of photochemical reactions which lead to direct degradation of their
intermediate products whose further degradation eventually yields mineral end
products (Doll and Frimmel 2003). Ultraviolet-C (UVC) radiation has the potential
to degrade the micropollutant. They are applied directly and/or indirectly for the
photolysis of various micropollutants. In indirect photolysis process, the light source
emits the radiation which is absorbed by organic pollutants. These excited organic
pollutants transfer their electron from their excited state to molecular oxygen in the
ground state, or it corresponds to homolysis of organic micropollutant to form
organic radicals to react with oxygen (Legrini et al. 1993). Indirect photolysis
processes lead to the formation of various reactive species such as hydroxyl radicals,
singlet oxygen, carbon-centered radicals, peroxyl radicals, and excited triplet state
involving the irradiation of recalcitrant of organic pollutants (Wenk et al. 2011). In
one study, free radicals were found to induce oxidative and reductive degradation of
a class of broad-spectrum antibiotics, fluoroquinolones (Santoke et al. 2009), while
in another study, these free radicals were evaluated for degradation of three beta-
blockers: propranolol, metoprolol, and atenolol (Song et al. 2008)

In an advance H2O2/UVC method, the hydroxyl radicals are formed due to
homolytic cleavage of peroxide by ultraviolet C light. The efficiency of hydroxyl
radical formation increases when the irradiation is combined with hydrogen peroxide
(Pereira et al. 2007). In one of the studies, three pharmaceuticals, ibuprofen, cipro-
floxacin, and carbamazepine, were degraded with degradation range between 80 and
100% from wastewater with light-driven advanced oxidation processes (Monteoliva-
García et al. 2019).
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H2O2 þ hv ! 2 •OH λ < ca:280nmð Þ ð16:1Þ
Studies conducted have found TiO2-mediated solar photocatalysis effective in the

removal of diclofenac and naproxen (Kanakaraju et al. 2016). In another study,
immobilized TiO2 photocatalysis was used for the removal of pharmaceutically
active compounds under simulated solar irradiation. The process resulted in high
removal efficiency for poorly degraded pharmaceutical contaminants such as
76 � 3% for carbamazepine, 100% for propranolol, and 100% for diclofenac
(He et al. 2016). Recently, magnetic carbon nanotube-TiO2 was synthesized; its
photocatalytic property was studied for the degradation of sulfamethoxazole and
carbamazepine under solar irradiation (Awfa et al. 2019).

Fenton oxidation is a free radical chain reaction in which homogeneous oxidation
with the Fenton reagent occurs in the presence of ferrous or ferric ions with hydrogen
peroxide to produce hydroxyl radicals. Metal iron is considered to be a catalyst in
this reaction (Saritha et al. 2007). In another photo-Fenton/UVC process, the addi-
tional hydroxyl radicals were produced in the presence of iron through Fenton’s
reaction. The efficiency of hydroxyl radical formation gets enhanced in the presence
of UV irradiation, and the reaction is known as the photo-Fenton reaction (Shemer
et al. 2006).

Furthermore, the photoactive species undergoes photoreduction process that
leads to the formation of hydroxyl radicals and ferrous ions:

Fe2þ þ H2O2 ! Fe3þ þ •OHþ OH� ð16:2Þ

FeOH2þ þ hv ! Fe2þ þ •OH λ < ca:400 nmð Þ ð16:3Þ

Fe3þ Lð Þn þ hv ! Fe2þ Lð Þn�1 þ Lox • λ < ca:500 nmð Þ ð16:4Þ
In one of the studies, photo-Fenton reaction is found efficient for the degradation

and mineralization (97%) of nystatin, an antifungal drug (Boucenna et al. 2019). The
two pharmaceuticals fluoxetine and ciprofloxacin that are commonly present in
hospital waste at low concentration (100 μg/L) were degraded with photo-Fenton
reaction after anaerobic pretreatment of hospital effluent (Perini et al. 2017). Phar-
maceutical contaminants such as amoxicillin, sulfamethazine, sulfathiazole, and
ciprofloxacin were degraded with the photo-Fenton process under ultraviolet germi-
cidal irradiation after biological treatment (Perini et al. 2018).

Electrochemical oxidation takes place over anode that is generally made up of Pt,
graphite, PbO2, IrO2, boron-doped diamond, and several Ti-based alloys in the
presence of appropriate electrolytes like NaCl and has been practiced for the
degradation of various organic pollutants. Organic pollutants in electrochemical
advanced oxidation processes are oxidized by hydroxyl radicals and are physisorbed
at anode surface M, represented as M(•OH) (Brillas et al. 2009).

Mþ H2O ! M •OHð Þ þ Hþ þ e� ð16:5Þ
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In the solar photo-electro-Fenton process, both anodic oxidation and solar photo-
Fenton reaction play a role in the production of H2O2 at the cathode (Moreira et al.
2016). In a pilot-scale study, the solar photo-electro-Fenton methods mineralize
sulfamethoxazole with 83% of mineralization current efficiency (Murillo-Sierra
et al. 2018). In another study, solar photo-electro-Fenton processes are applied for
mineralization of amoxicillin. The mineralization percentage was found to be 85%
(Garza-Campos et al. 2018).

From the current state of the art, it is evident that the physical-chemical methods
are efficient for pharmaceutical remediation. However, the high cost of chemicals
and operations, as well as associated hazardous effects of chemicals used and the
by-products of the remediation reactions, makes these approaches non-feasible at
large scale. Hence, there have been continuous efforts on the development of
low-cost and environment-friendly techniques for pharmaceutical remediation. For-
tunately, in recent years, bioremediation, involving the use of biomass as well as
microorganisms, has emerged as an efficient alternative to the physical-chemical
remediation technologies.

16.3.2 Bioremediation of Pharmaceuticals

Bioremediation is a natural process to decompose, detoxify, or eliminate hazardous
wastes with the help of metabolic potential microorganisms and their enzymes that
occur at several levels of the ecosystem. Bioremediation is a cost-effective process
and is environment-friendly. Nowadays, bioremediation through green adsorbent is
in practice. Green adsorbents are basically low-priced stuff developed from (1) agri-
cultural waste or residue, (2) agricultural product and by-products (vegetables, fruits,
etc.), and (3) other materials such as biochar, activated carbons, and nano-particles.
Bioremediation with the help of microorganism is another most reliable process that
has been practiced in the near past and is being explored at a fast rate. Bioremedia-
tion can be classified into two broad groups: (1) adsorption of pharmaceuticals on
solid supports such as biochar, and (2) microorganism-mediated bioremediation.

16.3.2.1 Biochar-Based Adsorption of Pharmaceuticals
Adsorption is one of the well-established, convenient, and reliable techniques for the
removal of various pollutants. Biochar is a low-cost carbonaceous sorbent that has
gained an immense research interest. This is produced by thermal decomposition of
organic materials under oxygen limit condition. Biochar can be generated from a
wide variety of organic feedstock materials, such as sugarcane bagasse, rice husk,
rice straw, bamboo, etc. Sorption capacity of biochar is defined as the maximum
amount of sorbent adsorbed under equilibrium condition onto an adsorbent. The
sorption capacity depends on various factors like specific surface area, source of
origin, pore structure, surface properties, and type of solute. Chemical properties
such as basic or acidic characters, functional groups, and point of zero charges are
some influential factors. Some other parameters include the type of interaction
between species whether electrostatic or physical and the size of sorbent molecules.
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Biochar produced from different precursor biomass has different properties of
porosity, surface area, and functional group that makes it a good adsorbent. It is an
excellent sorbent for hydrophobic organic contaminants due to functionality and
surface aromaticity (Vithanage et al. 2016). In the pyrolysis process, feedstock
undergoes various chemical, molecular, and physical changes. Thermal decomposi-
tion causes loss of mass and hence volume reduction with least change in the
parental structure of biomass. Additionally, pyrolysis causes alteration in H/C,
O/C, and C/N ratios; cation exchange capacity; surface area; porosity; and functional
groups. Biochar has been demonstrated to be effective in removing various water
contaminants including pharmaceuticals. Several research reports have been done
with raw as well as modified biochar that enhances the adsorption of
pharmaceuticals (Table 16.2). For instance, studies with two different activated
coconut shell biochars examined the removal of ibuprofen from water. The maxi-
mum removal efficiency was found to be 80.37% for Cocos nucifera shell biochar
and 73.71% for Cocos nucifera shell biochar (Chakraborty et al. 2019). Another
biochar synthesized from the olive stone was used for activation of persulfate to
reactive radicals, which subsequently degrades sulfamethoxazole (Magioglou et al.
2019). Similarly, steam-activated mung bean husk biochar removes 99% ibuprofen
from aqueous solution through biosorption process (Mondal et al. 2016). However,
most of the studies reported in the recent years are based on the lab-scale setups. On
the contrary, few reports are available on the utilization of biochar for removal of
pollutants and nutrients from wastewater (Bock et al. 2016; Maurer et al. 2017).
Hence, there is a need for serious effects toward utilization of biochar potential for
pharmaceutical removal at the pilot and industrial scales.

16.3.2.2 Microbe-Based Remediation of Pharmaceuticals
It involves the use of microbes to eliminate or decompose the pollutants. In recent
years, enormous microbes have been identified efficient in the removal of the
compound formerly examined nondegradable. Microbes generally degrade or con-
vert the pollutants into some other form that is not more toxic and problematic than
the parent compound. Biodegradation of the waste depends on numerous factors,
such as (1) concentration of the pollutant; (2) toxicity of the pollutant; (3) stereo-
chemistry of the compound; (4) efficiency of the microbes; (5) conditions such as
pH, temperature, and moisture; (6) retention time; and (7) the presence of other
compounds, metals, and their concentration.

Processes with Indirect Involvement of Missed and Unknown Microbes

Activated Sludge Processes
The activated sludge is the most frequently practiced wastewater treatment technol-
ogy. This is a biological process in which bacterial biomass suspension is used to
degrade the pollutants under aerobic condition. This process is most commonly used
for secondary wastewater treatment. The method is extensively used to attain
stability in wastewater having an organic component in it. The process depends on
establishing and sustaining a culture of degrading microbes and furnishing proximity
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of degrading microbes and provides dissolved oxygen. The method depends on
establishing and maintaining a population of degrading microorganisms and
providing close contact of the degrading microorganisms and supply of dissolved
oxygen. Here, microbes feed on an oxidizable organic compound in wastewater and
form a biological floc. In one of the studies, bio-augmentation of municipal waste-
water with activated sludge accelerates the degradation process for 14 pharmaceuti-
cal compounds (Muter et al. 2017). Similarly, various pharmaceuticals including
cyclophosphamide, paracetamol, bezafibrate, carbamazepine, ciprofloxacin, and
caffeine were removed with an efficiency of >80% using activated sludge process
in the hospital wastewater treatment plants (Al Qarni et al. 2016). However, some-
times, the pharmaceuticals exhibit toxicity to the microbial population resulting in
the failure of the entire treatment system (Wittebolle et al. 2005). Hence, proper
attention shall be given to the selection as well as acclimatization of the selected
microbes to be used in the activated sludge process for remediation of
pharmaceuticals.

Membrane Bioreactor
The membrane filtration process provides various benefits, such as good disinfection
capability, reduced footprint, sludge production, excellent effluent quality, higher
volumetric loading, improved nitrification, process flexibility toward influent
changes, etc., over the secondary settler in activated sludge processes (ASP). This
technique is found effective in the removal of inorganic and organic contaminants as
well as microbes from wastewater. It has acquired popularity in the latest years as a
result of more stringent environmental regulations and increasing water reuse
projects. In a study of hollow fiber and flat sheet, sponge membrane bioreactor
was found efficient in the removal of several antibiotics such as ofloxacin,
norfloxacin, tetracycline, trimethoprim, and ciprofloxacin (Nguyen et al., 2017). In
another study, Wang et al. (2018) reported up to 95% removal of eight cytostatic
drugs in an anaerobic osmotic membrane bioreactor with an extended sludge
retention time of 60 days. Similarly, Prasertkulsak et al. (2019) observed up to
80% removal of 10 pharmaceutical compounds in a microbial sludge-based mem-
brane bioreactor. However, as in the case of ASP, the main driving force in
membrane bioreactor is a microbial community. Hence, the toxicity of the selected
pharmaceuticals to the microorganism involved is of major concern.

Remediation Using the Pure Culture of Microorganisms

Bacteria
There have been several interesting reports on bioremediation of selected
pharmaceuticals using bacterial cultures. A recent study reported that indigenous
bacterial species Comamonas aquatica and Bacillus sp., isolated from La Noria
Bridge, showed up to 92% degradation capacity of ibuprofen (Fortunato et al. 2016).
The Gram-positive bacterial strain Bacillus thuringiensis B1(2015b) was found
efficient in the removal of ibuprofen and naproxen (Marchlewicz et al. 2016). In
another study, the bacterial strain Serratia marcescens BL1 showed
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93.47% � 2.37% removal efficiency for ibuprofen (Xu et al. 2018). Bacterial strains
Starkeya sp. C11, Rhizobium sp. C12, and Brevibacterium sp. D4, isolated from the
municipal wastewater treatment plant, were found efficient in the removal of
diclofenac and carbamazepine (Bessa et al., 2017a). Similarly, Labrys portucalensis
F11 has been proved to degrade the two most prior emerging contaminants, i.e.,
carbamazepine and diclofenac (Bessa et al., 2017b). The group of endophytic
bacteria (Actinobacteria, Proteobacteria, and Bacteroidetes), isolated from plant
Phragmites australis, was reported to show high removal efficiency for carbamaze-
pine (Sauvêtre and Schröder, 2015). Hence, present studies evidence that the
bacteria have the immense potential for bioremediation of pharmaceuticals. How-
ever, the field is still in the nascent stage and needs more systematic effects to
convert the laboratory-based finding into useful technologies.

Fungi
Fungi have an amazing feature to decompose the waste. Mycoremediation for the
treatment of pharmaceuticals and hospital effluent appears to be an attractive
approach. In one study, the fungus Mucor hiemalis was concluded effective for
the removal of acetaminophen (Esterhuizen-Londt et al. 2016). The advanced
bio-oxidation process of white-rot fungi Trametes versicolor shows high pharma-
ceutical remediation from hospital wastewater (Vasiliadou et al. 2019). In another
study, four pharmaceuticals, diclofenac, trimethoprim, carbamazepine, and sulfa-
methoxazole, were degraded with the fungus Trametes versicolor, and the treated
effluent was demonstrated to be nondangerous (Alharbi et al. 2019). Similarly,
white-rot fungi Trichoderma harzianum and Pleurotus ostreatus convert the carba-
mazepine and clarithromycin to nontoxic products (Buchicchio et al. 2016).
Trametes hirsuta is another type of fungi that removes acetaminophen and carba-
mazepine with its immobilized laccase (Hachi et al. 2017). In addition, the fungus
Phanerochaete chrysosporium is capable of removing ibuprofen and diclofenac
(Rodarte-Morales et al. 2012).

Algae
Algae is a vast group of a productive eukaryotic photosynthetic aquatic organism
with efficiency for converting nutrients and carbon dioxide to biomass. Algae are
efficient in the removal of phosphorus and nitrogen from wastewater, and the
biomass of algae is further used as raw matter for the production of bioenergy.
Apart from nutrients, algae use the hazardous compound as their substrate to perform
their metabolism that ends to harmless products. In the present day, there is an
emerging research intrigue in using algal-based wastewater treatment technologies
due to their efficient adaptability, rapid growth rate, huge photosynthetic efficiency,
and their capacity to use waste as its substrate. Removal mechanism of pharmaceu-
tical contaminants by microalgae includes intracellular and extracellular biodegra-
dation, bioaccumulation, and adsorption. In intracellular degradation processes, the
microalgae convert the complex contaminants in the simplest form with the help of
catalytically degrading complex, while in extracellular processes, these microalgae
excrete several extracellular polymeric substances that include protein,
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polysaccharides, substituents (polysaccharide-link methyl and acetyl groups), lipids,
and enzymes to their surrounding aqueous environment which acts as an external
digestive system to metabolize the organic contaminants.

Bioaccumulation is the process by which microalgae take the organic
contaminants along with their nutrients through an active metabolic process. In
bioabsorption, the microalgae collect the soluble contaminants that are present in
the aqueous phase. The microalgal strain Scenedesmus obliquus RISE (UTEX417)
isolated from northern Sweden was tested for the removal of 19 pharmaceuticals
(Gojkovic et al. 2019). Another study performed on the green alga Nannochloris
sp. evaluated its efficiency for the removal of sulfamethoxazole, triclosan, and
trimethoprim. The filamentous alga Spirogyra sp. was capable of removing six
pharmaceutical compounds (carbamazepine, diclofenac, ibuprofen, acetaminophen,
propranolol, and clofibric acid) and two endocrine-disrupting chemicals (bisphenol
A and 17a-ethinylestradiol) (Garcia-Rodríguez et al. 2015). The genetically
modified microalgae mutant Chlorella PY-ZU1 has high removal efficiency of
94% for ethinylestradiol (Cheng et al. 2018). The antibiotic cefradine was removed
with the help of the alga Chlorella pyrenoidosa combined to UV-algal technology in
order to manage the toxicity of treated effluent (Du et al. 2015)

From the above discussion, it is clear that microbe-based bioremediation is a good
option to deal with the pharmaceuticals in water and wastewater. However, using
known culture instead of unknown mixed microbial community would be better as
the toxicity and the tolerance levels of selected pharmaceuticals in the known
microorganism can easily be assessed before their use in the actual treatment system.

16.4 Conclusion

Pharmaceutical compounds are recognized as the major emerging contaminants in
water and wastewater effluent. Direct or indirect discharge of these compounds to
the environment causes the contamination of surface and groundwater. In the last
two decades, numerous studies have been carried out that explored the remedial
efficiency of pharmaceuticals from water and wastewater using different processes
This report gives an overview of both different physical-chemical and bioengineer-
ing processes used for removal of pharmaceuticals. Chemical oxidation processes
such as advance H2O2/UVC method and photo-Fenton reaction were found to
enhance the removal of various pharmaceuticals. Advance H2O2/UVC processes
increase the hydroxyl radical formation that further enhances the degradation of
pharmaceuticals. On the contrary, different biological methods such as biochar-
based sorption process and microbe-based remediation processes have been found
to be the best processes for degrading or eliminating various pharmaceutical
contaminants that are present in wastewater and its effluent. Biochar, which is a
low-cost carbonaceous sorbent, has shown better removal efficiency for various
pharmaceutical contaminants such as ibuprofen, sulfamethoxazole, sulfapyridine,
diclofenac, carbamazepine, etc. The performance of the conventional activated
sludge process has been studied for the removal of various contaminants. Membrane
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bioreactor processes have been found effective in the removal of various
contaminants. Microbe-based remediation has the highest efficiency for the removal
of several pharmaceutical contaminants. Furthermore, there is a scope of technolog-
ical development in the area of microbe-based bioremediation at industrial scale.
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Bioremediation of Saline Soil by
Cyanobacteria 17
Jay Bergi and Ratna Trivedi

Abstract
Cyanobacteria, of the domain bacteria, are one of the earliest monophyletic
groups or molecular organs and are able to grow in all light-exposed habitats
on the Earth. Cyanobacteria have developed mechanisms to adapt to a broad
range of environmental factors during their long evolution. This chapter deals
with cyanobacteria mechanisms in the soil nutrient cycle along with the
phototrophic mechanisms that give them UV protection in various land-use
patterns such as soil salinity stress and use of cyanobacteria in halophilic
environments. Agricultural productivity is significantly increased by this
cyanobacterial technology. The adverse effects of indiscriminate use of chemical
fertilizers leads to diminished soil productivity and environmental quality. As a
substitute for chemical fertilizer, cyanobacteria are economical, ecologically
sustainable, and improve crop productivity and quality. The most preferable
cyanobacterial biofertilizers are an effective consortium of Azollas spp. In an
ecosystem, nitrogen fixation by free living cyanobacteria also significantly
supplements soil nitrogen. Cyanobacterial species inoculate soil with a suspen-
sion of each species or a combination of species improving the germination
percentage and influencing the other measured biochemical characters along
with photosynthetic pigment segments of plants. This chapter also deals with
phosphorus recycling by cyanobacteria, which is an important nutrient for saline
soils and its crops. Consortium development in biofertilizers with cyanobacteria
shows more potential, as it requires minimum dose and also increases nutrient
transports in plants through bioaugmentation. Moreover, carbohydrates and
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proteins augmented with Na+ are triggered with UV-A, UV-B, and MAA. The
combination of cyanobacterial cells with half the suggested quantity of the
chemical fertilizer was usually more active than adding the full dose of the
plant growth promoting chemicals.

Keywords
Salinity stress · Halophilic microorganisms · Cyanobacteria · Nutrient cycling

17.1 Soil Salinity and Nutrient Cycling by Halophilic
Microorganism

Soil salinization is a process of increasing the dissolved salts in the soil profile. Soil
salinity has a significant role in soil health, which in turn affects soil productivity.
Soil salinity values directly impact the physical and chemical properties along with
growth and diversity of microorganisms, such as such as plants, microbes, protozoa,
and nematodes, as well as the endo or exo rhizospheric nature of these
microorganisms to survive. The soil salinity also influences the osmotic pressure.
The function of various biochemical processes of the main macromolecules of life on
Earth, namely carbohydrates, proteins, and nucleic acids, are based on carbon, water,
and simple organic compounds such as CO2, which are processed in complex
organic structures based on carbon (Teal et al. 1979). Other than these elements—
carbon, oxygen, and hydrogen—nitrogen is found in nucleic acids, amino acids, and
proteins, while phosphorous is a major component of the backbone of DNA, RNA,
lipids, and bioenergetic storage molecules, e.g., ATP. Other than organic
phosphates, sulfur is also found as a major element in certain amino acids and
proteins; all of these elements are immobilized and mineralized throughout biogeo-
chemical cycles in the ecosystem (Fig. 17.1).

In various stages of natural biological life cycles, many geochemical cycling
processes require different elements in diverse chemical states. Inorganic phospho-
rus occurs in living systems, but once it enters into living organisms, the

Fig. 17.1 Schematic of N and P fluxes in oligotrophic and eutrophic lakes
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biotransformation process of the phosphorus renders it in simpler and more complex
forms (Lipok et al. 2007). Inorganic phosphates are very widely distributed in nature,
and are frequently present as insoluble salts, which alter the salinity of soils.
Therefore, due to inadequate availability in surrounding habitat, phosphates have
limited intervention in the cellular structure. The characteristics of phosphates
prevent uncontrolled growth because it must be converted from the insoluble to
soluble form (Zulpa et al. 2003). During this biochemical fermentation process,
production of various acids is achieved that may be utilized by bacteria. Addition of
soluble phosphates may influence land artificial fertility, in the form of either
organophosphate pesticides or plant growth promoters that increase the crop yield.
Many industries manufacturing detergents also use phosphates as one of the main
components, which can add chemicals to rivers and lakes as industrial runoff
(Ahmad and Winter 1968). Additionally, these phosphates influence the artificial
growth of biological life that leads to over growth of algae in affected waters
furthermore leading to algal blooms (Forlani et al. 2008).

Cyanobacteria, of the domain bacteria, are one of the earliest monophyletic
groups or molecular organs and are able to grow in all light-exposed habitats on
the Earth. Cyanobacteria have developed mechanisms to adapt to a broad range of
environmental factors during their long evolution (Nisha et al. 2007).

The three main mechanisms through which the recycling of P is achieved by
cyanobacteria are: (1) cyanobacteria that overwinter on or near lake sediments access
sediment P and then transport it upward during seasonal recruitment; (2) in stratified
lakes, cyanobacteria sink to the hypolimnion, acquire P, and then rise back to the
surface during diel vertical migrations; and (3) benthic cyanobacteria enhance P
release from sediments, increasing near-sediment P and also storing it in bodies
(Fig. 17.2).

These can eliminate other plants of light; therefore, they can prevent development
and metabolism, affecting both natural water and ecosystems. Certain algae behave
as harmful algal blooms (HABs) that may also be toxic to animals. Various
microorganisms are involved in the biological transformation of metal ions and
cycling of non-metal elementals.

For the past two decades, biofertilizers, such as Azotobacter, Azospirillium,
Vesicular Arbuscular Mycorrhiza (VAM), and cyanobacteria, were used extensively
to minimize the frequent use of chemical fertilizers to improve the soil status and to
be able to plant in a saline environment (Singh and Singh 1987; Singh et al. 2011).

Fig. 17.2 Mechanism of P
affected by cyanobacteria
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These biofertilizers are testified to be eco-friendly, economical, and beneficial in
saline soil. The potential of nitrogen-fixing (NF) bacteria including halophilic
rhizobia to form a symbiotic relationship with leguminous plants and fix atmospheric
nitrogen has been exploited in the field to meet the nitrogen requirement of the latter
(Al-Hasan et al. 1998, 2001). This process provides an alternative to the use of
nitrogenous fertilizer, whose excessive and imbalanced use over the decades has
contributed to greenhouse gas emission (N2) and underground water leaching, and it
was shown to be very effective in both saline soils as well as saline resistant plants
(Dalton and Kramer 2006).

About a 50% reduction of salt stress for corn and wheat can be obtained by
involving halophilic microorganisms in salt leaching. Microorganisms play a signif-
icant role in alleviating salt stress in plants, resulting in increased crop yield. Plant
growth-promoting (PGP) bacteria are a group of microorganisms that directly or
indirectly enhance the growth of plants by colonization at their roots (Bohlool and
Wiebe 1978). Halophilic microorganisms present in saline stressed soils indirectly
influence the growth of plants by production of special compounds such as
siderophore, indole acetic acid, and HCN that are furthermore used by plants for
their own growth as well as to continue the solubilization of minerals and the
breakdown of organic matter for easy uptake. Bioavailability of Fe2+ or Fe3+

synthesis and phytohormones, such as cytokinins, auxins, and gibberellins, can
improve atmospheric nitrogen, increasing several stages of plant growth.

Certain iron dependent bacterial genus such as Gallionella and Thiobacillus have
the potential for oxidizing ferrous (Fe2+) ions into ferric (Fe3+) ions. Moreover, many
other halophilic bacteria can decrease a small amount of ferric iron to its ferrous
state, and these microorganisms are included in a group of iron respiring
microorganisms that obtain their energy by respiration where the final electron
accepter is a ferric ion not an oxygen (Cohen 2002).

Several marine microorganisms’ nuclei have been proposed for use in a
biodesalination process that consists of the establishment of a free natural living
basin of salt in seawater that can oblige as an ion exchanger. Most marine organisms
already contain such a reservoir because they actively exclude and eliminate salt
from their bodies. The mechanism of nutrient transport through the phototrophic
marine microbes, cyanobacteria, utilizes the protein porins in their cell membrane
(Fig. 17.3) that allows Na+ movements within it. Some cell membrane proteins
possess ATP as carrier molecules for nutrient transport systems. ATP powers Na+

movement through ATPase either directly through Na+-pumping or indirectly
through H+-pumping to the enzyme, which generates a proton motive force that
drives H+/Na+ antiport.

During the growth and life phase, a saline environment has been generated by the
cell with low salt reservoir through an active transportation mechanism in which
transport proteins transport Na+ across the plasma membrane. Here, during this
transport system, ATPases acts as Na+-ATPases or Na+/H+ antiportadors that estab-
lish pH gradients for ATPase. Na+ export from the cytoplasm therefore relies on
ATP and the proton motive force generated from light energy captured by
photosystems and chemiosmosis in the thylakoid membrane. During the desalination
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phase, Na+ elution is halted through inhibition of photosynthetic ATP production
where light energy is utilized directly by halothodopsin to pump chloride into the
cells.

The requirement for ATP offers an opportunity to halt Na+ export by reducing
internal ATP stores using the environmental changes detailed above (e.g., omitting
photosynthetically efficient wavelengths from the light spectrum, depleting phos-
phate, altering pH, or chelating Mg2+, Fe2+, or other essential metals) (El-Bestawy
et al. 2007). Due to the change in the cell structural and metabolic development
pattern, cultivation was achieved from an open to closed system after the high cell
density led to a speedy decline in nutrient source and the ATP stores.

Magnetite metabolized in Magnetotactic bacteria, Aquaspirillum
magnetotactium, requires conversion of the magnetic salt of magnetite from iron
(Coutinho and Seeliger 1984). The mechanisms of biological transformation of
manganese ions are similar to those of ions transformation. The bacteria involved
in such biotransformations are known as biological magnets (El-Enany and Issa
2000). Life on Earth would not be possible without essential nutrients that are
immobilized, mineralized via microorganisms in geochemical cycles, as well as
entered into the food chain ending in a complex food web; all of these mechanisms
are considered biotransformations (Cohen 2002; Converti et al. 2009).

The formation of microbial ecosystems with various communities of lithotrophic
microorganism, such as phototrophs, chemotrophs, and chemoorganotrophs, have
cyclic nutrient movement throughout these communities. Carbon dioxide is utilized
as the supply to derive energy from for complex organic molecules, whereas
lithotrophs obtain energy from inorganic compounds. Phototrophs utilize light as
the sole source of energy, while chemotrophic microorganisms can survive in the
dark, obtaining their energy from chemical compounds. All substances have diverse

Fig. 17.3 Desalination process: transportation and energization of Na+ in different phases
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modes of cycles with different rates, and it has been thought that it took two million
years to separate a molecule of water on the planet, which is utilized for photosyn-
thesis, resulting in the formation of life. The process of photosynthesis provides
facilities to plants or photosynthetic microbes.

Atmospheric oxygen is released during the process of photosynthesis. According
to scientific study, all oxygen present in the atmosphere is of biological origin, and
its cycling is thought to take about 2000 years. During photosynthesis, CO2 is
produced from various organic compounds; furthermore, CO2 is also released during
various bioprocesses, such as respiration and fermentation. Atmospheric carbon
dioxide takes about 300 years to cycle, and life without photosynthesis is difficult
to imagine, because without photosynthesis, plants cannot survive. All these bio-
chemical processes provide us with oxygen that we need to survive, and photosyn-
thesis is also accountable for the manufacturing of molecular oxygen on the Earth.
Oxygen can also be toxic to life, which is known as oxygen toxicity. According to
evolution theory, formation of life on the Earth developed under the little or no
oxygen condition. Adaptation mechanisms also developed in aerobic organisms so
that they can protect themselves during oxygen toxicity. Other similar adaptations
have been observed in the Atlantic and Pacific Oceans, where at certain dark depths
no sunlight penetrates—hydrothermal vents—but life sustains. This indicates that
life is not only dependent on light (Ali and Basit 1993). Thus, the chemolithotrophic
bacteria present utilize heat and chemical energy as a source of nutrients; further-
more, these microbial communities or chemolithotrophic bacteria supply food for a
diverse group of invertebrates.

Recently, it was observed that non-leguminous plants, such as rice, sugarcane,
wheat, and maize, form an extended niche for various species of NF bacteria. Light is
one of the most important factors determining cyanobacterial growth in their natural
habitats since cyanobacteria are predominantly photoautotrophic microorganisms. In
addition, light is an environmental factor controlling orientation and habitat selec-
tion. The cyanobacterial populations in rice paddy fields, particularly in the tropics,
are often exposed to high white light and UV-B irradiances. Non-leguminous plants,
such as rice, maize, and wheat, belonging to the Poaceae family, form staple foods
for the approximately 7.8 billion people around the world. An exponential rise in
world population indicates the need for increased crop production. Cyanobacteria
are a diverse group of prokaryotes, widely distributed in fresh water, marine, and
terrestrial environments. They are free living photosynthetic bacteria that exist singly
or in colonies, and some of them are in filament forms (Dalton and Kramer 2006).

Cyanobacteria (blue-green algae) and eukaryote algae occur in freshwater,
marine, and terrestrial (soil) habitats. In fact, these microorganisms comprise most
of the world’s biomass (Borowitzka 1999). Although most cyanobacteria are photo-
autotrophic, some are facultative heterotrophs, capable of growing on certain
substrates in darkness. Also, some are non-phototrophic and hence are obligate
heterotrophs. It is known that cyanobacteria supply more nitrogen in wetland rice
fields in tropical regions than in dry-land fields, and this is attributable to the unique
characteristics of wetland rice fields: along with water, there is a natural supply of
plant nutrients, especially N, which encourages general plant growth, and the soil pH
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is more neutral. Fixation of nitrogen has been done by free-living cyanobacteria and
Azolla–Anabaena. These microorganisms perform this complex process of nitrogen
development at the surface of soil as well as in floodwater. The majority of free-
living cyanobacteria are heterocystous and nitrogen fixing (Fig. 17.4) and contribute
an average of 20–30 kg N ha7’, whereas the value is up to 600 kg ha1 for the Azolla
Anabaena system (Fig. 17.5).

Cyanobacteria are able to synthesize and excrete organic/growth-promoting
substances, which has great application in agro-industries. Over the past two or
three decades, extensive studies have been done on cyanobacteria, along with
various important fundamental and applied aspects of both kinds of cyanobacterial
biofertilizers (the free-living cyanobacteria and the cyanobacterium Anabaena
azollae in symbiotic association with the water fern Azolla), which include strain

Fig. 17.4 Microscopic observation of cyanobacterial heterocyst (�45)

Fig. 17.5 Worldwide cultivation of Azolla spp.
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identification, isolation, purification, and culture; laboratory analyses of their
N2-fixing activity and related physiology, biochemistry, and energetics; and identi-
fication of the structure and regulation of nitrogen fixing (nif) genes and the
nitrogenase enzyme (Nozzi et al. 2013; Pandey et al. 2014). Certain free-living
cyanobacterial strains possess a constitutive nitrogen fixation complex that has
been improved through the technique of mutagenesis. Many scientist reported that
certain symbiotic microorganisms such as Azolla–Anabaena have mutualistic nitro-
gen fixation processes. Some strains of cyanobacteria with respect to constitutive N2

fixation and resistance to the non-congenital agronomic factors have been achieved.
Some cyanobacteria produce halophillic extracellular enzymes under halophillic
conditions, illustrating adaptation of organisms under some ecological conditions.
Therefore, the cyanobacteria under investigation were screened for their enzymatic
activity (Vaishampayan et al. 2001).

Due to high salt concentrations, two crucial problems occur: (a) lower water
availability and (b) increased concentrations of ions. Cytoplasm has toxic effects on
cellular metabolism in the presence of large concentrations of inorganic compounds,
to ensure water uptake via osmosis active compounds concentrations must be higher
than that of the surrounding medium. Two main strategies have been developed by
microorganisms for the osmotic acclimation: (a) salt in strategy (b) salt out strategy,
which create more nutrient transportation to microorganisms. Certain scientists
studied salt strategy, in which higher concentrated salt ions (Mainly potassium
chloride, 2–3 Molar) accumulated along with inorganic ions and entered in cyto-
plasm to confirm pressure and water uptake. Remarkably, in cyanobacteria, the
chemical structure of the major compatible solute correlates with the final salt
tolerance limit (Costa et al. 2008). Freshwater strains (resisting up to 600 mM
NaCl equivalent to full seawater conditions) accumulate the sugars trehalose
and/or sucrose. These compounds are also effective protectors against desiccation.

Morphological microbial diversity of cyanobacteria studied under unicellular,
unbranched, colonial, pseudoparenchymatochstous, and heterocystous and
heterotrichous forms (Fig. 17.6).

Researchers practically proved that heterocysts are the specialized cells that
contain the fixing mechanism (Kumar and Singh 2016). Extensive studies have

Fig. 17.6 Light micrograph
of Synechococcus (�45)
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been carried out on heterocyst, and it was proved by immunolabeli that heterocysts
are the location of the enzyme nitrogenase. The methodology for quantification of
nitrogen fixation was also developed; a mass spectrophotometric technique for
isotopic nitrogen (N’5) and the acetylene-reduction technique have been in use
worldwide for assaying the activity enzyme nitrogenase through estimation of total
nitrogen over a period of time. On the basis of these techniques, the N2-fixing
cyanobacteria known so far have been classified into three groups: unicellular,
filamentous nonheterocystous, and filamentous heterocystous (Table 17.1)
(Vijayakumar 2012).

Other major rice cyanobacteria are very effective in saline soils: Nostoc com-
mune, embeds in a dense matrix of mucilage and forms a ball like structure;
Scytonema sp., showing hetero-cysts and characteristic typical false branching;
Calothix sp., showing characteristic terminal heterocysts; Nodularia sp., with vege-
tative cells and heterocysts; Gloeotrichia sp., characterized by a ball-like circular
assembly of filaments resembling radiating rays; and Lyngbya sp., having a typical
yellow-brown coloration of the mucilage sheath due to the presence of scytonemin.
These organisms also show beneficial impact in saline environment, including water,
paddy, and soils. The larger population of N2-fixing cyanobacteria comprises the
filamentous and hetero-cystous forms (Table 17.1). Nostoc commune has been found

Table 17.1 Important nitrogen-fixing Cyanobacterial genera

Unicellular filamentous Non-heterocystous Filamentous heterocystous

Aphanothece Lyngbya Anabaenaa

Chroococcidiopsis LPP group Anabaenopsis

DermocarpaMicrocoleu Microcoleuschthonoplastes Aulosira

Gloeocapsa (Gloeothece) Myxosarcina Calothrixa

Myxosarcina Oscillatoria Camptylonema

Pleurocapsa group Plectonemaboryanum Chlorogloea

Synechococcus Pseudoanabaena Chlorogloeopsis

Xenococcus Schizothrix Cylindrospermum

Trichodesmium Fischerellaa

Gloeotrichia

Haplosiphon

Mastigocladus

Nodularia

Nostoca

Nostochopsis

Rivularia

Scytonemaa

Scytonematopsis

Stigonema

Tolypothrix

Westiella

Westiellopsis
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to be the most important source of biologically fixed N in the Arctic Spitsbergen.
Activity of sheets of Nostoc commune assayed in situ showed linear relationships
with their moisture content and assay temperature. Similarly, more than 100 strains
of heterocystous cyanobacteria, belonging to the genera Anabaena, Nostoc,
Nodularia, Cylindrospermum,Scytonema, Calothrix, Anabaenopsis, Mastigocladus,
Fischerella, Tolypothrix, Aulosira, Stigonema, Haplosiphon, Chlorogloeopsis,
Camptylonema, Gloeotrichia, Nostochopsis, Rivularia, Schytonematopsis,
Westiella, Westiellopsis, Wollea, and Chlorogloea, have been found to be efficient
N2 fixers.

17.1.1 Photoprotective Mechanisms in Cyanobacteria in Saline
Environment

Since it is clear that microorganisms evolved and microbial mats were well
established early in the Precambrian, some mechanism(s) must have been function-
ing to protect these organisms from the deleterious effects of UV radiation. There are
at least five adaptation strategies by which cyanobacteria try to avoid high white light
and ultraviolet radiation stress (Fig. 17.7):

1. Production of ultraviolet-absorbing substances such as mycosporine-like amino
acids (MAAs) and scytonemin.

2. Escape from ultraviolet radiation by migration into habitats with reduced light
exposure. Such strategies include phototactic, photokinetic, and photophobic
responses, vertical migration into deeper strata of mat communities and sinking
and floating behavior by a combination of gas vacuoles and ballast. This allows
them to change their position in the water column as environmental conditions
change and thus to always ensure a nearly constant external environment.

3. Production of quenching agents such as carotenoids or systems such as superox-
ide dismutase react with and thereby neutralize the highly toxic reactive oxygen
species produced by ultraviolet-B radiation.

4. Availability of a number of repair mechanisms such as photoreactivation and
light-independent nucleotide excision repair of DNA and UV-A/blue-light
mediated repair of the photosynthetic apparatus.

5. A number of cyanobacteria have the ability to vary their phycobiliprotein com-
position (phycocyanin/phycoerythrin ratio), which allows regulation of the bal-
ance of wavelengths of light absorbed, a phenomenon known as chromatic
adaptation.

Cyanobacteria display a variety of strategies for protection against the detrimental
effects of UV. Three general types of stress responses are found among
cyanobacteria: stress avoidance, stress defence, and repair mechanisms.
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17.1.2 UV-Stress Avoidance

Motile cyanobacteria can escape from high solar radiation by downward migration
into mat communities or by sinking deeper into the water column. Although most of
the filamentous cyanobacteria are motile by gliding, information on the influence of
UV on vertical migration of cyanobacteria is limited. Daily vertical migration to
avoid periods of incident high solar irradiance has been reported for Oscillatoria sp.,
and Spirulina cf. subsala. The vertical migration of Microcoleuschthonoplastes has
been shown to be UV and PAR inducible. Since UV-B was by far the most effective
waveband promoting migration, it has been suggested that M. chthonoplastescan
sense UVB directly. UV-B-induced vertical migration may be an effective strategy
to minimize UV-induced damage. On the other hand, migration led to a decreased
overall productivity of the mat ecosystem (Bebout and GarciaPichel 1995). Further
investigations are needed to assess the effect of migration on net primary productiv-
ity of mats.

Fig. 17.7 Schematic diagram showing cyanobacterial bio-factory for ultraviolet-screening
compounds production within bio-refinery concept. UV ultraviolet, MAAs mycosporine-like
amino acids
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17.1.3 UV-Stress Defence in Natural and Saline Environments

Synthesis of UV-absorbing compounds is an important mechanism preventing UV
photodamage. Several studies provide evidence that mycosporine amino acids
(MAA) protect cyanobacteria and other lower organisms by absorbing harmful
UV radiation. Mycosporine amino acids are water-soluble, substituted
cyclohexenones that are linked to amino acids and amino alcohols, and have
absorption maxima between 310 and 360 nm. Their synthesis probably originates
from the first part of the shikimate pathway. MAAs are widely distributed among
cyanobacteria. However, the relative protection against UV-B damage provided by
MAAs depends on the species and the location of the pigments therein. Significant,
but limited, protection has been reported for various cyanobacteria with MAAs
located in the cytoplasm. In these cases, only 10–26% of the photons are absorbed
by the pigment. In Nostoc commune, MAAs are thought to play an important role in
photoprotection because the MAAs are located in the extracellular glycan. Two out
of three photons are absorbed by the pigment before cell membranes or targets
within the cell are reached. Two UVA/B-absorbing pigments of N. commune with
absorption maxima at 312 and 335 nm were found in colonies exposed to high solar
radiation. One of them was the first mycosporine reported to be covalently linked to
oligosaccharides (Fig. 17.8) and shown to be located in the extracellular glycan. The
pigment provides protection, mainly by absorbing the harmful radiation.

Removal of toxic oxygen species can be another defense strategy. Carotenoids
are well known for their antioxidant activity. They remove singlet oxygen and triplet
chlorophyll and inhibit lipid peroxidation. Their photoprotective role against high
intensity visible light is evident. UV-A and UV-B can cause oxidative stress by
photodynamically generating reactive oxygen intermediates. An increase in the
carotenoid Chl a ratio of cyanobacteria has been reported in response to UV-A and
UV-B radiation. In the cyanobacterium N. commune, changes in the carotenoid
pattern in response to UV-B irradiation have been observed and myxoxanthophyll
and echinenone were suggested to act as outer membrane-bound UV-B
photoprotectors.

In saline environment, mechanisms for UV defense require that active Na+ export
comes to a standstill, there will be net Na+ influx into a cell until equilibrium with the
external medium is reached. Further extraction of Na+ from the medium will then
require an energy source. To prevent renewal of Na+ export, the energy-harvesting
system employed during this phase should not use ATP as an intermediate. Good
candidates for ATP-independent light-powered biological batteries are
halorhodopsin (Hr) proteins. Hrs naturally occur in extremely salt-tolerant archaea
(haloarchaea) and are membrane-integral proteins of the rhodopsin superfamily that
form a covalent bond with the carotenoid-derived chromophore all-trans-retina.

Synthesis of extracellular polysaccharides may also help to limit UV damage.
Bacterial extracellular polysaccharides (EPS) have been reported to provide protec-
tion against desiccation, phagocytosis, antibody recognition, and lysis by viruses.
The EPS-containing sheath of cyanobacteria forms a buffer zone between the
environment and the cell. Recently, it has been reported that UV-B irradiation
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stimulates the extracellular glycan production of N. commune. The yield of EPS
isolated from UV-B irradiated cultures was three times higher than that from control
cultures. Leaf thickening in higher plants has been reported as a response to UV-B.
With a thicker sheath, effective path lengths for the absorption of radiation are much
longer and it has been suggested that EPS synthesis is stimulated to provide a matrix
for the UV-A/B-absorbing oligosaccharides–mycosporines, which are located in the
sheath of N. commune.

Fig. 17.8 Structures of mycosporine amino acids (MAA)
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17.2 Active Repair Mechanisms

UV-damaged targets can be replaced by increased synthesis of the targets or by
repair of damaged targets without de novo synthesis. DNA repair mechanisms are
universal for all types of cells and have been studied extensively in Escherichia coli.
UV-induced photoproducts can be recognized and repaired by several mechanisms
in E. coli, including photoreactivation, excision repair and postreplication repair
(SOS repair) (Walker and Marchant 1989). During photoreactivation, cyclobutane-
type pyrimidine dimers are monomerized by the enzyme DNA photolyase, which is
activated by UV-A and bluelight. Excision repair is light-independent and various
enzymes are involved. First, damaged DNA is nicked, then short single-stranded
segments spanning the base lesions are removed and the gaps are filled by resynthe-
sis. Cyanobacteria have been found to exhibit both photoreactivation and excision
repair. RecA-like genes from cyanobacteria have been shown to complement a RecA
deletion in E. coli. The complemented RecA strains showed an increased UV-C
resistance. The activation of the RecA protein by DNA damage is the first step of the
SOS repair mechanism. The RecA protein cleaves the LexA repressor and the SOS
genes are expressed (SOS regulon). In most studies related to DNA damage repair,
UV-C irradiation has been used, and the induction of the expression of RecA by
UV-A and UV-B irradiation has only recently been reported in Pseudomonas
aeruginosa.

Increased protein degradation and resynthesis to replace UV-sensitive proteins as
fast as they are damaged may help to counteract UV damage, which increased
turnover of D1 and D2 proteins of the photosystem II reaction center in
Synechocystis species, PCC6803, in response to UV-B irradiation. They suggested
that UV-damaged D1 and D2 proteins are removed from the thylakoid and are
replaced by newly synthesized D1 and D2 molecules. A specific cleavage site has
been reported to be involved in the degradation of UV-B-damaged D1 protein.
During recent years, the turnover of D1 protein has been studied in detail. It has
been shown to be regulated by most stress conditions, and its turnover has been
proposed to be a general adaptive response to environmental stresses.

17.3 Combinatory Strategies

A combination of several strategies may be used by photosynthetic organisms to
acclimate to UV irradiation. In N. commune a cascade of physiological reactions was
observed in response to UV-B irradiation: first a rapid increase in carotenoids,
especially echinenone and myxoxanthophyll, and second, an increase in an extracel-
lular UV-A/B-absorbing mycosporine, which was associated with extracellular
glycan synthesis. Finally, scytonemin was induced slightly by UV-B and very
strongly by UV-A irradiation. It has been proposed that the outer membrane-
bound carotenoids provide a fast, active SOS response to counteract acute cell
damage, whereas the glycan, with its UV-absorbing compounds, is a passive UV
screen against long-term exposure.
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17.3.1 Effect of Cyanobacterial Biofertilization in Saline Soils

Salinity and osmotic stresses induced many common proteins. In addition, unique
salt stress- or osmotic stress-specific proteins were also induced in cyanobacteria,
indicating differential regulation of protein synthesis by the two stresses. These show
that cyanobacterial sensitivity and responses to salinity and osmotic stresses are
distinct, independent phenomena. Nitrogen fixation in salt marsh sediments and
saline soils has been attributed to sulfate reducing cyanobacteria, clostridia,
cyanobacteria, and Nostoc and Anabaena.

Even though the criteria most used to evaluate the effect of cyanobacterial inocula
require de novo studies by farming or addition in farming field to improve crop
productivity, beneficial effects have been noted on plant size, on nitrogen content,
and on the number of tillers, ears, spikelets, and filled grains per panicle. In in vitro
study, relative gain increased up to 28%, while in in vivo study, gain yield increased
up to 15% under Indian climatic conditions. With the pace of time microorganisms
have continued to develop a complex stress tolerance system to survive with the
changes in their external environment. As a result of alteration to their environment,
many extremophilic microorganisms have evolved unique properties of considerable
biotechnological and commercial significance. Halophilic or halotolerant eubacteria
are characterized by a much greater metabolic diversity.

Cyanobacterial application to rice fields has been found to result in increased
grain yield not only in India but also in China, Japan, the Philippines, and other rice-
growing tropical countries. Beneficial effects of cyanobacterial biofertilization on
paddy, grain, and straw yields have been shown in studies, including an increase in
the N content, plant height, leaf length, number of tillers, cars, number of spikelets
per panicle, number of filled grains per panicle, and amount of dry matter.

The cyanobacterial inoculation program is generally more successful in the dry
season with mixed inocula with reduced or no inorganic nitrogenous fertilizers.
These organisms released fixed nitrogen mainly in the form of polypeptides with
fewer amino acids, vitamins, and auxin-like substances, either by exudation or by
microbial degradation of dead cells. It has also been suggested that cyanobacteria
can improve the bioavailability of phosphorus to plants by solubilizing and
mobilizing the insoluble organic phosphates present in the soil with the help of
phosphatase enzymes. Cyanobacteria have the ability to solubilize the insoluble
form of (Ca)3(PO4)2, FePO4, AlPO4, and hydroxyapatite [Ca5(PO4)3OH] in soils
and sediments.

There is also the possibility to solubilize inorganic phosphate by growing a
population of cyanobacteria for their own nutrition needs, and after their death,
their cells are released in the soil, which are easily available to plants and other
organisms. It is also observed that uptake of phosphorus by plants from algal
materials was greater than that from the inorganic phosphates, when both were
provided in equal amounts over a longer period of time. It may be because
cyanobacteria could remove available phosphorus from the sphere of chemical
fixation in soil by incorporating it into cell constituents or by absorbing it in excess
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amounts, and then releasing it gradually for plants over a period of time through
exudation, autolysis or microbial decomposition of dead cells.

The All India project on algae concluded that (1) by the use of cyanobacteria in
unfertilized fields, a 10–15% increase in paddy yield is obtained, (2) in the presence
of low doses of chemical fertilizer, nitrogen yield equivalent to 25 kg N/ha could be
obtained, and (3) even at higher levels of nitrogen fertilizer, similar benefits could be
obtained. Application of cyanobacterial biofertilizers in rice followed by wheat,
along with other biofertilizers in consortia-phosphate solubilizing and mixed with
vesicular arbuscular mycorrhiza (VAM) showed the beneficial effects of inoculation
in both the crops. Application of bioinoculants alone (cyanobacteria, PSB or VAM)
in the presence of 50% single super phosphate (SSP) plus 50% rock phosphate
(RP) as a source of P were on par with P in paddy but not in wheat.

Cyanobacteria could be playing a potential role in the reclamation of salt affected
(generally termed Usar land in some parts of India), arid or sub-arid soils. For
amelioration of salt affected lands, chemical methods of using gypsum, sulfur or
applying excessive irrigation, are not so cost-effective or environmentally friendly.
Basically, salt affected soils (alfisol/sodic/alkaline/saline) are less productive, rigid
soils impermeable to water due to the presence of excessive salts in the upper layers.
They can be classified as alkaline and/or saline depending on the salt content. The
alkaline soil is characterized by a high pH, high exchangeable Na, measurable
amounts of carbonates, and it undergoes extensive clay dispersion (deflocculation
due to the high zeta potential of active NaC). The poor hydraulic conductivity and
reduced soil aeration make the soils infertile. The saline soil is characterized by a
high amount of soluble salts (electrical conductivity more than 4 dS cm 1), imparting
high osmotic tension to plant roots for absorption of water and nutrients. For the first
time, cyanobacteria could be used as a tool for reclamation of Usar soils as they form
a thick stratum on the soil surface and conserve the organic C, N, and P as well as
moisture, and convert the NaC clay to Ca2C clay.

Organic matter and N added by the cyanobacteria in such soils helps bind the soil
particles and thus improves soil permeability and aeration. Since the cyanobacteria
are capable of solubilizing nutrients from insoluble carbonate nodules through the
secretion of oxalic acid; they improve the physicochemical quality of saline and
alkali soils such as soil aggregation by lowering the pH, electrical conductivity, and
hydraulic conductivity. There are certain physiological advantages associated with
cyanobacteria which enable them to withstand these stresses: (a) Curtailment of NaC
influx (b) Accumulation of inorganic (KC ion) or organic osmoregulators (sugars,
quaternary amines, etc.)

Cyanobacterial application to organically poor semi-arid soils can play a signifi-
cant role in their reclamation. The soils in these deserts or semi-arid regions are
characterized by high compaction, low fertility, and water deficiency. They are also
associated with problems of salinity and sodicity, which result in poor aeration and
water infiltration, more soil erosion, and poor diversity of micro-flora. The poor
physicochemical characteristics of soils ultimately have an adverse impact on plant
growth and productivity. Cyanobacteria develop a superficial network of the
trichomes/filaments on the soil, which not only binds the soil particles but also
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results in enmeshing of the soil particles at depth. Cyanobacteria, as carbon and
nitrogen fixers, can contribute to the improvement of soil nutrient status of organic
carbon and nitrogen in arid soils. Cyanobacterial species such as Anabaena
oscillarioides, A. aphanizomenoides, and Microcystis aeruginosa exhibited a salt
tolerance ability ranging from 7 to 15 g/L. They are also known for the production of
EPS, which help soil particles bind together (Mazor et al. 1996), and thus play a
major role in improvement of soil moisture owing to their hygroscopic nature, and
exopolysaccharides from cyanobacteria also contribute to reclamation of the desert
soils.

17.4 Conclusion

The evolution of effective salt-acclimation mechanisms allowed cyanobacteria to
colonize habitats that had low to high salt concentrations. For model cyanobacteria,
the acclimation strategy is well characterized on the physiological and molecular
levels. Three salt-tolerant groups, freshwater, moderately salt-tolerant, and halo-
philic cyanobacteria, have been defined, which differ not only in their ultimate
salinity tolerance levels but also in the chemical nature of the major compatible
solute. Nevertheless, the accumulated knowledge of salt acclimation from model
cyanobacteria can be transferred to cyanobacteria that are not well studied. For
example, many cyanobacterial genomes are available in public data bases and
could be searched for key genes coding proteins for essential salt acclimation
processes such as compatible solute biosynthesis and ion export.

Traditional conservation-based methods with modern technology can reduce
farmers’ dependence on chemical fertilizers and pesticides, as well as reduce the
farming costs and environmental hazards. Emphasis is placed on an integrated plant
nutrient supply concept involving regular use of organic resources such as organic
manures/compost/green manure and biofertilizers integrated with low doses of
chemical fertilizers in the cropping system for better results. A 10–15% increased
grain yield along with a net saving is also accomplished. Depletion of soil fertility,
low fertilizer-use efficiency, and growing environmental pollution are of major
concern to agriculture, in terms of crop productivity. Biofertilizers such as
cyanobacteria can provide a suitable supplement to the chemical fertilizers, and
‘organic farming’ can become a reality in the future. There is a definite need to
deploy these biofertilizers in combination with organic composts and minimal doses
of chemical fertilizers for reaping ‘cleaner’ and healthy harvests, securing food
production and human health, protecting the environment, and saving scarce natural
resources. Salt stress is a highly complex situation characterized by ionic and
osmotic stresses and many secondary stresses, such as oxidative stress. Therefore,
it is difficult to distinguish between the response to general stress or to the specific
salt stress situation. Thus, species naturally competent to grow at high salinity that
are also light and temperature tolerant will become the most promising starting
points to develop cyanobacterial producer strains. Application of cyanobacterial
biofertilizer to rice crop would bring an improvement in the soil physicochemical
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properties and increased availability of phosphorus, when used along with rock
phosphate and biologically fixed nitrogen under saline conditions. Some of the
cyanobacteria would also provide growth-promoting substances and the quality of
grain would be superior.
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Abstract
Biopharmaceuticals have set new standards for blockbuster drugs recently. A
blockbuster drug is the one which has crossed $1 billion or more in annual sales.
Top 15 biopharma products have annual revenue more than $2 billion, and anti-
inflammatory drugs like humira are generating $10 billion in revenue per year.
These bioproducts are mostly large organic molecules like enzymes, hormones,
clotting factors, monoclonal antibodies, and peptide therapeutics compared to a
low-molecular-weight pharmaceutical product. Around 1500 biomolecules are
undergoing clinical trials, and success rate of a biomolecule to pass a clinical test
is twice as compared to pharma molecule. These promising outputs and low side
effects of biopharmaceutical products are attracting major pharmaceutical
companies, and they are slowly shifting their research and development and
sourcing toward these large molecular bioproducts. These molecules are pro-
duced mostly inside a bioreactor with upstream and downstream processes, and
the effluent contents of these industries are a matter of concern because they
contain various unorthodox organic components, i.e., recombinant fermentation
broth, extremophiles, bacterial spores, and various antibiotics. The absence of an
effective treatment methodology with various bio-industries to deal with this
modern organic recombinant sludge is the major reason behind the increase in a
number of untreatable superbugs in our ecosystem. There is an urgent need to
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improve the traditional primary, secondary, and tertiary modes of wastewater
treatment methodology to handle this new threat. This chapter provides an insight
knowledge to traditional and modern methods implemented for effluent treatment
for biopharmaceutical effluents and an advancement of treatment technologies
like MODAR supercritical water oxidation, membrane biological reactor (MBR)
technology, reverse osmosis technology, ozonation plant technology, and modu-
lar thermal plant treatment for effective treatment of biopharma effluent streams
to achieve zero contaminant discharge strategy.

Keywords
Biopharmaceuticals · Traditional effluent treatment · MODAR supercritical water
oxidation · Reverse osmosis technology · MBR technology

18.1 Introduction

Pharmaceutical industries particularly develop and produce value-added market
products for human welfare. The pharmaceutical industries carry out research and
development to make different types of market products for the improvement of
millions of people all around the world. As far as the human life and health are
concerned, the pharmaceutical industry has made great progress in recent years and
made a great contribution toward the development of pharmaceuticals for different
fields such as agriculture, poultry farming, fishery, and human health (Duca and
Boldescu 2009).

Pharmaceuticals are present in wastewater since the human body does not
degrade drugs completely, and many substances of pharmaceutical origin are not
eliminated during wastewater treatment. Effluent from the pharmaceutical industry
in different compartments of the environment is a new challenge not only for
technologists of water but also for scientists involved in wastewater treatment
(Gomes et al. 2017).

It has been proved in many studies that substances of pharmaceutical origin are
not eliminated in the process of water treatment; their biodegradation in the environ-
ment is also difficult (Marketresearch.com 2018). Detailed chemical analysis of
water is necessary for the safe use of water resources. It is important to identify all
pollutants present in water and, hence, to fully evaluate water quality and predict
effect on humans. The continuous improvement of analytical techniques makes it
possible to identify a wider spectrum of components and improve detection limits. A
brief review of input by different sources and fate and analysis of pharmaceuticals,
parapharmaceuticals, and their metabolites in environment is presented.

In the past several years, one of the primary tasks of environmental chemistry has
been detection, determination, and date studies of pharmaceuticals in different
compartments of the environment, particularly in water ecosystems (Clara et al.
2005; Arnold et al. 2014). An important role is played in this area by analytical
chemists who develop and introduce analytical practice procedures for determination
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of traces of a wide spectrum of compound samples of complex matrices. The
presence of different drugs in the environment results from manufacturing of
medical formulations and the impact of the pharmaceutical industry on the environ-
ment (De Gusseme et al. 2009); discharge of large quantities of expired drugs
(without treatment) by households (small scale) as well as hospital wastewater and
wastes (much larger scale); and excretion of residues of drugs and their metabolites
by animals and (Khetan and Collins 2007; Lacey et al. 2012; Gadipelly et al. 2014;
Krzeminski et al. 2019) humans. Studies on metabolism and fate of pharmaceuticals
in human and animal bodies have shown that a large fraction is excreted with feces
and urine, and therefore, the drugs are present in municipal wastewater (Gros et al.
2010). Compounds of the group are biodegradation resistant and are not completely
eliminated in the process of wastewater treatment (Quinn et al. 2008). They are
present in the environment both in unchanged form and as metabolites.
Pharmaceuticals enter the environment from a myriad of scattered points. The
main sources of contamination include pharmaceutical production pollutants, waste-
water treatment plants (WWTPs), hospitals, landfills, and even graveyards (Khetan
and Collins 2007; Larsson 2014). The most investigated route of entry of
pharmaceuticals into the environment is that from municipal WWTPs. Human
excretion of unchanged or slightly transformed active pharmaceutical ingredients
(APIs) conjugated to polar molecules such as glucuronide enters the WWTP where
these conjugates may then be cleaved, releasing the original API into the environ-
ment (Snyder et al. 2007). Activated sludge WWTPs have received particular
attention (Joss et al. 2004; Grandclément et al. 2017). A limited number of studies
also found pharmaceuticals in drinking water and hospital wastewater (Shariati et al.
2010).

18.2 Types of Pharmaceuticals

The pharmaceutical industry is primarily driven by scientific discovery and devel-
opment. It is an important component of the health-care system and mainly
contributes via manufactured pharmaceutical active substances for human and
animal welfare.

The pharmacological active substances may comprise of natural products or
synthetic drugs. Natural products are those that are generally derived from microbial,
plant, and animal resources, whereas synthetic drugs are those that are produced
through chemical technologies. Some common types of naturally derived
pharmaceuticals are antibiotics, steroids, peptide hormones, vitamins, enzymes,
prostaglandins, and pheromones. Synthetic drugs are the recent achievements in
the field of pharmacology and computer technology. Some common types of
synthetic drugs are cardiovascular agents, CNS depressants, central nervous system
(CNS) stimulants, hematological agents, steroids, etc. (Wang et al. 2018).

The pharmaceutical market’s value is steeply climbing every day with a ground-
breaking rate and is predicted to exceed $1.1 trillion globally by 2021 (Al-Farsi et al.
2018). Drug developers are now discovering an immeasurable range of novel,
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potent, and beneficial life-improving pharmacy products that have an impact on the
development and improvement of medical therapies. Currently, research and devel-
opment initiatives are being taken in the pharmaceutical sectors like precision
medicine and the creation of hyper-targeted drugs. Data preprocessing and analytical
tools are also integrating different types of datasets with existing business processes
providing a better picture of the scenario (Deegan et al. 2011). Different types of
genetic research, recognition, and interpretation applications must be implemented
in the pharmaceutical industry for the manufacturing of valuable products (Göbel
et al. 2005). According to the view of Michael Elliott, CEO and chief analyst of the
life sciences IT consulting firm Atrium Research, the virtualization of research has
been the prime role driver to get people over some of the resistance and move to the
cloud (Grandclément et al. 2017). Cloud technology is a recent trend, but its capacity
to decrease the costs of pharmaceutical products is already proving to be principally
beneficial for smaller organizations such that the budget-conscious companies are
now able to execute best-practice business processes for the development of phar-
maceutical products with stabilizing effects (Khetan and Collins 2007).

18.3 Application of Biopharmaceutical Products

Biopharmaceuticals are the kind of sophisticated products in the field of modern
science. Generally, 3-D modeling systems are being used to design them (Larsson
2014). The important considerations of biopharmaceuticals are reductions in the
operating costs, improvement in process technology, industry readiness to respond
quickly, defining the manufacturing footprint, and an improvement in efficiency.
Integration of science and deep operational excellence will make the biopharma
industry of more potential to transform the health prospect of millions of people
across the globe. In today’s world, the deliberation of authentic health-care
innovation is most challenging. It requires knowledge, development, and delivery
system of new products toward the human and animal welfare. The most important
development in the pharmaceutical industry is the discovery of novel biological
output by implementing new innovative technologies (Oller et al. 2011). The
pharmaceutical products’ impact upon the public health generally comes after
several rounds of R&D, testing, and final approval by appropriate regulatory bodies
like FDA (Radjenović et al. 2009). Many factors are contributing to the challenges
toward the success of biopharmaceutical potency like improvement in success rates
and increase in the efficiency of clinical research, safety among large group of
patients, information on potential interactions with other medicines, specific dosing
instructions, discovery of drugs to treat serious conditions, filling an unmet medical
need, provision of meaningful therapies for serious medical conditions, etc. As R&D
challenges increase in the field of science, the researchers are continually adopting
the new medical advances and are developing innovative medicines upon animal and
human trials.
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18.4 Environmental Impact

Pharmaceutical pollution is gradually being recognized as a major threat to
ecosystems and human health globally. Pharmaceuticals can enter the environment
at different stages of their life cycle, such as during production, use, and disposal. It
means that they can ultimately wind up in our drinking water as well as accumulate
in vegetables and aquatic animals. Nowadays, the main concern is about the
occurrence of active pharmaceutical ingredients, solvents, intermediates, and raw
materials in effluents from the pharmaceutical industry which has gained increasing
attention. Environment and health are directly or indirectly affected by pharmaceu-
tical effluents especially in the surrounding area of pharmaceutical industrial regions.
Different classes of pharmaceutical compounds like analgesic, antidepressant, anti-
hypertensive, contraceptive, antibiotic, steroids, hormones, etc., have been detected
in water samples from mg/L to μg/L range. Although, at times, the detected amount
is very small, it is highly potent and toxic for human, animal, and aquatic lives. In a
recent study, extraordinarily high levels (mg/L) of several drugs were found in the
effluents from local wastewater treatment plant. These drugs included non-steroidal
anti-inflammatory drugs (NSAIDs) like ibuprofen, naproxen, and diclofenac, apart
from some other solids, biodegradable and nondegradable organic compounds, etc.
The long-term exposure of lower concentration to a higher concentration of complex
pharmaceutical mixtures in effluents may cause acute and chronic damages (Oller
et al. 2011), behavioral changes, accumulation in tissues, reproductive damage, and
inhibition of cell proliferation. The existence of pharmaceutical compounds creates a
major life-threatening problem; therefore, sincere efforts are essential to trim down
the problem along with some adequate regulations for their monitoring and control.
We must look not only at the effects of drugs in medical practice but also its
environmental effects (Adishkumar et al. 2012). Another study shows that pharma-
ceutical production severely contaminates surface, ground, and drinking water as far
as the environment is concern (Bernhard et al. 2006). Nowadays, ocean acidification
and increasing discharges of pharmaceutical contaminants into aquatic systems are
emerging trends and are perceived to be major catalysts of environmental change
particularly affecting marine ecosystems adversely. Pharmaceuticals can go into the
soil environment as well, and when animal slurries and sewage sludge are applied to
the land as fertilizers, these pharmaceuticals may also be taken up by the soil
organisms which may result in toxic effects upon organisms throughout the food
chain. Also, the same study reveals that the high levels of broad-spectrum antibiotics
as a pharma product could induce the development of antibiotic-resistant
microorganisms. It has been established that such harmful effects may happen if
the pharmaceutical compounds are transferred within the food web/chain.
Pharmaceuticals in higher creatures are designed to target specific metabolic and
molecular pathways and show possible side effects. Much effluent treatment plants
are equipped with mechanical separation of solid particles through different size
filters which separate finer particles either occurring in the incoming water or
developing as a consequence of the chemical treatment of the water with flocculating
agents. Pharmaceuticals are existing mainly in the dissolved phase; therefore,
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biodegradation is suggested to be the most important elimination process in the
effluent treatment. Many effluent treatment plants are following biological routes
toward the eradication of organic content in the effluents. Depending on the
characteristics of the specific compound of the pharmaceuticals and the
characteristics of the surrounding environment, we can minimize the level of the
undesirable substances from the biopharmaceutical effluents through aerobic and
anaerobic biodegradation and abiotic revolution such as degradation of UV light,
hydrolysis and sediment sorption, and direct and indirect photolysis; it means direct
photolysis is the outcome of direct absorption of sunlight, while indirect photolysis
includes natural photosensitizers (Clara et al. 2005). The exposed pharmaceutical
substances are expected to be a threat to the entire life span of organisms, and it is
possible that they may impact on nontarget organisms in the aquatic and terrestrial
environments.

Biochemical oxygen demand (BOD5) and chemical oxygen demand (COD) are
the most frequently used parameters for the description of biopharmaceutical
effluents. Both of these parameters usually depend on many factors such as the
extent of time required to determine each one of them. The production of antibiotics
and vaccines by biopharma plants generates effluents containing very high BOD
(biochemical oxygen demand), COD (chemical oxygen demand), TS (total solids),
colloidal solids, toxicity, odor, etc. Industrial effluents are notable by their abnormal
turbidity, conductivity, chemical oxygen demand (COD), total suspended solids
(TSS), and total hardness. The biopharmaceutical effluents have a large number of
organic compounds with a benzene ring and unsaturated bonds which results in low
biodegradability and have less BOD value in spite of a high COD value.

Biopharma industry effluents pose potential hazards toward the natural system.
Total suspended solids are solids in effluents that can be trapped by a filter including
decaying plants, silt, animal matter, industrial wastes, and sewage. Particularly,
biopharmaceutical effluents comprise of different types and sizes of solids which
are harmful to the health status of aquatic life within a water body. The release of
industrial effluents with surplus amount of suspended solids often shows the life-
threatening problem toward the aquatic system and increase in the level of pathogens
including bacteria, protozoa, etc. The aim of effluent treatment is to minimize and
remove COD, BOD, suspended solids, and toxic compounds before they get
released into the natural environment. Effluent, therefore, needs proper treatment
to remove suspended solids, organic matter, and nutrients which is necessary before
the effluent is discharged into aquatic bodies (Clara et al. 2005).

18.5 Technologies for Biopharmaceutical Wastewater Effluent

Traditional technologies dealing with effluents coming out of the production plant
and to treat selected wastewater streams are the most effective and economically
sound ways. Moreover, an additional goal is to reduce overall effluent emissions by
reusing treated wastewater toward zero-discharge strategies. The removal efficiency
of pharmaceuticals from effluents has been tested by many technologies; the main
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objective is to maintain zero pollutants in wastewater. The removal efficiency of
pharmaceuticals and pharmaceutical active components has been achieved by many
different technologies such as active carbon filtration, biological degradation, mem-
brane filtration technology (e.g., reverse osmosis, ultrafiltration at membrane
biological reactors), and oxidation technologies combining different available
advanced oxidation processes (AOP) like ozonation, hydrogen peroxide with radia-
tion from UV light, etc. (Crane et al. 2006).

Biopharmaceutical effluents comprise a variety of agents, and their composition
varies in response to a number of factors such as the production rate, the specific
preparation, and the generating wastewater. All these variables mean that the
pollution of the final effluent can be diversified and be changeable over time.
Generally, these wastewater effluents contain a high amount of organic matter and
slowly biodegradable organic compounds, such as aromatic compounds, inhibiting
and toxic compounds, etc.

The pharmaceutical industry employs a wide array of wastewater treatment and
disposal methods. Wastewater generated from this industry varies not only in
composition but also in quantity by plant, season, and even time, depending upon
the raw materials and the processes used in the manufacturing of various
pharmaceuticals. Plant location also brings in a variable related to the quality of
available water. Hence, it is very difficult to specify a particular treatment system for
such a diversified pharmaceutical industry. Many alternative treatment processes are
available to deal with the wide array of wastes produced from this industry, but they
are specific to the type of industry and associated wastes. However, the analysis of
published information in the public domain shows that there are many general
approaches employed to treat pharmaceutical wastewaters which are moving bed
biofilm reactor (MBBR) process, MODAR supercritical water oxidation process and
MBR technology, mechanical steam water compression vacuum evaporators,
reverse osmosis technology, ozonation plant technology, modular thermal plant
treatment, advanced oxidation processes, and biological processes (Fig. 18.1)
(Deegan et al. 2011). The best technology for treating the effluents generated by
the biopharmaceutical industry will depend on each specific factor, such as signifi-
cant variation and the wide range of possible compounds.

18.5.1 Activated Sludge Biological Process

This process is more efficient and is particularly used to eradicate the pollutants of
biodegradable types. Although this is the most competitive process for wastewater
treatment, there is a possibility of the occurrence of inhibiting and toxic compounds
for the biomass and the low biodegradability of some effluents (some endocrine-
disrupting chemicals (EDCs) and pharmaceuticals and personal care products
(PPCPs) are known by their hydrophobicity). Thus, the traditional municipal waste-
water treatment plants (MWWTP) based on activated sludge reactors tend to accu-
mulate the bio-sludge (Göbel et al. 2005). Some works reveal that up to 45–90% of
EDCs entering in MWWTP can be adsorbed and accumulated in the sludge and will
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circulate along the treatment process (Tiwari et al. 2017). Moreover, some sludge
management strategies involve the application of the sludge in farmland which will
promote the spreading of the contaminants through the soils and aquifers. If ozona-
tion is applied as a refining treatment after the biological effluent processing, it will
not be able to avoid micropollutant deposition in the activated sludge. Thus, this
chemical approach can be envisaged as a pretreatment before activated sludge. This
way, it may promote persistent pollutant removal by avoiding their adsorption in the
sludge. The main drawback of such procedure is related to the large volumes of
municipal wastewaters that must be processed. Ozone in situ generation is energy
consuming, and the operating costs can discourage the full-scale application of this
methodology. However, the rising health problems and the growing reduction of
water with quality that is fit for human application will surely be the driving forces
for changing decision making and stakeholder priorities, thereby forcing policy to
put environmental interests over the economics. Although some authors refer that
ozonation improves MWW biodegradability, it should be considered that this
wastewater is biodegradable and the removal of the PPCPs (which typically occur
in streams at very low concentrations) will not substantially affect wastewater
biodegradability. Thus, the main goal of ozonation will surely not be biodegradabil-
ity enhancement but rather the removal of those persistent and harmful chemicals
that are not degraded through the biological processes (Sipma et al. 2010).

Treatment of 
pharmaceu�cals 
in waste water

Moving bed biofilm 

Activated 

Membrane reactor

Mechanical steam compression 
vaccuum evaporators

Reverse osmosis technology

Ozonation  plant

Biological Process

Advanced Oxidation process

Physicochemical  

Chemical methods

Fig. 18.1 Various technologies for the treatment of pharmaceutical in wastewater effluent
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18.5.2 Moving Bed Biofilm Reactor (MBBR) Process

MBBR technology is the efficient option of effluent treatment when the effluent is
rich in organic matter. This technology consists of a biological reactor which
supports the growth of biomass as a biofilm on plastic supports that are continuously
moving within it. The bioreactor provides a specific area per unit of volume which
allows more biomass to flow per unit of volume. MBBRs are much smaller than the
activated sludge system. This technique is viable only when the pollution is
biodegradable.

18.5.3 MBR Technology

Membrane bioreactor (MBR), a hybrid of ultrafiltration and biological remediation
of wastewater, emerged as an alternative technology of activated sludge process.
This technology overcomes the issues, viz., huge space requisite for secondary
clarifiers, surplus sludge generation, liquid-solid separation, etc., related to activated
sludge process. The advantages of MBR technology lie with inclusion of membranes
and include elimination of secondary clarifiers and tertiary filtration; designed for
prolonged sludge age, thus lower sludge generation; high effluent quality; higher
loading rate capacity; and shorter hydraulic retention time. Moreover, the elimina-
tion of the secondary clarifiers results in lesser space requirement.

The sluggish-growing autotrophic bacteria in MBR result in nitrogen removal,
thereby providing additional feature of high removal rate of biodegradable
micropollutant. Simultaneously, the MBR also facilitates in the removal of COD,
suspended solids, and phosphorus. The ratio of the suspended solids to total
suspended solids in MBR is in the range of 0.46–0.55, which is lower than the
permissible limit of 0.75–0.9. In 2004, Wen et al. reported the removal of NH4

+,
COD and turbidity by 93%, 80%, and 83%, respectively, from the hospital waste-
water in the submerged membrane reactor. High COD removal in MBR is attributed
to stable biomass concentration and retention of particulate matter that provides a
stable condition for the growth of specialized microbial community efficient in
micropollutant biodegradation. The application of membrane bioreactors (MBR) in
hospital wastewater treatment has become a common exercise in the previous
decades. De Gusseme et al. (2009) reported 99% removal of 17β-ethinylestradiol
in nitrifier-enriched biomass of MBR (Dȩbska et al. 2004). Snyder et al. (2007)
demonstrated that concentrations of caffeine, acetaminophen, sulfamethoxazole,
carbamazepine, and gemfibrozil decreased as the compounds passed through the
pilot MBR with removal efficiencies varying between 99.1% (sulfamethoxazole)
and 99.9% (acetaminophen). Radjenović et al. (2009) found that the removal of
acetaminophen from the aqueous phase by the MBR was greater than 99% (similar
to the conventional activated sludge process). No elimination of gemfibrozil took
place by conventional activated sludge treatment, whereas the MBR eliminated
30–40% of this compound. In the same study, carbamazepine remained untreated
by both techniques. Removal efficiencies of sulfamethoxazole were higher by the
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MBR technology (81%) than by the conventional activated sludge (75%). Kimura
et al. (2005) reported high removal of ketoprofen and naproxen in MBR system,
whereas the removal efficiency of clofibric acid, ibuprofen, diclofenac, and
mefenamic acid was the same in CAS and MBR. The persistence and low removal
of pharmaceutical residues in both systems could be due to the presence of the
aromatic ring or chlorine group in their structure. MBR system is more efficient than
CAS treatment for the removal of persistent micropollutant, especially for those
compounds that are not readily degradable. Bernhard et al. (2006) observed that with
high SRT, MBR process had a better removal of polar compounds like diclofenac,
sulfophenyl carboxylate, and mecoprop. However, for the compounds such as
sotalol and hydrochlorothiazide, removal efficiency was less compared to CAS
process (Sipma et al., 2010). Studies revealed that increase in retention time in
membrane bioreactor improved the degradation of estrogen (Joss et al., 2004).
Radjenović et al. (2009) compared the degradation efficiency of pharmaceutical
compounds in MBR with conventional activated sludge process. The degradation
efficiency of compounds like diclofenac, metoprolol, and clofibric acid was 87.4%,
58.7%, and 71.8%, respectively, in MBR, whereas in CAS process, the degradation
efficiency was only 50% for diclofenac and 27% for clofibric acid. No removal of
metoprolol was observed in conventional activated sludge process. The removal rate
of sulfamethoxazole was varied considerably maybe due to back conversion of N4-
acetyl sulfamethoxazole to sulfamethoxazole during the degradation process. The
removal efficiency of ibuprofen remains the same in both treatment processes. MBR
treatment has a characteristic feature of retaining hydrophobic compounds, and the
slow-growing nitrifying microorganism within the reactor with established biomass
concentration makes MBR a better treatment technique than CAS (Huang and Lee
2015). Low sludge production and high removal of pharmaceutical residues in MBR
treatment suggest that MBR technology could be an economical solution for the
generation of clean water. MBR technology is more competent in the production of
high-quality effluent than CAS; thus, MBR treated water is directly released into the
environment. MBR is one of the powerful techniques to treat the emerging
pollutants. However, the fouling of membrane and repeated washing are the factors
that limit its application at large scale. Published investigation revealed that the
presence of supporting medium for microbial growth in MBR would be a useful
technique for decreasing membrane fouling rate and for removal of highly persistent
micropollutant (Wei et al., 2012). Attached growth bioreactor provides a diverse
microbial group of the aerobic, anoxic, and anaerobic zone, which offers high
removal of persistent micropollutant. Arya et al. (2016) reported high removal of
gemfibrozil and ciprofloxacin in submerged attached biofilter as compared to MBR.
Enhanced pollutant removal in MBR could be achieved by the use of supporting
medium to facilitate the biofilm growth and enhance the micropollutant retention.
However, high operation and capital cost, membrane complexity, and fouling hinder
energy costs; replacement cost of the membranes hinders its wide usage for indus-
trial effluent treatment. The fouling, attributed to deposited microorganisms, sludge
and solutes, etc., in the MBR results in reduced membrane performance and life
cycle of the membrane, thereby enhancing the maintenance and operation cost.
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Moreover, after prolonged use, the suspended particles deposited on the membrane
surfaces and pores thereby clog the pores and thus diminish the permeability of the
membrane. Furthermore, the membrane fouling owing to the heterogeneous nature
of the solids and microorganisms deposited on the surface is an unavoidable
challenge and hard to control in prolonged usage of the MBR.

Different forms of fouling, viz., pore thinning, pore blockage, and cake forma-
tion, occur in the MBRs. In pore thinning, the micropores of the membrane are
clogged by the foulants, viz., biofoulants and organic and inorganic foulants, thereby
decreasing the pore size. In pore blockage, the suspended particulates in the solution
form owing to their sticky nature and adhere to the pore, thereby clogging the pore.
The prolonged deposition and accretion of the bacterial masses, inorganic
particulates, and biopolymers form a layer which leads to cake formation. The
membrane resistance increases as the thickness of the cake increases.

18.5.4 Mechanical Steam Compression Vacuum Evaporators

The etched vacuum evaporation of the water with mechanical compression of steam
becomes more proficient for the complex type of wastewater pollution owing to the
existence of persistent, inhibitor, or toxic compounds and low biodegradability. In
such technique, the wastewater is heated by steam as a heating medium in a heat
exchanger operated under vacuum. Under vacuum conditions, the boiling point of
water is brought down to 60 �C, thus reducing the energy cost. Under vacuum
conditions, the water is evaporated, thereby leaving a concentrated pasty residue of
solids, and the separated clean water can be further reused, thereby attaining the
optimum conditions of sustainability with zero discharge (Iorhemen et al. 2016).

18.5.5 Reverse Osmosis Technology

Reverse osmosis is a water treatment technology that consists of a selective perme-
able membrane for the removal of ions, unwanted molecules, and larger particles
from drinking water by applying an external pressure in a reverse way to the natural
flow of solvent. The filter system of this technology has extremely tiny pores that
help remove microscopic contaminants from the water. This technology is a widely
used technology that works under a certain pressure which allows the source water
through the selective membrane and removes the impurities present in water.

Numerous researchers have investigated on the different treatment methods to
remove PPCPs from wastewater and receiving waters, including conventional
activated sludge, soil aquifer treatment, advanced oxidation process, and
biomembrane process (Joss et al. 2004; Göbel et al. 2005; Klavarioti et al. 2009;
Deegan et al. 2011; Gadipelly et al. 2014; Miron et al. 2014). Among them,
biomembrane process is one of the most effective treatment processes. The mem-
brane processing technology, owing to its efficient, convenient, and economically
viable characteristics, plays a prominent role in sewage water treatment. According
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to Miron et al. (2014), membrane bioreactor (MBR) has a better effect (>80%) on
most pharmaceuticals (naproxen, 99.3%; ofloxacin, 94.0%; bezafibrate, 95.8%; and
paroxetine, 89.7%) than conventional activated sludge. Katsuki et al. have studied
reverse osmosis (RO) membrane’s effect on endocrine-disrupting chemicals (EDCs)
and pharmaceutically active compounds (PhACs), and it shows that the polyamide
membrane has achieved a good removal effect on 2-naphthol, 4-phenylphenol,
caffeine, bisphenol A, sulfamethoxazole, and 17β-estradiol with a rate of 51–91%.
Technologists have proven that ultrafiltration (UF)-RO double membrane process
has good removal efficiency (90% on average) on PhACs and EDCs. Pomati et al.
(2006) focused on the study of MBR-RO process’s efficiency on 20 multiple-class
pharmaceuticals (including psychiatric drugs, macrolide antibiotics, β-blockers,
sulfonamide and fluoroquinolone antibiotics), and treatment has exhibited excellent
overall removal of selected emerging contaminants with removal rates above 99%.
Establishing MBR-NF (nanofiltration) treatment process, Larsson (2014) studied
different nanofiltration membranes’ efficiency to 40 trace organics, including
pharmaceutically active compounds, steroid hormones, industrial compounds, and
pesticides, and the removal rates are all above 95%.

18.5.6 Ozonation Plant Technology

The ozonation of biopharmaceutical effluents has several advantages such as an
increase in dissolved oxygen, decrease in chemical oxygen demand, and also
improvement in the aesthetic value of water due to a reduction in turbidity and
color. The ozonation process is carried out for a short period of time, approximately
10–30 min. It is more effective than chlorine in destroying viruses and bacteria
(Gomes et al. 2017).

18.5.7 Modular Thermal Plant Treatment

Thermal treatment is an essential process in all categories of production processes
that have the main objective to destruct microorganisms by the application of heat.
The main objective is to promote optimum performance downstream and filtration of
boiler feed water streams which allow an industrial boiler or power plant to meet the
strict requirements for more efficient boiler performance. Treatment of boiler feed
water is essential for preventing excessive heat transfer equipment fouling and
erosion of turbine blades (Iorhemen et al. 2016).

18.5.8 Advanced Oxidation Process

When the wastewater contains a high concentration of the chemically stable com-
pound, toxic substances, with very low biodegradability, efficient processes are
needed for destroying the pollutants. Advanced oxidation refers to a wide range of
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technologies, most of which are based on generating hydroxyl radicals or the supply
of energy required to destroy the pollutants. This technology is especially competi-
tive for eliminating halogenated hydrocarbons, detergents, dyes, etc. A wide range of
other available techniques like electrochemical oxidation, catalytic ozonation,
anodic oxidation, the combination of ultraviolet radiation and hydrogen peroxide,
Fenton’s reagent, and photocatalysis are also showing fruitful results. All of these are
techniques that can eliminate high loads of pollutants (Klavarioti et al. 2009).

AOPs can be broadly defined as aqueous phase oxidation methods based on the
intermediacy of highly reactive species such as (primarily but not exclusively)
hydroxyl radicals in the mechanisms leading to the destruction of the target pollut-
ant. Over the past 30 years, research and development concerning AOPs has been
immense particularly for two reasons, namely, (a) the diversity of technologies
involved, and (b) the areas of potential application. Key AOPs include heteroge-
neous and homogeneous photocatalysis based on near ultraviolet (UV) or solar
visible irradiation, electrolysis, ozonation, Fenton’s reagent, ultrasound, and wet
air oxidation, while less conventional but evolving processes include ionizing
radiation, microwaves, pulsed plasma, and ferrate reagent. Although water and
wastewater treatment is by far the most common area for research and development,
AOPs have also found applications as diverse as groundwater treatment, soil reme-
diation, municipal wastewater sludge conditioning, production of ultrapure water,
and volatile organic compounds treatment and odor control. Depending on the
properties of the waste stream to be treated and the treatment objective itself,
AOPs can be employed either alone or coupled with other physicochemical and
biological processes. Process coupling is conceptually beneficial usually leading to
improved treatment efficiencies. For instance, AOPs may be employed as a
pretreatment stage to convert initially bio-recalcitrant compounds to more readily
biodegradable intermediates followed by biological posttreatment. On the contrary
and for effluents containing biodegradable fractions, biological pretreatment
followed by chemical posttreatment may be favorable as biodegradable compounds
can be easily removed first and so subsequently do not compete for the chemical
oxidant. Recent reviews on the applications of AOPs for water and wastewater
treatment can be found elsewhere (Mantzavinos and Psillakis 2004).

18.5.9 Physicochemical Process

Physicochemical treatment of effluents focuses primarily on the separation of colloi-
dal particles. This is achieved through the addition of coagulants and flocculants.
These changes of the physical property of the colloids allow them to remain in an
indefinitely stable form such as flocs with settling properties. This type of process
used to remove 80 to 90% of total suspended solids (TSS), 40–70% of BOD5,
30–40% of COD, 17–100% of nutrients (N and P), and so on. This method has been
successfully used for industrial effluents.
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18.5.10 Chemical Process

The chemical treatment process consists of using some chemical reactions that
improve the quality of water. The most commonly used chemical processes are
chlorination, ozonation, and neutralization.

18.5.10.1 Chlorination
The chlorine compounds like chloramine or chlorine dioxide are mostly used in the
chlorination process which is the common disinfection method. The harmful
microorganisms can be killed rapidly by strong oxidant chlorine. Chlorine is dan-
gerous to use because it is a toxic gas. The toxicity can be reduced by the use of
sodium hypochlorite that can release free chlorine when dissolved in water.

18.5.10.2 Ozonation
Ozone is a very strong oxidizing agent and an unstable molecule which is most toxic
to microorganisms present in water. The harmful cyst-forming protozoa and other
pathogens can be killed using ozonation. Ozone can release reactive oxygen in
exposure to ultraviolet light or a cold discharge. This reactive oxygen can kill the
organisms.

Ozone is a strong oxidant that either decomposes in water to form hydroxyl
radicals which are stronger oxidizing agents than ozone itself, thus inducing the
so-called indirect oxidation, or attacks selectively certain functional groups of
organic molecules through an electrophilic mechanism (Radjenović et al. 2009).
Depending on the type of the substrate and the operating conditions in question,
ozone oxidation is usually favored at increased pH values due to the increased
production of hydroxyl radicals. Moreover, treatment performance is enhanced if
ozone is combined with light irradiation and hydrogen peroxide or with iron or
copper complexes that act as catalysts. Ozonation has been traditionally employed in
drinking water treatment for odor and taste control and disinfection, as well as
(in some cases) for wastewater disinfection. Therefore, it is not surprising that
several studies have been carried out onsite in drinking water plants (Kimura et al.
2005; van Lier et al. 2008; De Gusseme et al. 2009; Gros et al. 2010; Gkotsis et al.
2014; Huang and Lee 2015).

18.5.10.3 Neutralization
Many industrial water treatment operations use a common chemical process called
neutralization; it consists of the addition of acid or base to adjust the pH value back
to its normal state. Lime is a base used for neutralization of acid wastes in industries
(Arya et al. 2016).

18.5.10.4 Coagulation
Coagulation is a chemical process; through a chemical reaction, it forms insoluble
end products used to remove substances from the wastewater. The commonly used
coagulating chemicals are polyvalent metals; typical coagulants would be lime and
iron-containing compounds such as ferric chloride or ferric sulfate and alum
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(aluminum sulfate) (Wen et al. 2004; Sipma et al. 2010; Wei et al. 2012). The
electrocoagulation performance evaluation was analyzed in terms of the main
operational parameter influence: pH, current density, electrocoagulation time, stir-
ring rate, and anode nature (Dȩbska et al. 2004; Csefalvay et al. 2007; Das et al.
2012). The optimum pH was 5 because it allowed us to obtain color, with organic
matter reduction degrees of about 99% in a relatively short time. On the basis of the
data, it can be concluded that the best results have been obtained at a current density
of 13.94 mA/cm2, the efficiency achieved being 92.8%. In terms of anode material,
experimental data have shown that the best efficiency in the removal of color,
namely, the organic matter expressed as COD, was obtained using sacrificial
anode made of iron. With regard to the aluminum electrodes, results were low; the
color removal degree achieved was 78.57% compared to 99% obtained in the case of
iron anodes (Crane et al. 2006; Atun et al. 2007; Boroski et al. 2009; Adishkumar
et al. 2012; Arnold et al. 2014; Arya et al. 2016).

18.5.11 Biological Process

The objective of the biological process is to remove or reduce the concentration of
organic and inorganic compounds by using microorganisms. The biological treat-
ment method is the eco-friendly mechanism which uses microorganisms such as
bacteria for the complete biochemical decomposition of biopharmaceutical effluents
into nontoxic stable end products. Biological methods are of two types such as
aerobic and anaerobic based upon the availability of the dissolved form of oxygen.
Biological treatment has a great potential to control odors and is also applicable to
retard the growth of pathogenic microorganisms.

Biological treatment primarily uses aerobic and anaerobic microorganisms that
biochemically decompose the organic solids to inorganic or stable end products. The
commonly used devices in the biological treatment process are trickling filter with
secondary settling tanks, activated sludge, and modifications with final settling tank
(Göbel et al. 2005; Duca and Boldescu 2009; Gadipelly et al. 2014; Gkotsis et al.
2014).

18.6 Conclusion

Due to the high complexity nature, low degradability, high concentration deposition,
and recalcitrant nature of pharmaceuticals in effluents, advanced treatment of
effluents is essential. There are many kinds of advanced treatment methods; each
method has its own texture. The future will bring out the development of growingly
sophisticated effluent treatment solutions for a safer elimination of potent hazards
and reaches toward the high-quality-level zero-discharge strategy.
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Abstract
Marine environments, which cover over the two-thirds of the earth’s surface,
constitute a great pool of diversified natural resources, as they comprise more than
95% of the biodiversity of the total environment. This broad biodiversity may be
attributed to the broad spectrum of marine environments that are found on earth
and can accommodate different types of life. Petroleum hydrocarbons are the
most widespread contaminants within the marine environment. Pollution by
hydrocarbons in marine environments may be the consequence of various natural
(natural seepages) and/or anthropogenic activities (discharge during tanks and/or
ships transportation and/or pipeline failures) as well as the chronic pollution
(ships, harbors, oil terminals, freshwater run-off, rivers, and sewage systems).
The increasing need to remedy adverse effects of anthropogenic activities on
estuarine, coastal, and marine ecosystems has prompted the development of
effective bioremediation strategies. In the natural environment, biodegradation
of crude oil involves a succession of species within the consortia of the present. A
consortium of many different bacterial species, with broad enzymatic capacities,
is usually involved in oil degradation. The structurally diverse group of surface-
active metabolites, synthesized by microorganisms, is classified as biosurfactants.
The biosurfactants produced by some marine microorganisms are promising
agents for bioremediation of hydrocarbons, particularly of oil pollution in
marine environments. Because of the reduced surface and interfacial tensions
exerted by these molecules, in both aqueous solutions and hydrocarbon mixtures,
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makes them potential candidates for enhancing oil recovery, and actually are
under intense research, particularly for the bioremediation of the sea polluted by
crude oil.

Keywords
Marine environment · Biodiversity · Bioremediation · Pollution · Hydrocarbon ·
Biosurfactants

Planet Earth is the only place in the universe where life is known to exist. Life forms
are found in large varieties and diversity. Earth is a support system for plants,
animals, and microbes as it provides land, water, air, mineral, and other resources
for the sustenance of life. However, this planet is now becoming increasingly
inhabitable and unsuitable for most of the species of living forms. This is due to
the activities mankind has been doing since time immemorial for his own suste-
nance, comfort, ease, and luxury. These anthropogenic activities have created
substantial scale depletion of natural resources and deterioration of environment.
These have also resulted in climate change, land degradation, pollution of air, water,
and soil, loss of biodiversity, accumulation of harmful recalcitrant chemicals, and
many more related problems.

19.1 Environmental Pollution

Environmental pollution is a global problem affecting every corner of our planet, in
the form of land, air, water, or noise pollution. Neither the ground, valley,
mountains, oceans, nor rivers are spared. There are pollutants at the North Pole,
South Pole and even in space. All these polluting agents have appeared in a
magnanimous amount and at a rapid rate due to anthropogenic activities. Developing
countries are more critically affected by pollution due to increasing industrialization,
urbanization, high population growth, poverty, illiteracy, and unawareness. Biomes
and ecosystems are deteriorating at a fast pace. Around 92% of deaths due to
pollution are reported from the developing countries. Urban locations have become
unsuitable for human habitation due to the quality of air, water, and land.

A wide range of pollutants are released every year in the environment
through industrial processes. It is estimated that by 1950, more than 1,400,000
pounds of pesticides were in use, out of which, only a few, like polychlorinated
biphenyls (PCBs), dichlorodiphenyltrichloroethane (DDT), polyethylene, hydro-
chlorofluorocarbons (HCFCs), and chlorofluorocarbons (CFCs), have been studied
for toxicity. Fossil fuel consumption for transportation, industry, and domestic
purposes is one of the major reasons of environmental imbalance.
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19.2 Hydrocarbon Pollutants

The pollution of soil and water by industrial chemicals is a serious problem afflicting
the modern world. A substantial number of hydrophobic compounds enter the envi-
ronment as natural products of animal, plant, or microbial origin like steroids, wax,
terpenes, etc., and a great amount is generated due to anthropogenic activities, like
hydrocarbon and its derivatives and petroleum. Petroleum hydrocarbons are the most
frequently occurring environmental contaminants because of their extensive use in
both aquatic and terrestrial ecosystems. Effective petroleum hydrocarbon remediation
is challenging because petroleum is a complex mixture of aliphatic and aromatic
hydrocarbons. Oil spills, leakage, and inadequate disposal of petroleum and petroleum
products pose a serious threat to both aquatic and terrestrial ecosystems.

These pollutants can be degraded by some group of microorganisms that are
capable of growth and survival in all ecological niches and have metabolic diversity
which helps them in utilizing different carbon sources. Some of these substances
have low aqueous solubility and high solid-water distribution ratios. This makes
their interaction with and attack by microbial cells difficult. Thus, substrate bioavail-
ability is an important factor, which is affected by both physical and chemical nature
of the substrate. Other parameters of importance are the environment (water, soil,
sediment, organic matter, etc.); the kinetic parameters like diffusion and flow rate,
mass transfer, spatial separation between cells and substrate, etc.; and the physiolog-
ical properties intrinsic to the cells.

19.3 Pollutant Processing in Marine Environment

Intensive studies have been carried out on the process and mechanism of pollutant
removal in the marine environment. A variety of physical, chemical, and biological
changes take place. Nonbiological processes are adsorption onto suspended particu-
late material, dispersion, dissolution, evaporation, photochemical oxidation, water-
in-oil emulsification, sedimentation, and sinking. Biological processes include
microbial degradation and ingestion by organisms. These three types of processes
occur simultaneously and result into structural and chemical change in the pollutant,
which in turn decides the rate and efficacy of biodegradation. A very important
weathering process which takes place in the first 48 hours of a spill is generally
evaporation, the process where in low to medium weight crude oil components
having low boiling points get volatilized into the atmosphere. Evaporation can
reduce one to two-thirds of an oil spill’s mass. All other abiological processes of
weathering do not account for any significant proportion.
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19.4 Biodegradation of the Marine Pollutants

Biodegradation in nature by natural agents is the most important means to remove oil
from the marine environment, especially the nonvolatile components of petroleum.
Biodegradation, in general, is the process where microorganisms, mainly bacteria,
fungi, yeast, etc., transform petroleum hydrocarbons into some simpler products.
Many a times, some of these products are more complex, but are ideally converted to
carbon dioxide, nontoxic hydrophilic products, and some microbial biomass. Tech-
nically, mere disappearance of oil is not biodegradation if it is not chemically
transformed by microbial activities.

Marine environments have hydrocarbon-degrading microorganisms in very less
abundance. The presence of petroleum hydrocarbons in the environment, however,
may activate the organisms and stimulate their growth. This causes variations in the
composition and structure of microbial communities in the contaminated area.
Hassanshahian et al have shown that in the presence of pollutants, the number of
crude oil-degrading bacteria increased significantly.

For understanding, evaluating, and developing the bioremediation strategies for a
polluted site, identification of the organisms playing major roles in biodegradation is
very important. Many marine biologists and microbiologists have made efforts to
characterize these marine bacterial communities, to identify the degraders, and to
study the catalytic potential of these organisms. Natural marine environments have
very little concentrations of nitrogen and phosphorus to support the microbial
growth, especially after the petroleum or hydrocarbon spill. Hence, these nutrients
are added to a contaminated site for the stimulation of microbial growth and to
increase biodegradation rate at the site.

19.5 Hydrocarbon-Degrading Marine Microorganism

Hydrocarbon-degrading bacteria were isolated in the early parts of the twentieth
century, and around 79 bacterial genera are known that can use hydrocarbons as a
sole carbon and energy source. Apart from this, 9 cyanobacterial genera, 103 fungal
genera, and 14 algal genera are also known to degrade or transform hydrocarbons.

Hydrocarbon-degrading microorganisms are widely distributed in marine, fresh-
water, and soil habitats. Some of the well-established degraders of hydrocarbons are
Alcanivorax, Cellulomonas, Dietzia, Gordonia groups, Marinobacter,
Microbulbifer, Micrococcus, Pseudomonas, and Sphingomonas; molds of genera
Amorphoteca, Aspergillus, Fusarium, Graphium, Neosartorya, Penicillium,
Paecilomyces, and Talaromyces; and yeasts of genre Candida, Pichia, and
Yarrowia. These microbial genera of hydrocarbon degraders are distributed world-
wide. All aquatic ecosystems contain one or other type of oil-degrading bacteria.
Hydrocarbon degradation is, in fact, not done by a single species of microorganism,
as it may not be capable of degrading all the components of given oil. A consortium
of microbes is usually required for significant overall degradation. Both the quantity
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and the diversity of microbes vary in accordance with the quality and the quantity of
the hydrocarbon pollutants.

19.6 Mechanism of Hydrocarbon Degradation by
Microorganisms

Marine microorganisms as well as microbes of other habitat degrade hydrocarbon
pollutants by mainly two pathways: aerobic and anaerobic.

19.6.1 Aerobic Degradation

19.6.1.1 Fundamental Reactions of Aerobic Degradation
The main step of aerobic degradation of hydrocarbon is the addition of one or two
oxygen atoms, as per the case, to the hydrocarbon molecule. This converts it to an
alkanol (if the pollutant is an aliphatic hydrocarbon) or to a phenol (if it is an
aromatic molecule). Due to this, hydrocarbon becomes “active” and becomes more
water soluble and introduces a reactive site for the next reactions. This requires
energy, which is produced by the oxidation of a reduced intermediate like NADH.
For the degradation of alkanes, different enzyme systems exist. Fatty acids are the
main intermediates of the alkane degradation, which are produced from the alkanols
via aldehydes. These acids are further acted upon by the pathway typical of physio-
logical carboxylic acid degradation, in which the molecule is shortened stepwise.
Fatty acids can also be excreted by the cells in the environment.

19.6.1.2 Complete Mineralization (Dioxygenase Pathway)
Bacteria generally prefer this pathway. A monoaromatic molecule or a single ring of
polyaromatic compound is acted upon by an enzyme dioxygenase. This leads to
stepwise oxidation of the molecule. One of the main intermediates of the pathway is
pyruvate. Carbon dioxide is another main product along with production of biomass.
This pathway can mineralize only up to four ring compounds.

19.6.1.3 Co-metabolic Transformation (Monooxygenase Pathway)
Mainly found in molds and yeasts, this pathway also occurs in some bacteria and
algae. Degradation of the pollutant hydrocarbon is possible if a source of carbon and
energy is available. The activity of the enzyme monooxygenase results in the
formation of a highly reactive epoxide, which may be toxic or mutagenic. Trans-
dihydrodiols are the end products that are not further metabolized under laboratory
conditions.
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19.6.2 Anaerobic Degradation

In 1988, Evans and Fuchs published their work on the anaerobic degradation of
aromatic compounds. Till then, it was believed that hydrocarbons are degraded only
by aerobic pathways. Since then, work has been done on the mechanism of anaerobic
degradation of aliphatic and aromatic hydrocarbons. It has been shown that anaero-
bic hydrocarbon degradation does occur in nature, but it is considerably slower than
aerobic degradation. Denitrifying bacteria, iron bacteria and sulfate reducers can
metabolize hydrocarbons anaerobically. Some phototrophic bacteria and
methanogenic consortia have also been found to degrade hydrocarbons anaerobi-
cally. The mechanism and the metabolic pathways are yet not completely
understood.

19.6.2.1 Conditions and Factors That Affect Hydrocarbon Degradation
The most ideal conditions for biodegradation of marine pollutants rarely occur.
There are various competing processes, mixture of pollutants, type and quantity of
the pollutants, geographic location of the site, indigenous microbial flora, and the
presence or absence of suitable physical and chemical conditions that govern the
success of the process. Their removal by natural mechanisms is often very slow,
expensive, and time consuming due to low oil surface to volume ratio which limits
the bioavailability of the oil.

Biodegradation of oil works very effectively in the open sea. It, however, does not
work with equal efficiency on beaches. Tides, wind, strong sun irradiation, and the
nature of the pollutants decide the fate of biodegradation. Environmental variables
can also greatly influence the rate and extent of biodegradation. There are various
other factors that also affect biodegradation. Oxygen, nutrient availability, salinity,
and lack of sufficient knowledge about factors are the major factors to be considered.

19.7 Biosurfactants

Probably the most effective method to treat oil-related contamination is the use of
surfactants that disperse the oil and accelerate its mineralization. Synthetic
surfactants have applications in the degradation processes of petroleum
hydrocarbons, but they are environmentally hazardous. Biosurfactants have several
advantages over them, such as lower toxicity, higher biodegradability, and effec-
tiveness at extreme temperatures or pH values.

Biosurfactants, produced by microorganisms, are amphipathic surface active
molecules containing hydrophilic and hydrophobic moieties that act by emulsifying
hydrocarbons, increasing their solubilization, and subsequently rendering them
available for microbial degradation. Bioemulsifier or bioemulsans are surface active
compounds that do not necessarily reduce surface tension but form stable emulsions
between liquid hydrocarbon and water mixtures and are hence also often referred to
as biosurfactants. Apart from being used in bioremediation, these biological products
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have potential uses in agriculture and cosmetic, pharmaceutical, detergent, food,
textile, paper, and paint industries.

The hydrosphere marine environment represents the major component of the
Earth’s biosphere. It covers major (70%) part of the Earth’s surface and makes up
90% of the volume of its crust. The maximum depth of 1000 m and 365 million km2

is attributed to the hydrosphere oceanic system. Oceans represent a vast and exhaus-
tive source of natural products in the globe, harboring the most diverse groups of
flora and fauna. Marine microorganisms have, over the time, developed unique
metabolic and physiological capabilities to flourish in extreme habitats and produce
novel metabolites that are not often present in microbes of terrestrial origin. There-
fore, this rich marine habitat provides a magnificent opportunity to discover newer
compounds such as antibiotics, enzymes, vitamins, drugs, biosurfactants (BS),
bioemulsifiers (BE), and other valuable compounds of commercial importance.
Among these various marine bioactive compounds, BS/BE are of great importance
due to their structural and functional diversity and industrial applications.

Biosurfactants are metabolites that exhibit surface activity and are synthesized by
bacteria, yeast, and filamentous fungi grown on different carbon sources. These
compounds consist of a hydrophobic moiety, usually a hydrocarbon chain of one or
more fatty acids, which may be saturated, unsaturated, hydroxylated, or branched,
attached to a hydrophilic moiety that may be an ester, a hydroxy group, phosphate, or
carbohydrate. The hydrophilic and hydrophobic portions present in the surfactant
molecule tend to distribute at the interface of fluid phases of different degrees of
polarity (oil/water and air/water). This distribution of the molecules enables them to
reduce surface and interfacial tensions. Rhamnolipids, which have these properties,
are applied in different industrial processes, such as in the production of
pharmaceuticals, chemicals, and cosmetics; in the synthesis of nanoparticles; in the
bioremediation of environments polluted by oil and derivatives; and in the tertiary
recovery of oil.

19.7.1 Types of Biosurfactants

19.7.1.1 Glycolipids
Most known biosurfactants are glycolipids. They are carbohydrates in combination
with long-chain aliphatic acids or hydroxyl aliphatic acids. The linkage is by means
of either ether or an ester group. Among the glycolipids, the best known are
rhamnolipids, trehalolipids, and sophorolipids.

Rhamnolipids
These glycolipids, in which one or two molecules of rhamnose are linked to one or
two molecules of β-hydroxydecanoic acid, are the best studied. While the OH group
of one of the acids is involved in glycosidic linkage with the reducing end of the
rhamnose disaccharide, the OH group of the second acid is involved in ester
formation.
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Production of rhamnose containing glycolipids was first described in Pseudomo-
nas aeruginosa by Jarvis and Johnson (1949). L-rhamnosyl-L-rhamnosyl-β-
hydroxydecanoyl-β-hydroxydecanoate and L-rhamnosyl-β-hydroxydecanoyl-
β-hydroxydecanoate, referred to as rhamnolipids 1and 2, respectively, are the
principal glycolipids produced by P. aeruginosa.

Trehalolipids
Several structural types of microbial trehalolipid biosurfactants have been reported.
Disaccharide trehalose linked at C-6 and C-60 to mycolic acid is associated with most
species ofMycobacterium, Nocardia, and Corynebacterium. Mycolic acids are long-
chain, α-branched-β-hydroxy fatty acids. Trehalolipids from different organisms
differ in the size and structure of mycolic acid, the number of carbon atoms, and
the degree of unsaturation.

Sophorolipids
These glycolipids, which are produced mainly by yeasts such as Torulopsis
bombicola, T. petrophilum, and T. apicola, consist of a dimeric carbohydrate
sophorose linked to a long-chain hydroxyl fatty acid by glycosidic linkage. Gener-
ally, sophorolipids occur as a mixture of macrolactones and free acid form. It has
been shown that the lactone form of the sophorolipid is necessary, or at least
preferable, for many applications.

19.7.1.2 Lipopeptide and Lipoproteins
A large number of cyclic lipopeptides, including decapeptide antibiotics
(gramicidins) and lipopeptide antibiotics (polymyxins), are produced. These consist
of a lipid attached to a polypeptide chain.

Surfactin
The cyclic lipopeptide surfactin, produced by Bacillus subtilis ATCC21332, is one
of the most powerful biosurfactants. It is composed of a seven-amino-acid ring
structure coupled to a fatty-acid chain via lactone linkage. It lowers the surface
tension from 72 to 27.9 mNm�1 at concentrations as low as 0.005%.

Lichenysin
Bacillus licheniformis produces several biosurfactants that act synergistically and
exhibit excellent temperature, pH, and salt stability. These are also similar in structural
and physiochemical properties to the surfactin. The surfactants produced by
B. licheniformis are capable of lowering the surface tension of water to 27 mNm�1

and the interfacial tension between water and n-hexadecane to 0.36 mNm�1.

19.7.1.3 Fatty Acids, Phospholipids, and Neutral Lipids
Several bacteria and yeasts produce large quantities of fatty acids and phospholipid
surfactants during growth on n-alkanes. The hydrophilic and lipophilic balance
(HLB) is directly related to the length of the hydrocarbon chain in their structures.
In Acinetobacter sp. strain HO1-N, phosphatidylethanolamine-rich vesicles are
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produced, which form optically clear microemulsions of alkanes in water. Phospha-
tidylethanolamine produced by R. erythropolis grown on n-alkane causes lowering
of interfacial tension between water and hexadecane to less than 1 mNm�1 and a
critical micelle concentration (CMC) of 30 mg L�1.

19.7.1.4 Polymeric Biosurfactants
The best-studied polymeric biosurfactants are emulsan, liposan, alasan, lipomanan,
and other polysaccharide–protein complexes. Acinetobacter calcoaceticus RAG-1
produces an extracellular potent polyanionic amphipathic heteropolysaccharide
bioemulsifier. Emulsan is an effective emulsifying agent for hydrocarbons in
water, even at a concentration as low as 0.001–0.01%. Liposan is an extracellular
water-soluble emulsifier synthesized by Candida lipolytica and is composed of 83%
carbohydrate and 17% protein.

19.7.1.5 Particulate Biosurfactants
Extracellular membrane vesicles partition hydrocarbons to form a microemulsion,
which plays an important role in alkane uptake by microbial cells. Vesicles
of Acinetobacter sp. strain HO1-N with a diameter of 20–50 nm and a buoyant
density of 1.158 cubicgcm�1 are composed of protein, phospholipids, and
lipopolysaccharide.

(Rhamnolipids—Courtesy: “Microbial Surfactants,” Dr. Raina M. Maier, Uni. Of Arizona)
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(Courtesy: Lipoprotein—An overview, Science Direct)

(A: Trehelolipids, B: Sophorolipids—Courtesy: LipidWeb—Rhamnolipids, Sophorolipids and
Other Simple Glycolipids)
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19.7.2 Properties of Biosurfactants

The main distinctive features of microbial surfactants that can be of interest for food
processing are related to their surface activity; tolerance to pH, temperature, and
ionic strength; biodegradability; low toxicity; emulsifying and demulsifying ability;
and antimicrobial activity.

19.7.2.1 Surface and Interface Activity
A good surfactant can lower surface tension (ST) of water from 72 to 35 mNm�1 and
interfacial tension (IT) of water/hexadecane from 40 to 1 mNm�1. Surfactin from
B. subtilis can reduce ST of water to 25 mNm�1 and IT of water/hexadecane to
<1 mNm�1. The rhamnolipids from P. aeruginosa decreased ST of water to
26 mNm�1 and IT of water/hexadecane to <1 mNm�1; however, some rhamnolipid
homologues have demonstrated lower values. The sophorolipids from C. bombicola
were reported to reduce ST to 33 mNm�1and IT to 5 mNm�1. In general,
bioemulsifiers are more effective and efficient, and their CMC (critical micelle
concentration) is about 10–40 times lower than chemical surfactants, i.e., less
surfactant is necessary to get a maximal decrease on ST.

19.7.2.2 Biodegradability
Unlike synthetic surfactants, microbial-produced compounds are easily degraded
and particularly suited for environmental applications such as bioremediation. The
increasing environmental concern among consumers and the regulatory rules
imposed by governments have forced industry to search for alternative products
such as biosurfactants.

19.7.2.3 Low Toxicity
Little data are available in literature regarding the toxicity of microbial surfactants.
They are generally considered low or nontoxic products and therefore are found
appropriate for pharmaceutical, cosmetic, and food uses. When comparing the
toxicity of six biosurfactants, four synthetic surfactants, and two commercial
dispersants, Poremba et al. (1991a, b) found that most biosurfactants were degraded
faster, except for a synthetic sucrose stearate that showed structure homology to
glycolipids and was degraded more rapidly than the biogenic glycolipids
(rhamnolipids, trehalose lipids, sophorose lipids). These authors also reported that
biosurfactants showed higher EC50 (effective concentration to decrease 50% of test
population) values than synthetic dispersants.

Rhamnolipid surfactants are presently produced at commercial scale by Jeneil
Biosurfactant Corp. (www.biosurfactant.com), which offers diverse formulations for
different purposes. Recently, the greater consumer awareness of adverse allergic
effects caused by artificial products stimulates the development of alternative
ingredients, thus opening an excellent opportunity to expand the use of natural
surfactants of microbial origin.
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19.7.2.4 Emulsion Forming and Emulsion Breaking
An emulsion is a heterogeneous system, consisting of at least one immiscible liquid
intimately dispersed in another in the form of droplets, whose diameter in general
exceeds 0.1 mm. Emulsions have an internal or dispersed phase and an external or
continuous phase, so there are generally two types: oil-in-water (o/w) or water-in-oil
(w/o) emulsions. Such systems possess a minimal stability, which may be
accentuated by additives such as surface-active agents (surfactants). Thus, stable
emulsions can be produced with a life span of months and years.

Biosurfactants may stabilize (emulsifiers) or destabilize (de-emulsifiers) the
emulsion. High-molecular-mass biosurfactants are in general better emulsifiers
than low-molecular-mass biosurfactants. Sophorolipids from Torulopsis bombicola
have been shown to reduce surface and interfacial tension but not to be good
emulsifiers. By contrast, liposan has been shown not to reduce surface tension but
used successfully to emulsify edible oils. Polymeric surfactants offer additional
advantages because they coat the droplets of oil, thereby forming very stable
emulsions that never coalesce. This property is especially useful for making
oil/water emulsions for cosmetics, food, and in dairy products.

Evaluation of emulsifying ability of biosurfactants is in general related to
hydrocarbons such as kerosene because of their potential in environmental
applications. Few attempts have been made to evaluate emulsion forming by
biosurfactants with oils and fats used in food industry. A lipopeptide obtained
from B. subtilis was able to form stable emulsions with soybean oil and coconut
fat, suggesting its potential as emulsifying agent in foods. A mannoprotein from
Kluyveromyces marxianus was able to form emulsions with corn oil that were stable
for 3 months; the yeast was cultivated on whey-based medium suggesting potential
application as food bioemulsifier. The extracellular carbohydrate-rich compound
from Candida utilis was successfully used as an emulsifying agent in salad dressing
formulations.

The use of yeast for production of biosurfactants is interesting because these
organisms are generally recognized as safe and they are already present in many food
manufacturing processes; on the contrary, products derived from bacteria such as the
opportunistic P. aeruginosa still face some resistance concerning their use as food
ingredients. In some cases, the emulsion, which is generated in one part of the
process, may have to be destabilized in a subsequent operation to develop a certain
functional property to the final product. De-emulsification can be of interest in food
processing especially when related to fat and oil products as well as in waste
treatment.

19.7.2.5 Antimicrobial Activity
Several biosurfactants have shown antimicrobial action against bacteria, fungi,
algae, and viruses. The lipopeptide from B. subtilis showed potent antifungal
activity. A significant reduction on the mycoflora present in stored grains of corn,
peanuts, and cottonseeds was observed at concentration of 50–100 ppm.

Rhamnolipids inhibited the growth of harmful bloom algae species. A
rhamnolipid mixture obtained from P. aeruginosa AT10 showed inhibitory activity
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against the bacteria Escherichia coli, Micrococcus luteus, Alcaligenes faecalis
(32 mg mL�1), Serratia marcescens, Mycobacterium phlei (16 mg mL�1), and
Staphylococcus epidermidis (8 mg mL�1) and excellent antifungal properties against
Aspergillus niger (16 mg mL�1), Chaetomium globosum, Penicillium chrysogenum,
Aureobasidium pullulans (32 mg mL�1), and the phytopathogenic Botrytis cinerea
and Rhizoctonia solani (18 mg mL�1).

Sophorolipids and rhamnolipids were found to be effective antifungal agents
against plant and seed pathogenic fungi. Mycelial growth of Phytophthora sp. and
Pythium sp. was 80% inhibited by 200 mg L�1 of rhamnolipids and 500 mg L�1 of
sophorolipids. The mannosylerythritol lipid (MEL), a glycolipid surfactant from
Candida antarctica, has demonstrated antimicrobial activity, particularly against
Gram-positive bacteria. Besides their antimicrobial activity, new biological
applications of biosurfactants have been found, and some reviews concerning the
potential uses of microbial surfactants in biomedical sciences were recently
published.

19.7.3 Applications of Biosurfactants

All surfactants are chemically synthesized. However, very recently, much attention
has been given toward biosurfactants due to their broad range of functional
properties and diverse synthetic capabilities of microorganisms. Most significant is
their environmental acceptability, as they are easily biodegradable and have low
toxicity than the synthetic surfactants. These unique natures of the biosurfactants
allow their utilization and possible replacement of chemically synthesized
surfactants in a large number of industrial operations. Furthermore, they are
ecologically safe and can be applied in wastewater treatment and bioremediation.
Some of the potential applications of biosurfactants in pollution and environmental
control are microbial enhanced oil revival, hydrocarbon degradation in the soil
environment and hexachlorocyclohexane degradation, and removal of heavy metal
from contaminated soil and hydrocarbon in aquatic environment.

19.7.3.1 Potential Food Applications
Biosurfactants can be explored for several food-processing applications. They can be
used as food-formulation ingredients.

Apart from their obvious role as agents that decrease surface and interfacial
tension, thus facilitating the formation and stabilization of emulsions, the surfactants
can have various other functions in food, for example, to control the aggregation of
fat globules, stabilization of aerated systems, improvement of texture and shelf life
of products containing starch, modification of rheological properties of wheat dough,
and improvement of constancy and texture of fat-based products. In bakery and
ice-cream formulations, biosurfactants act by controlling the consistency, slowing
staling and solubilizing the flavor oils; they are added during cooking of fats and oil.
Improvement in the stability of dough, volume, texture, and conservation of bakery
products is obtained by addition of rhamnolipid surfactants. The study also
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suggested the use of rhamnolipids to improve the properties of butter cream and
frozen confectionery products. L-rhamnose has substantial potential as a forerunner
for flavoring. It is already used industrially as a precursor of high-quality flavor
components like furane.

19.7.3.2 Antiadhesive Agents
A biofilm is described as a group of bacteria that have formed a colony on a surface.
The biofilm not only consists of bacteria but also includes all the extracellular
material produced at the surface and any material trapped within the formed matrix.
Bacterial biofilms that are present in the food industry surfaces are potential sources
of contamination that may lead to food spoilage and transmission of disease. Thus,
controlling the adherence of microorganisms to food-contact surfaces is an essential
step in providing safe and quality products to consumers.

The involvement of biosurfactants in microbial adhesion and detachment from
surfaces has been investigated. A surfactant produced by Streptococcus
thermophilus has been used for fouling control of heat-exchanger plates in
pasteurizers, as it slows down the colonization of other thermophilic organisms
utilized as fat stabilizers and antispattering strains of Streptococcus that are respon-
sible for fouling. The treatment of stainless steel surfaces with a biosurfactant
obtained from Pseudomonas fluorescens inhibits the attachment of
L. monocytogenes. The bioconditioning of surfaces through the use of microbial
surfactants has been suggested as a new strategy to reduce adhesion.

19.7.3.3 Anticancer Activity
The biological activities of seven microbial extracellular glycolipids, together with
mannosylerythritol lipids A, mannosylerythritol lipids B, rhamnolipid, polyol lipid,
sophorose lipid, etc., have been studied. All these glycolipids, except rhamnolipid,
were able to induce cell differentiation instead of cell proliferation in the human
promyelocytic leukemia cell line HL60. STL and MEL noticeably increased com-
mon differentiation characteristics in monocytes and granulocytes, respectively.
Exposure of B16 cells to MEL leads to the condensation of chromatin, DNA
fragmentation, and sub-G1 arrest (the sequence of events in apoptosis). This is the
first evidence that growth retards, and apoptosis and differentiation of the mouse
malignant melanoma cells can be induced, by glycolipids. In addition, exposure of
PC12 cells to MEL enhanced the activity of acetylcholinesterase and interrupted the
cell cycle at the G1 phase, with resulting outgrowth of neurites and partial cellular
differentiation lipid (MEL); a glycolipid surfactant from Candida antarctica has
shown antimicrobial activity particularly against Gram-positive bacteria.

19.7.3.4 Antihuman Immunodeficiency Virus and Sperm-Immobilizing
Activity

The increased incidence of human immunodeficiency virus (HIV)/AIDS in women
aged 15–49 years has identified the urgent need for a female-controlled, effective,
and safe vaginal topical microbicide. To overcome this challenge, sophorolipid
synthesized by C. bombicola and its structural analogues have been studied for
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their spermicidal, anti-HIV, and cytotoxic activities. The sophorolipid diacetate
ethyl ester derivative is the most potent spermicidal and virucidal agent of the series
of sophorolipids studied. The virucidal activity against HIV and sperm-immobilizing
activity against human semen are similar to those of nonoxynol. Nevertheless, it also
induced sufficient vaginal cell toxicity to raise concerns about its applicability for
long-term microbicidal contraception.

19.7.3.5 Agents for Respiratory Failure
A deficiency of pulmonary surfactant which is a phospholipid protein complex is
responsible for the failure of respiration in prematurely born infants. Isolation of the
genes for protein molecules of this surfactant and cloning in bacteria has made
possible its fermentative production for medical applications.

19.7.3.6 Agents for Stimulation of Skin Fibroblast Metabolism
The use of sophorolipids in lactone form comprises a major part of diacetyl lactones
as agents for stimulating skin dermal fibroblast cell metabolism and mainly as agents
for the stimulation of collagen neosynthesis, at a concentration of 0.01 ppm at 5%
(p/p) of dry matter in formulation. This can be applied in cosmetology and also in
dermatology. The purified lactone sophorolipid product is of importance in the
formulation of dermis antiaging products because of its effect on the stimulation
of cells of the dermis. By encouraging the production of new collagen fibers, purified
lactone sophorolipids may be used both as a preventive measure against aging of the
skin and used in creams for the body and in body milks, lotions, and gels that are
used for the skin.

19.7.3.7 Pretreatment of Rubber Gloves Used for Surgery
Pretreatment of silicone rubber with surfactant produced by S. thermophilus
inhibited by 85% the adhesion of C. albicans, whereas surfactants obtained from
L. fermentum and L. acidophilus that adsorbed on glass reduced by 77% the number
of adhering uropathogenic cells of Enterococcus faecalis. The biosurfactant obtained
from L. fermentum inhibited S. aureus infection and adhered to surgical implants.
Surfactin decreased the amount of biofilm formation by Salmonella typhimurium,
S. enterica, Escherichia coli, and Proteus mirabilis in PVC plates and vinyl urethral
catheters.

19.7.4 Countries Producing Biosurfactants

According to the report of Clean India Journal, May 16, 2014, the United States of
America is a country producing the largest share of global market of biosurfactants.
Leading companies in the market of biosurfactants include BASF Cognis, Ecover,
Urumqi Unite, Saraya, and MG Intobio. The United States mostly use biosurfactants
in food industries, agriculture, and textiles.
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19.8 Summary

Environmental pollution is the most important issue for any nation in today’s time.
Various types of pollutants contaminate land, air, and water. Hydrocarbon is a major
pollutant affecting these three. There are many physical, chemical, and biological
methods for the mitigation of polluted sites. Biodegradation and bioremediation are
effective eco-friendly treatment methods used for cleaning certain oil-contaminated
water bodies. These methods have lower environmental impact compared to other
methods for oil removal in the water.

Combined and integrated application of microbial systems and production of
biosurfactants by them can be a key to effective biodegradation approaches hydro-
carbon contamination of water bodies. This can also convert the toxic and hazardous
pollutants into nonhazardous recyclable products like carbon dioxide, water, and
biomass. A consortium of microbes can prove to be more effective than a single
species. There is also a need for novel microorganisms, and they may be engineered
to have better efficacy without causing adverse effects.
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Abstract
From discovery in the early 1990s to completion of full-scale anaerobic ammo-
nium oxidation (anammox) reactor, it took almost two decades to uncover the
secret veil of anammox bacteria. There were three milestones during the com-
mercialization of anammox: the development of the first enrichment culture
medium, completion of first commercial anammox reactor, and fast start-up of
full-scale anammox plant. Till now, the culture of anammox bacteria experienced
a big progress through two general strategies: (a) to start up a reactor from scratch,
and (b) to seed the reactor with enriched anammox sludge. The first full-scale
anammox reactor took 3.5 years to realize full operation using the first approach
due to several reasons besides the lack of anammox sludge. On the contrary, the
first Asian anammox reactor started up in 2 months, thanks to the availability of
anammox seed. Along with the implementation of anammox plants, anammox
eventually becomes the priority choice for ammonium wastewater treatment.
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20.1 Introduction

Conventional biological nitrogen removal from wastewater usually consists of two
steps: nitrification and denitrification. During nitrification process, ammonium is
biologically oxidized to nitrate, which is then reduced to nitrogen gas using organic
matter as an electron donor during denitrification process. However, the application
of conventional process of nitrogen removal increased the cost of treatment, when
wastewater was loaded with lower organic carbon to nitrogen ratio. When
BOD/TKN ratio is low as in many ammonium-rich wastewaters, biodegradable
organic matter source must be added to achieve complete denitrification (Shiakowski
and Mavinic 1989; Ahn 2006). Further, ammonium needs to be converted into nitrite
or nitrate for denitrification with nitrifying bacteria on the expense of oxygen. The
operations are rather cost-intensive for both oxygen demand for aerobic nitrification
and organic substrate addition for denitrification (Jetten et al. 1997; Van Loosdrecht
and Jetten 1998; Ahn 2006). Further, the surplus sludge generated in conventional
biological nitrogen removal process also increases the treatment cost.

Anaerobic ammonium oxidation (anammox) is a novel, autotrophic, and cost-
effective alternative to the traditional biological nitrogen removal process (Broda
1977; Pynaert et al. 2004; Strous and Jetten 2004). The existence of the bacteria was
first predicted in the 1970s on the basis of thermodynamic calculations. Anammox
bacteria oxidize ammonium to nitrogen gas using nitrite as an electron acceptor with
the fixation of carbon dioxide under anoxic conditions (Table 20.1) (Strous et al. 1998).

The discovery of anammox process brought revolutionary changes to conven-
tional biological nitrogen removal from wastewater. Some unique characteristics
such as low biomass yield, no need for aeration, and no addition of external carbon
sources (Chamchoi et al. 2008) make anammox process a promising and sustainable
technique (Abma et al. 2007a), while the newly discovered anammox process opens
up new possibilities for nitrogen removal from wastewater. The cost-energy benefits
of anammox technology get the attention of the industries, municipalities, scientists,
and engineers. The share of anammox research, when compared with conventional
process, was much greater after their discovery. It has been reported that over 2200

Table 20.1 Reactions involved in the realization of anammox process

Reaction
no. Reaction

△Go0

(kJ/mol
NH4

+)

N2 composition (%)

14-15N2
15-15N2

20.1a 5NHþ
4 þ 3NO�

3 ! 4N2 þ 9H2Oþ 2Hþ �297 75 25

20.2 a NHþ
4 þ NO�

2 ! N2 þ 2H2O �358 100 0

20.3b NHþ
4 þ 1:32NO�

2 þ 0:066HCO�
3 þ 0:13Hþ

! 1:02N2 þ 0:26NO�
3 þ

0:066CH2O0:5N0:15 þ 2:03H2O

�358 100 0

aStrous et al. (1998)
bvan de Graaf et al. (1995)
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research articles and about 450 patents were published from their discovery (Mao
et al. 2017). In environmental aspects, anammox technology seems superior when
compared with conventional process. The intermediate gases NO and N2O were
more pronounced from conventional process as compared to anammox (Fux and
Siegrist 2004). Greenhouse gases including CO2, NO, and N2O from anammox
process were lower (Hauck et al. 2016). Further, the impact of marine eutrophication
from a two-step anammox process was 16% lower when compared with conven-
tional process (Hauck et al. 2016). The odor from the transportation of extra sludge
produced from conventional process was also the point of concern in terms of
environment. However, the major obstacle for the implementation of anammox is
the slow growth rate [μmax ¼ 0.065 day�1, doubling time (t1/2 ¼ ln2/μmax) of
11 days] of anammox microorganisms (Strous et al. 1998; Lopez et al. 2008),
making this process difficult for practical wastewater treatments. Nevertheless,
some studies reported a doubling time of 2–3.5 days (Zhang et al. 2017). The
washout of anammox from the system further delays the start-up time of anammox.
Meanwhile, anammox bacteria have been extremely difficult to cultivate in pure
culture; even Candidatus Brocadia anammoxidans has only been purified to appar-
ent homogeneity by Percoll density centrifugation (Strous et al. 1999). Therefore,
lack of pure culture and slow growth nature of anammox make the study of cell
biology, biochemistry, and physiology tiresome and challenging (Peeters and van
Niftrik 2018). In order to fulfill practical application of anammox process to achieve
the water quality standard, researchers focus on the enrichment of slow-growing
anammox bacteria. The retention of biological activities of slow-growing anammox
and enriched culture is the major concern to upgrade this technology to the industrial
scale (Peeters and van Niftrik 2018). Many studies were carried out to enrich
anammox organisms, either by different methods such as biofilm or granulation or
by all types of reactors. Further, different pre- and posttreatment of activated as well
anaerobic granular sludge had been practiced to shorten the start-up period of
anammox from scratch. Autoclaving of the anaerobic granular sludge decreased
the start-up time of anammox process by 12.5% when compared with control
experiment (Wang et al. 2017). Further, the addition of nZVI has also been proven
beneficial for the reduction of start-up time of anammox (Ren et al. 2015).

This chapter reviews the development of anammox process and relative studies in
the laboratory, especially the discovery and biochemistry of the bacteria responsible
for anaerobic ammonium oxidation. Special attention was paid on the commerciali-
zation and full-scale application of anammox technique.

20.2 Discovery and Phylogeny of Anammox

Already in 1932 it was reported that dinitrogen gas was generated via an unknown
mechanism during fermentation in the sediments of Lake Mendota, Wisconsin, USA
(Allgeier et al. 1932). More than 40 years ago, Richards (1965) noticed that most of
the ammonium that should be produced during the anaerobic remineralization of
organic matter was unaccounted for. As there was no known biological pathway for
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this transformation, biological anaerobic oxidation of ammonium received little
further attention (Arrigo 2005). Three decades ago, the existence of two
chemolithoautotrophic microorganisms capable of oxidizing ammonium to
dinitrogen gas was predicted on the basis of thermodynamic calculations (Arrigo
2005). It was thought that anaerobic oxidation of ammonium would not be feasible,
assumed that the predecessors had tried and failed to establish a biological basis for
those reactions (Kuenen 2008). By the 1990s, Arnold Mulder’s fantastic
observations were just consistent with Richards’ suggestion (Kuenen 2008). In
their anoxic denitrifying pilot reactor, ammonium disappeared at the expense of
nitrite with a clear nitrogen production. The reactor used the effluent from a
methanogenic pilot reactor, which contained ammonium, sulfide, and other
compounds, and nitrate from a nitrifying plant as the influent. This process was
named “anammox,” and people realized that it had great significance in the removal
of unwanted ammonium. Even without full understanding of anammox reaction,
Arnold Mulder patented the process immediately (Mulder 1992, 1993). The discov-
ery of anammox process was first publicly presented at the fifth European Congress
on biotechnology (Van de Graaf et al. 1990). By the mid-1990s, the discovery of
anammox in the fluidized bed reactor was published (Mulder et al. 1995). A
maximum ammonium removal rate of 0.4 kg N/m3/day was achieved. It was
shown that for every mole of ammonium consumed, 0.6 mol of nitrate was required,
resulting in the formation of 0.8 mol of N2 gas (Eq. (20.1) in Table 20.1). In the same
year, the biological nature of anammox was identified (Van de Graaf et al. 1995).
Labeling experiments with 15NH4

+ in combination with 14NO3
� showed that 14–15N2

was the dominant product, making up 98.2% of the total labeled N2. These findings
conflicted with Reaction 1 in which the percentage of 14-15N2 and 15-15N2 in the
formed dinitrogen gas would be 75% and 25%, respectively. It was realized that
instead of nitrate, nitrite was assumed as the oxidizing agent of ammonium in
anammox reaction (Eq. (20.2) in Table 20.1) (Van de Graaf et al. 1995). Based on
previous study, Strous et al. (1998) calculated the stoichiometry of anammox process
by mass balancing (Eq. (20.3) in Table 20.1), which is widely accepted by other
groups. Later, anammox bacteria were identified as planctomycetes (Strous et al.
1999), and the first identified anammox organism was named Candidatus “Brocadia
anammoxidans” (Kuenen and Jetten 2001). Before 2002, anammox was assumed to
be a minor player in the N cycle within natural ecosystems (Francis et al. 2007). In
2002, anammox was found to play an important part in the biological nitrogen cycle,
accounting for 24–67% of the total N2 production in the continental shelf sediments
that were studied (Thamdrup and Dalsgaard 2002). Globally, anammox may be
responsible for 30–50% of N2 production in the ocean (Devol 2003). Anammox is
commonly present in the oxygen minimum zones (OMZs). The total nitrogen loss in
the OMZs was reported about 100% in Chilean coast, 52–60% in Peruvian shelf, and
19–32% in Costa Rica (Dalsgaard et al. 2003; Lam et al. 2009). However, the
nitrogen loss from the Arabian Sea was only 10% by anammox bacteria (Nicholls
et al. 2007). The environmental factors, concentration of anammox bacteria, and
anammox activities varied from region to region, which may be the reason of the
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difference in the nitrogen loss at different places. The discovery of anammox process
modified the concept of biological nitrogen cycle as depicted in Fig. 20.1.

The specific red color of anammox bacteria (Fig. 20.2a) is due to the heme c
group of the protein cytochrome c that plays an important role in anammox metabo-
lism (Jetten et al. 2009). The irregular shapes of anammox bacteria were displayed
by both transmission electron microscopy and scanning electron microscopy images
(Fig. 20.2b, c). The anammox species have a single membrane-bound
anammoxosome and riboplasm with ribosome-like particles separated from
paryphoplasm by an intracytoplasmic membrane. The cells contain three distinct
membrane-bound compartments: the paryphoplasm, cytoplasm, and
anammoxosome. The anammoxosome, center of energy metabolism, has no DNA

Fig. 20.1 The biological N cycle (based in part on Arrigo 2005). DNRA dissimilatory nitrate
reduction to ammonium

Fig. 20.2 The specific red color of anammox bacteria (a) and the typical irregular shapes of
anammox bacteria displayed by scanning electron microscopy (b) and transmission electron
microscopy images (c)

20 Energy-Efficient Anaerobic Ammonia Removal: From Laboratory to Full-Scale. . . 509



and ribosomes (Peeters and van Niftrik 2018). Further, the presence of ladderane
lipid on the anammoxosome membrane serves as barrier against the transmembrane
circulation of toxic as well as essential metabolites and is unique to anammox
(Mercer et al. 2017).

Till now, six anammox genera have been discovered, with 16S rRNA gene
sequence identities of the species ranging from 87 to 99% (Jetten et al. 2009;
Khramenkov et al. 2013). It is well-known that all anammox bacteria belong to
the same monophyletic order named Brocadiales and are related to
Planctomycetales. Among them, five Candidatus anammox genera have been
enriched from activated sludge and freshwater environments: “Kuenenia” (Schmid
et al. 2000; Strous et al. 2006), “Brocadia” (Strous et al. 1999; Kuenen and Jetten
2001; Kartal et al. 2008), “Anammoxoglobus” (Kartal et al. 2007),
“Anammoxomicrobium” (Khramenkov et al. 2013), and “Jettenia” (Quan et al.
2008). The sixth anammox genus, “Candidatus Scalindua” (Kuypers et al. 2003;
Schmid et al. 2003; Van de Vossenberg et al. 2008), has often been detected in
natural habitats, especially in marine sediments and oxygen minimum zones
(Dalsgaard et al. 2005; Penton et al. 2006; Schmid et al. 2007; Woebken et al. 2008).

20.3 Possible Reaction Mechanisms for Anammox

To understand the possible metabolic pathway for anammox, 15N-labeling
experiments were first carried out in 1997 (Van de Graaf et al. 1997). These
experiments showed that ammonium was biologically oxidized with hydroxylamine,
most likely derived from nitrite, as the probable electron acceptor and converted into
hydrazine. The conversion of hydrazine to dinitrogen gas is postulated as the
reaction generating the electron equivalents for the reduction of nitrite to hydroxyl-
amine. Generally, two possible reaction mechanisms were addressed (Jetten et al.
1999). A membrane-bound enzyme complex converts ammonium and hydroxyl-
amine to hydrazine first, followed by the oxidation of hydrazine to dinitrogen gas in
the periplasm. At the same time, nitrite is reduced to hydroxylamine at the cytoplas-
mic site of the same enzyme complex responsible for hydrazine oxidation with an
internal electron transport (Fig. 20.3a). Another possible mechanism for anammox
process is concluded as follows: ammonium and hydroxylamine are converted to
hydrazine by a membrane-bound enzyme complex, hydrazine is oxidized in the
periplasm to dinitrogen gas, and the generated electrons are transferred via an
electron transport chain to nitrite reducing enzyme in the cytoplasm where nitrite
is reduced to NH2OH (Fig. 20.3b). Whether the reduction of nitrite and the oxidation
of hydrazine occur at different sites of the same enzyme (Fig. 20.3a) or the reactions
are catalyzed by different enzyme systems connected via an electron transport chain
(Fig. 20.3b) remains to be investigated. The occurrence of hydrazine as an interme-
diate in microbial nitrogen metabolism is rare (Schalk et al. 1998). Hydrazine has
been proposed as an enzyme-bound intermediate in the nitrogenase reaction
(Dilworth and Eady 1991).
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A possible role of NO or HNO in anammox was proposed by Hooper et al. (1997)
by way of condensation of NO or HNO and ammonium on an enzyme related to the
ammonium monooxygenase family, which results in the production of hydrazine.
The formed hydrazine or imine could thereafter be converted by the enzyme
hydroxylamine oxidoreductase to dinitrogen gas, and the reducing equivalents
produced in the reaction are required to combine NO or HNO and ammonium or
to reduce nitrite to NO. Environmental genomics analysis of the species Candidatus
Kuenenia stuttgartiensis, through a slightly different and complementary metabolism
mechanism, postulated NO to be the intermediate instead of hydroxylamine
(Fig. 20.4) (Strous et al. 2006). But this hypothesis also agreed that hydrazine was
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Fig. 20.3 Possible biochemical pathway and cellular localization of the enzyme systems involved
in anammox reaction. Figure modified, with permission, from FEMSMicrobiology Reviews (Jetten
et al. 1999) and Process Biochemistry (Ahn 2006)
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an important intermediate in the process. In this pathway (Fig. 20.4), there are two
enzymes unique to anammox bacteria: hydrazine hydrolase (HH) and hydrazine
dehydrogenase (HD). The HH produces hydrazine from nitric oxide and ammonium,
and HD transfers the electrons from hydrazine to ferredoxin. Few new genes such as
some known fatty acid biosynthesis and S-adenosylmethionine radical enzyme
genes (Strous et al. 2006) containing domains involved in electron transfer and
catalysis were detected.

20.4 Basal and Designated Medium Development

Once nitrite was realized to be the electron acceptor with ammonium as electron
donor, a basal medium containing ammonium, nitrite, bicarbonate, minerals, and
trace elements was developed for the enrichment of anammox microorganisms (Van
de Graaf et al. 1996). The medium contained ammonium (5–30 mM) and nitrite
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(5–35 mM) as the only electron donor and electron acceptor, respectively, with
bicarbonate (10 mM) as the only carbon source. Minerals and trace elements were
also provided. Phosphate concentration of the medium was kept below 0.5 mM in
order to avoid its possible inhibitory effect on the process, and medium was flushed
with argon gas to achieve anaerobic conditions. Experiments which were carried out
in a fluidized bed reactor with basal enrichment medium showed that the anaerobic
ammonium removal rate increased from original 0.4 kg N/m3/day to 2.4 kg N/m3/
day (Mulder et al. 1995). The maximum specific activity of the biomass in the
fluidized bed reactor was 25 nmol NH4

+/mg VS/min. For every mole of ammonium
oxidized, 0.041 mol of CO2 was incorporated into biomass. The estimated growth
rate in the fluidized bed systems was 0.001/h, equivalent to a doubling time of about
29 days. The basal medium enhanced the activities of anammox bacteria.

The development of the basal medium, the milestone of anammox enrichment,
turned on the fervent zeal for this infant investigation. Since then, a vast number of
researchers flooded in this specific topic. As medium shows positive effects on
anammox process, many studies focused their attention on this area. Unfortunately,
there is no systemic medium development study like those for other bacteria
(Fessehaie et al. 1999; Kridelbaugh and Doerner 2009).

In our lab, a study was conducted toward designing an appropriate medium by
investigating growth requirement of anammox bacteria with respect to amino acids.
A total of 20 L-amino acids were added to basal medium (Table 20.2). After
experiment set I, set II was carried out to further evaluate the enhanced effects of
the selective amino acids on microorganism growth. To quantify the growth of
anammox bacteria, quantitative molecular techniques were employed. Preliminary
experiments indicated that glycine, methionine, threonine, tryptophan, and tyrosine
enhanced the growth of anammox bacteria. On the contrary, asparagine, aspartic
acid, and histidine slightly decreased bacterial activities. Of the 20 L-amino acids,
12 L-amino acids (alanine, arginine, cysteine, glutamic acid, glutamine, isoleucine,
leucine, lysine, phenylalanine, proline, serine, and valine) totally inhibited the
growth of anammox bacteria, resulting in the sludge turning from reddish to
blackish. Another three amino acids (asparagine, aspartic acid, histidine) slowed
down the growth of anammox bacteria. This unpublished study would benefit
anammox study and their application.

20.5 Anammox Culture in the Laboratory

Anammox process has been recognized as being difficult to apply for practical
applications. Anammox bacteria grow in a mixture of bacterial populations, and
they have not been isolated in a pure culture (Tsushima et al. 2007). Anammox
bacteria, being strictly anaerobic and autotrophic, are difficult to enrich, which
makes the application of this process limited due to unavailability of sufficient
biomass required for the process. Different methods have been employed to culture
and enrich anammox biomass from different types of seed sludge (Chamchoi and
Nitisoravut 2007; Date et al. 2009). A relative population of 88% anammox bacteria
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was achieved in a batch study inoculated from a rotating biological contactor (RBC)
treating a landfill leachate (Egli et al. 2001). Enrichment culture of anammox
bacteria was also developed in lab-scale reactors inoculated with marine sediments
(Van de Vossenberg et al. 2008) and paddy field soil samples and activated sludge
from wastewater treatment plants (Keluskar et al. 2013).

The slow growth rate of anammox bacteria with the approximate doubling time of
11 days is the major obstacle for implementation of anammox process (Strous et al.
1998). A long start-up period is thus expected in anammox process. Shortening
anammox process start-up period by reducing washout of anammox biomass
becomes an important strategy for full-scale application. Different types of reactor
design have been used to minimize the washout of anammox biomass including
continuous stirred-tank reactor, anaerobic biological filtrated reactor, sequencing
batch reactor (SBR), upflow reactor, and biofilm reactor (Imajo et al. 2004; Isaka
et al. 2007; Strous et al. 1998; Van Dongen et al. 2001). The use of gel immobiliza-
tion technology was also proved as an effective approach to avoiding the washout of
anammox bacteria (Bae et al. 2015). Faster growth of anammox bacteria was
achieved in a membrane bioreactor (MBR) (the doubling time was less than
10 days), resulting in an unprecedented purity of the enrichment of 97.6% (Van
der Star et al. 2008). The immobilization of anammox with polyvinyl alcohol and

Table 20.2 Growth of anammox bacteria using basal medium with L-amino acids

Amino acid
Plate concentration
(mmol/L) OD600

a

Alanine 0.5 n.d.

Arginine 0.6 n.d.

Asparagine 0.3 �
Aspartic acid 0.3 �
Cysteine 0.3 n.d.

Glutamic acid 5.0 n.d.

Glutamine 5.0 n.d.

Glycine 0.1 +

Histidine 0.1 �
Isoleucine 0.3 n.d.

Leucine 0.3 n.d.

Lysine 0.3 n.d.

Methionine 0.3 +

Phenylalanine 0.3 n.d.

Proline 2.0 n.d.

Serine 4.0 n.d.

Threonine 0.3 +

Tryptophan 0.1 +

Tyrosine 0.1 +

Valine 0.3 n.d.
aOptical density (600 nm) after 7 days of incubation at 35 �C
+ means increase, � means decrease, n.d. means not detected because of the color change
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sodium alginate gel was reported to have higher maximum specific growth rate with
2–3 days of doubling time (Zhang et al. 2017). The formation of compact aggregates
was reported to maintain a large amount of active anammox biomass in a reactor
(Imajo et al. 2004). Therefore, granulation is also an alternative approach for
anammox enrichment. In comparison with granulation and membrane bioreactor,
SBR technology is also widely used for the enrichment of anammox.

In summary, there are two main approaches (strategies) to start up an anammox
reactor: (a) to start a reactor from scratch, and (b) to inoculate it with highly enriched
anammox sludge. For the first strategy, the reactor configuration is very important.
The SBR technique ensured over 1-year reliable operation under stable conditions
with efficient biomass retention (more than 90% of the biomass was maintained in
the reactor) and homogeneous distribution of substrates, products, and biomass
aggregates (Strous et al. 1998). The MBR was also applied successfully for cultiva-
tion of anammox bacteria with fast growth rate (the minimum doubling time for
anammox bacteria was estimated to be 5.5–7.5 days) (Van der Star et al. 2008).
Among different reactors, the anammox nonwoven membrane reactor (ANMR) is a
novel reactor configuration to enrich anammox biomass (Ni et al. 2010a, 2010b).
The reactor was developed by connecting a set of nonwoven membrane module,
which also served as an effluent port, with an anaerobic reactor. The membrane
module was installed outside the reactor, which is different from the immerged
membrane reactors. Unlike conventional MBR, wastewater circulated in the mem-
brane module, and the biofilms grew on the membrane interior surface. A large
amount of the suspended biomass could remain in the reactor by filtration through
the nonwoven membrane and biofilms, resulting in improvement of the effluent
quality and enhancement of the solid retention in the reactor. After over 8 months of
operation, the purity (percentage of anammox cells in the community) of anammox
bacteria in the reactor was quantified to be 97.7% (Ni et al. 2010a). The cost-
effective ANMR was shown to be suitable for the slowly growing anammox bacteria
having the following advantages: (1) a large amount of the biomass could remain in
the reactor by filtration through the nonwoven membrane and the formation of
biofilm, (2) the formation of aggregates and biofilm enhanced the solid retention
in the reactor, (3) the nonwoven membrane was cost-efficient, and (4) the design of
the anaerobic reactor could dilute the influent medium and avoid inhibition from
high nitrite concentrations, leading to high tolerance ability of substrates. Recently,
the upflow anaerobic sludge blanket (UASB) reactor was highly recommended for
the culture of slowly growing bacteria (Ni and Meng 2011; Ni et al. 2011; Ni et al.
2012a; b). This is because of not only the improvement of physiological conditions,
making them favorable for bacteria and their interactions, especially syntrophisms in
the anaerobic system, but also the formation of granular sludge, being the major
reason of the successful introduction of the UASB reactor (Hulshoff Pol et al. 2004).
Hence, granulation also improves anammox application. Surprisingly, Ni and his
colleagues used inactive methanogenic granules as inoculum to realize fast granula-
tion successfully (Ni et al. 2010c). The start-up nitrite concentration was signifi-
cantly higher than the published toxic level for anammox bacteria and other lab-scale
studies. The accommodations and proliferations of anammox bacteria in the inactive
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methanogenic granules might be the main reason for the high anammox purity in a
short period. Anammox cells could use the skeleton of inactive methanogenic
granules and proliferate from the interior as observed in TEM (Fig. 20.5). The
second approach mentioned above significantly shortens the required time for
anammox strat-up under the premise of large quantity of anammox sludge, but is
usually limited by the lack of anammox sludge. The gradual construction of full-
scale anammox plants increases the availability of anammox sludge. The introduc-
tion of the exotic anammox sludge to seed a granular reactor is a good choice
(Ni et al. 2011). The reactor was started successfully in 2 weeks; in addition, high
nitrogen removal was achieved for a long period, showing that the inoculation of
mature anammox granules was ideal to start up a new reactor. Further, the start-up of
anammox bacteria from activated sludge with immobilization was also an effective
approach (Bae et al. 2015). The nitrogen removal rate of 1.12 kg N/m3-day was
achieved within 114 days. Therefore, the start-up of anammox is not an obstacle
anymore on the laboratory-scale study.

20.6 Commercial Application of Anammox Process

The lack of pure cultures of anammox bacteria makes a genomic approach less
straightforward. Combined with the low maximum specific growth rate of anammox
bacteria and stringent operational conditions, the practical application of anammox
fell far behind the research progress.

Many efforts have been made on the development of a marketable product. Here,
we would like to mention Paques BV (Balk, the Netherlands) for its unremitting
efforts on the practical application of anammox process. Early in 2001, van Dongen
et al. (2001) scaled up lab-scale SHARON (single reactor system for high-activity
ammonium removal over nitrite) reactor (Jetten et al. 1997) in collaboration with
Paques BV. The effluent of the SHARON process was ideally suited as influent for

Fig. 20.5 (a) Transmission electron micrograph showing dormant cells in the seed granule
(bar ¼ 2 μm). (b) Transmission electron micrograph showing the anammox bacteria in the interior
of granules (bar ¼ 2 μm)
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anammox process, for the ammonium was oxidized by 53% to nitrite, rather than
nitrate in SHARON process at 1.2 kg N load per m3 per day without pH control (Van
Dongen et al. 2001). The combined SHARON-anammox system could work stably
over long periods, and the authors predicted that the combination process was ready
for full-scale implementation.

Based on constant and successful study, in 2007, the first full-scale granular
anammox reactor was accomplished at the wastewater treatment plant of Waterboard
Hollandse Delta in Rotterdam, the Netherlands (Abma et al. 2007a; Van der Star
et al. 2007). This stands for the start of the commercial application of anammox
process, exhibiting to be another milestone. The first full-scale 70 m3 reactor was
directly scaled up 7000-fold from 10 l lab-scale experiment. The reactor was initially
inoculated with nitrifying sludge, and a total amount of 9.6 m3, settled biomass from
an anammox enrichment reactor, was added from day 622 to 1033 (Van der Star
et al. 2007). Even with the addition of anammox sludge, the start-up took 3.5 years,
1.5 years longer than designed. Several reasons caused the long start-up time,
besides the low growth rates of anammox microorganisms. Most important is that
there was no anammox seed sludge available to inoculate the first full-scale reactor,
and delay was caused by technical issues such as operational and temperature
problems (Abma et al. 2007a), as the first full-scale reactor was directly scaled up
from lab scale, skipping the pilot phase. This first full-scale reactor, on the contrary,
had a pilot plant character. In September 2006, the reactor was in full operation, and
the loading rate could be reached to a level of 750 kg/day, 50% higher than the
design load.

Another four anammox plants were built before 2008, three in Europe and one in
Asia (Table 20.3). The third reactor, part of a plant for the treatment of the effluent of
a potato factory, exhibited a largest ammonium load rate. The capacity of the reactor
is 1200 kg N/day, while only about 700 kg N/day is converted as no more nitrogen
available in the wastewater. Japan built the first full-scale Asian anammox reactor at
a semiconductor plant. In 2009, Paques Environmental Technology (Shanghai)
released the news that an agreement had been reached to build the world’s largest
anammox-based wastewater treatment plant in China. Anammox process was
designed to have a capacity for conversion of 11 tons of nitrogen per day, almost
ten times larger than the largest plant built before 2008. The two-step combination of
anammox and internal circulation (IC) reactors will be the sixth full-scale application
of anammox. Since 2009, anammox experienced huge development. Another
11 anammox plants were implemented by Paques, seven of which are located in
China. As the world’s biggest developing market, China contributes significantly
toward commercialization of anammox process.

Thanks to the experience from the established anammox plants, the start-up time
of the marketable plant became shorter and shorter. This could be another milestone.
The second reactor started up in 1 year, and it took 2 months for the start-up of the
first Asian plant. Till now, more than 100 full-scale variant plants are in operation
around the world (Lackner et al. 2014), mostly in Austria, China, Japan, the
Netherlands, and the USA. All these emphasize on anammox process becoming a
commercial technique.
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A variety of anammox-based systems were designed on the base of sludge
distribution in the system. In the past, the majority of installations were based on a
two-reactor system. However, the trend was shifted from two-reactor configuration
into one-reactor system due to the easy operation and lower cost. Currently, the
majority of the full-scale application comprised of moving bed biofilm reactor
(Kowalski et al. 2019), granular sludge system (Speth et al. 2016), and SBR (Joss
et al. 2009). The SBR configuration shared about 50% in the full-scale installation of
anammox followed by granular and MBBR configurations (Lackner et al. 2014).
The major installation of anammox technology comes from ANAMMOX®,
ANITA™ Mox, DEMON®, DeAmmon®, and Cleargreen™. The biofilm technol-
ogy was introduced in the full-scale application with brand names ANITA™ Mox
and DeAmmon®. The biofilm technology is advantageous in terms of higher relative
abundance and activity of anammox. Further, nitrite-oxidizing bacteria can be

Table 20.3 The brief description of worldwide full-scale anammox plants implemented by
Paquesa

Process Place Influent

Reactor
volume
(m3)

Designed
load
(kgN/day) Year

SHARON-
anammox

Rotterdam, NL Reject water 72 490 (750)b 2002

Nitrification-
anammox

Lichtenvoorde,
NL

Tannery 100 325 (150)c 2004

Anammox Olburgen, NL Potato processing 600 1200 (700)c 2006

Nitrification-
anammox

Mie prefecture,
JP

Semiconductor 50 220 (220)b 2006

Anammox Niederglatt,
Switzerland

Reject water 180 60 (60)b 2008

Anammox Tongliao,
China

Monosodium
glutamate (MSG)

6600 11,000 2009

Anammox Yichang, China Yeast production 500 1000 2009

Anammox Tongliao,
China

MSG 4100 9000 2010

Anammox The
Netherlands

Reject water 425 600 2010

Anammox Tai’an, China Cornstarch and
MSG

4300 6090 2011

Anammox Poland Distillery 900 1460 2011

Anammox Wuxi, China Sweetener 1600 2180 2011

Anammox Wujiaqu, China MSG 5400 10,710 2011

Anammox Coventry, UK Reject water 1760 4000 2011

Anammox Shaoxing,
China

Distillery 560 900 2011

aAbma et al. (2007b) and communication with Paques BV
bValues in parentheses mean achieved loads (kg N/day)
cNo more nitrogen available
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suppressed easily and provide the immunity against the washing out of anammox
(Kowalski et al. 2019). However, formation of anammox biofilm is a lengthy process
which increases the start-up time up to several months (Morales et al. 2015). Another
full-scale application consisted of granular sludge technology. ANAMMOX®, a
brand name affiliated with Paques BV, was provided for the full-scale implementa-
tion of anammox-based treatment process with granular sludge system. Anammox
granulation is an effective strategy to retain enough biomass in the treatment system
and increase the process efficiency (Sobotka et al. 2017; Song et al. 2017). The
increase of the granule size may decrease the process efficiency due to formation of
gas pocket inside which causes the flotation of granules (Chen et al. 2010). The
entrapment of gas inside of the granules decreased the density of granules which
ultimately leads to the flotation of granules. Chen et al. (2010) calculated the density
of floated and settled granules to about 979.02 � 15.08 mg L�1 and
1036.4� 2.0 mg L�1, respectively. Above all, recently, immobilization of anammox
with polyethylene glycol gel was also reported on the full-scale anammox imple-
mentation (Isaka et al. 2017). Every technology including granulation, biofilm, as
well as flocculent sludge has pros and cons. However, suspended sludge system
showed better performance than biofilm for long-term process. Suspended sludge is
classified into two systems including granulation and flocculation.

20.7 Cost and Energy Sustainability

The success or failure of any technology depends on its economic values. The
estimated organic carbon (methanol) of 3 lb is required for the removal of 1 lb of
nitrogen from wastewater, and continuous supply of organic carbon needs an extra
tank for the storage of carbon source. The addition of carbon source increases the
sludge production, and it was reported that the rate of sludge production with 1 lb
removal of nitrogen is about 0.6 lb. The external carbon source cost, the carbon
source storage tank cost, cost of on-site management of sludge or transportation to
long distance, and space for extra sludge as well as carbon tank also added cost of
treatment. In terms of energy, the highest share of energy used in the conventional
process comes from aeration. Ammonium-rich wastewater should be completely
oxidized into nitrite or nitrate for heterotrophic denitrification. In general, the
conventional process is costly as well energy-exhaustive for the removal of nitrogen
from wastewater.

The discovery of anammox changes the way to remove nitrogen from wastewa-
ter. Anammox process produces less sludge which can be managed on site. The
anaerobic digestion of organic wastewater can generate energy, and the rejected
wastewater treated with anammox technology may avoid the cost of organic carbon
(Kwon et al. 2019). The required intensive aeration to produce nitrite and nitrate for
subsequent denitrification process was also reduced by 63%, because anammox
needs about 50% nitrite for ammonium oxidation. Otherwise, the treatment of
organic-rich wastewater with conventional N/DN process wastes the potential
organic energy source and costs more energy for aeration. The biogas generated
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from anaerobic digestion of organic materials in the wastewater can be used for the
generation of heat and electricity (Gu et al. 2016). The heat would be used for
wastewater temperature stability, and electricity can be used for aeration. However,
the construction cost and operation cost varied from technology to technology. The
construction cost for advanced wastewater treatment is higher than conventional
system (Gu et al. 2016).

Different reports optimize the energy consumption between anammox-based
technology and conventional system of wastewater treatment. Arias et al. (2018)
compared the energy consumption between anammox-based technology named
ELAN and conventional process. The sludge cost as well as cost of chemical has a
brighter outlook due to their negligible values in ELAN technology (Vázquez-Padín
et al. 2014). The electricity cost in the case of ELAN technology which was based on
partial nitrification and anammox was lower than conventional process. The cost of
energy was 0.27 €/m3 for ELAN technology which was much lower than conven-
tional system that accounted about 1.09 €/m3.

As far as energy consumption is concerned, the anammox-based techniques have
superiority over conventional N/DN. The energy requisite for the treatment of side
stream with PN-Anammox SBR varied from 0.8 to 2 kWh kg N�1. While the
conventional process required about 4 kWh kg N�1, which was 50% higher than
PN-Anammox process (Lackner et al. 2014). The main energy consumption in the
wastewater treatment comes from the aeration. Further, Fig. 20.6 presents the main
factors affecting the energy requirement.

The efficient oxygen transfer in PN-Anammox process can further reduce the
demand of energy. Wang et al. (2019) designed a novel system to remove nitrogen
from wastewater with the reduction of wasted activated sludge at the lab scale and
calculated energy demand for novel partial nitrification with simultaneous
anammox-denitrification and sludge fermentation process (PN-SADF). Further, the

Reactor geometry

Local Climate Nitrogen loading

Selection of

aerator

COD

concentration of

wastewater

Factors affecting

the energy demand

Fig. 20.6 Factor affecting the energy demand for nitrogen removal
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energy requirement was compared with the conventional N/DN. The annual energy
consumption for PN-SADF was assumed 30% lower than the conventional process.
The annual aeration energy for conventional process was about 1,368,750 kWh/year,
which was higher than novel PN-SADF process (912,500 kWh/year). Similarly, the
mixing energy of conventional process was higher than anammox-based process.
Further, the energy for the transportation and disposal of extra sludge was 100% in
the conventional N/DN process. However, the energy calculation was proposed on
the base of laboratory-scale study. The construction cost and energy requirement
varied from reactors to reactors and sludge distribution. Local climate also affects the
cost of treatment and energy demand. It is proposed that clod area had higher
demand of energy than hot area. However, energy and cost optimization needs
further study to fully understand the technologies. Comparison of the cost and
energy demand between different reactor systems needs time.

20.8 Conclusion

The discovery of the green process, anammox, brings revolutionary changes to
conventional biological nitrogen removal. Playing an important part in the biological
nitrogen cycle, this unique process makes great contribution to our environment and
economy. Anammox development experienced several important points: laboratory
culture based on basal medium, full-scale reactor system implementation, and
extensive engineering applications. Although starting up the reactor from scratch
is universal, inoculation with highly enriched anammox sludge is more feasible.
Currently, more than 100 full-scale anammox systems are operational. Thus, appli-
cation of anammox process offers an attractive alternative to current wastewater
treatment systems for ammonia-nitrogen removal.
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Microbial Degradation of Natural
and Synthetic Rubbers 21
Biraj Sarkar and Sukhendu Mandal

Abstract
In today’s world, rubber has become one of the indispensable commodities due to
its outstanding properties like elasticity, longevity, and wide range of
applications. Natural rubber (NR) and synthetic rubber (SR) are widely used in
everyday life. The staggering amount of rubber wastes generated each year and
their disposal pose a harrowing threat for the environment and its ecosystem.
Concerns regarding the disposal of solid polymeric wastes are expected to
increase as the landfill capacity decreases. A huge fraction of solid polymeric
wastes are rubber wastes, which is no more advised to be buried in land or
incinerated due to the secondary pollution of soil or ambient air, respectively.
These issues make the study on biodegradation of rubbers so relevant for sustain-
able environment. This chapter provides a review on the microbial degradation of
natural rubber (NR), synthetic rubber (SR), and gutta-percha (GP) rubbers by
different microbes and also in vitro disintegration of the rubbers by different
enzymes.

Keywords
Poly-isoprene · Bioremediation · Biodegradation of rubber · Solid waste
management

21.1 Introduction

According to the report from the Association of Natural Rubber Producing Countries
(ANRPC), natural rubber production during 2017 was 13.34 million tonnes, and
natural rubber consumption is estimated to be 13.04 million tonnes. The
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International Rubber Study Group (IRSG) reported that the world production of
natural rubber increased by 7.5% and consumption increased by 4% during 2017
with a surplus of 0.29 million tonnes. The IRSG stipulated that synthetic rubber
(SR) production and consumption during 2017 had increased by 1.5% and 2.1%,
respectively. In today’s world, rubber has become one of the indispensable
commodities due to its outstanding properties like elasticity, longevity, and wide
range of applications. Natural rubber (NR) and synthetic rubber (SR) are widely used
in everyday life. The staggering amount of rubber wastes generated each year and
their disposal pose a harrowing threat for the environment and its ecosystem.
Concerns regarding the disposal of solid polymeric wastes are expected to increase
as the landfill capacity decreases. A huge fraction of solid polymeric wastes are
rubber wastes, which is no more advised to be buried in land or incinerated due to
secondary pollution (CO2, NOx, and SO2) of ambient air. These issues make the
study on biodegradation of rubbers so relevant today.

This chapter provides a review on the microbial degradation of natural rubber
(NR), synthetic rubber (SR), and gutta-percha (GP) rubbers by different microbes
and also in vitro disintegration of the rubbers by different enzymes. Analysis of the
biodegradation of rubber can be checked and estimated by the results of plate assay,
decrease of rubber mass with respect to increasing protein concentration or wet
weight of microbes, scanning electron microscopy (SEM) to visualize the coloniza-
tion of rubber-degrading microbes on the rubber surface, and DNPH and Schiff’s test
for the detection of degradation by product compounds with aldehyde and ketone
groups. Attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) and measurement of CO2 that evolved (Sturm’s test) due to the growth
of microbes using rubber as the sole carbon source revealed that both natural and
synthetic rubbers can be degraded by microorganisms. Extracellular enzymes
isolated from the different reported rubber-degrading bacteria like latex clearing
protein (Lcp), rubber oxygenase A (RoxA), and rubber oxygenase B (RoxB) are
shown to be the key enzymes which are involved in the initial step of cleaving the
poly-isoprene backbone in rubber biodegradation process by different rubber-
degrading bacteria. The degradation products and their analysis by selective inhibi-
tion of the degradation step steered to the inference that intermediates formed after
the initial and extracellular cleaving of poly-isoprene backbone are degraded via
β-oxidation pathway inside the bacterial cell (Bode et al. 2001). On the contrary, in
fungal biodegradation of rubber, enzymes like laccase and manganese peroxidase
are reported to be responsible (Fig. 21.1).

21.2 Solid Waste of Rubber in Environment

The staggering amount of rubber wastes generated each year and their disposal pose
a harrowing threat for the environment and its flora and fauna. Concerns regarding
the disposal of solid polymeric wastes are expected to increase as landfill capacity
decreases. Solid rubber wastes if buried in land lead to soil infertility and if
incinerated cause secondary pollution (CO2, NOx, and SO2) of ambient air. Thus,
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it might not be the best way to maximize the economic potential of the rubber
(Zabaniotou and Stavropoulos 2003), and recycling may be a better option. Another
option to avoid rubber-mediated environmental pollution would be its
biodegradation.

A huge fraction of the world’s solid waste is comprised of rubber wastes. Most of
this waste comprises of worn-out tires. Because of increasing production of vehicles
and a limited life span of the tires, each year about one billion tires are discarded
around the globe (Kasai et al. 2017). Some of the tires generated in the world are
used for recycling, with the rest being stockpiled or landfilled (Airey et al. 2003),
which creates environmental problems and health hazards. It has been estimated that
in 2011 among total waste tires generated globally, only 5% were exported for
further processing, 7% were recycled on site, and 11% were burned for fuel, while
the remaining 77% per year were illegally dumped, accumulated, or discarded in
landfills (The Hindu 2016).

21.3 Recent Problems with Polymeric Rubber Waste
Management

Waste tires stored in a dump or landfill generates a proliferation of undesired insects
and rodents (Waste Management World 2010). The environmental hazard also
includes a great fire risk. Because of their shape and longevity, the dumped waste
tires occupy a large area and should be put to a new productive use (Gawel et al.
2011). Due to the various additives used in processing of rubbers such as

Fig. 21.1 A schematic representation of natural and synthetic rubber production, industrial
processing, use of rubber in daily life, scrapping of rubber wastes, and finally an alternative process
of bioremediation through microbial biodegradation
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accelerators, retarders, and various antioxidants, the biodegradation of rubbers by
normal means is a hurdle yet to overcome (Bredberg et al. 2000; Christinasson et al.
2000; Shah et al. 2013). Incineration of these solid rubber wastes generates particu-
late matters and also releases huge amount of carbon dioxide and other toxic gases,
sulfur compounds, hydrocarbons, and oxides of carbon and nitrogen which would in
turn cause environmental pollution and lead to global warming. This incineration of
such rubber wastes also releases poisonous pyrolytic oil in environment. A single
commercial car tire releases almost 7.5 L of pyrolytic oil when incinerated. There are
chances that this oil may lead to soil and water contamination. Outdoor dumping of
tires and other solid rubber wastes provides an appropriate condition for the breeding
of undesired insects and rodents which may lead to different endemic diseases
(Anonymous 2013; Nayanashree and Thippeswamy 2015b; Tsuchii et al. 1996).
Discarding of various rubber products like balloons, bags, tubes, bands, and gloves
in open spaces brings threat to animals too (Anonymous 2011; Nayanashree and
Thippeswamy 2015b). It has been reported that almost all different types of rubbers
contain fillers like carbon black, clays, calcium carbonates, or hydrated silica
compounds, and when incinerated, they produce ash which may contain heavy
metals. This implies that burning of scrap rubbers is not a good option to treat rubber
wastes (Nayanashree and Thippeswamy 2015b; Tsuchii and Tokiwa 2001).

21.4 Decomposition and Disintegration of Rubber

21.4.1 Decomposition of Natural Rubber (NR) by Bacteria

Over the last 100 years, there have been serious researches for isolation and
characterization of different efficient rubber-degrading bacteria and to understand
the biochemical basis for the degradation of natural rubber (NR) and synthetic rubber
(SR). To date, many rubber-degrading bacterial species have been identified
(Table 21.1) which are capable of degrading cis-(1,4)-polyisoprene (both NR and
SR) and trans-(1,4)-polyisoprene (also called gutta-percha or GP). Rubber-
degrading bacteria can be divided into two groups, depending on their approaches
to degrade the rubber (Linos et al. 2000a, b). The first group is capable of forming
translucent halo zones secreting extracellular polyisoprene-cleaving enzymes, when
cultivated on a solid media containing dispersed rubber latex particles. The most
effective degraders in this group belong to the actinomycetes from genera
Actinoplanes, Streptomyces, and Micromonospora (Imai et al. 2011; Jendrossek
et al. 1997; Linos et al. 2000b; Rose and Steinbuchel 2002). The second group of
rubber degraders does not form translucent halo zones when grown on solid media
with dispersed latex particles. They require direct contact with the rubber and show
adhesive growth on the rubber surface in liquid cultures using it as a substrate for
carbon and energy. This group is comprised of the mycolic acid-containing
actinobacteria belonging to the genera Gordonia, Mycobacterium, and Nocardia.
To date, the complete NR degradation pathway has been well studied in two gram-
positive actinomycetes, Gordonia (Hiessl et al. 2012) and Nocardia (Luo et al.
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Table 21.1 Different rubber degraders and their rubber oxygenases

Rubber degraders

Type of
rubber
degraded

Degradation
strategy

Rubber
oxygenases
involved References

Gram negative

Steroidobacter
cummioxidans 35Y

NR, SR B RoxA,
RoxB

Birke et al. (2017),
Braaz et al. (2005),
Braaz et al. (2004),
Seidel et al. (2013),
Sharma et al. (2018),
Tsuchii and Takeda
(1990)

Rhizobacter
gummiphilus NS21

Latex
dispersed in
agar

B RoxA,
RoxB

Imai et al. (2013),
Kasai et al. (2017)

Pseudomonas
aeruginosa AL98

NR,
vulcanized
NR, natural
rubber latex
concentrate,
SR

A Unknown Linos et al. (2000b)

Pseudomonas
citronellolis

Vulcanized
NR, SR

A Unknown Bode et al. (2000)

Acinetobacter
calcoaceticus

Cross-linked
NR latex
gloves, SR

A Unknown Bode et al. (2001)

Gram positive

Streptomyces
sp. strain K30

NR, SR, NR
latex

B Lcp Birke et al. (2015),
Rose et al. (2005),
Rother et al. (2016),
Yikmis et al. (2008)

Streptomyces
sp. strain CFMR 7

NR,
vulcanized
NR, NR latex

B Lcp Nanthini et al. (2017),
Nanthini and Sudesh
(2017)

Streptomyces
griseus 1D

NR, SR,
cross-linked
NR

B Lcp Bode et al. (2001),
Jendrossek et al. (1997)

Streptomyces
coelicolor 1A

NR, SR,
cross-linked
NR

B Lcp Bode et al. (2000),
Jendrossek et al. (1997)

Rhodococcus
rhodochrous RPK1

NR, SR A Lcp Watcharakul et al.
(2016)

Gordonia
westfalica Kb2

NR, SR A Lcp Berekaa et al. (2000),
Linos et al. (2002)

Gordonia
polyisoprenivorans
VH2

NR, SR A Lcp Hiessl et al. (2012),
Oetermann et al.
(2018)

Gordonia
polyisoprenivorans
Kd2

NR, SR A Lcp Berekaa et al. (2000);
Linos et al. (1999)

(continued)
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2014). Two efficient gram-negative bacteria have been isolated and well-
characterized so far: Xanthomonas sp. strain 35Y (now reclassified as Steroidobacter
cummioxidans strain 35Y) (Sharma et al. 2018) and Rhizobacter gummiphilus NS21
(Birke et al. 2018). All the gram-positive rubber-degrading bacteria reported to date
secrete the Lcp protein to oxidatively cleave the polyisoprene backbone in an endo-
fashion and harbor one or more lcp gene homologues (Broker et al. 2008; Hiessl
et al. 2012, 2014; Ibrahim et al. 2006; Imai et al. 2011; Rose et al. 2005), whereas the
gram-negative bacteria are reported to harbor genes for RoxA and RoxB which
cleave the polyisoprene in an exo- and endo-fashion, respectively (Birke et al. 2017,
2018; Jendrossek and Birke 2019; Sharma et al. 2018).

21.4.2 Decomposition of Synthetic Rubber (SR) by Bacteria

Actinobacteria like Gordonia polyisoprenivorans VH2, Nocardia sp. strain 835A,
N. nova SH22a, and Streptomyces sp. K30 have been found to degrade synthetic
poly(cis-1,4-isoprene) rubber (SR). N. nova SH22a is also reported to degrade poly-
trans-1,4-isoprene rubber (gutta-percha or GP) efficiently. Being a gram-negative
organism, Xanthomonas sp. strain 35Y showed impressive degradation of synthetic
rubber (Sharma et al. 2018). The biological pathway of degradation of rubber
(NR/SR or GP) is well demonstrated using N. nova SH22a (Luo et al. 2014).
Apart from N. nova SH22a, there are other three known GP-degrading strains of
N. nova, i.e., N. nova L1b, SEI2b, and SEII5a, and two different species of
Nocardia: N. jiangxiensis SM1 and N. takedensis WE30 (Warneke et al. 2007).
There also have been trials to heterologously express rubber-degrading genes in fast-
growing organisms for efficient rubber degradation. Nocardia sp. 835A mutant
strains Wh, Rw, and Rc showed degradation of vulcanized rubber tires. The heterol-
ogous expression of the NVL3 lcp from Nocardia in Escherichia coli BL21(DE3)
allowed degradation of synthetic rubber by the E. coli BL21(DE3) (Linh et al. 2017).
The different strains ofGordonia (like Gordonia sp. kb2 and kd2),Micromonospora
aurantiaca W2b, and Pseudomonas aeruginosa AL98 showed growth on the syn-
thetic rubber after removal of the antioxidants from the synthetic rubbers. There are
reports of bacteria like Mycobacterium fortuitum NF4 growing on the synthetic
rubbers (Berekaa et al. 2000).

Table 21.1 (continued)

Rubber degraders

Type of
rubber
degraded

Degradation
strategy

Rubber
oxygenases
involved References

Nocardia nova
SH22a

NR, SR A Lcp Luo et al. (2014)

Nocardia farcinica
E3

SR, NR A Lcp Ibrahim et al. (2006)

Nocardia farcinica
NVL3

SR, NR A Lcp Linh et al. (2017)
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21.4.3 Decomposition of Natural Rubber (NR) by Fungi

The biodegradation of rubber by fungi was first investigated by De Vries. The
researcher observed the biodegradation of rubber using different strains of Penicil-
lium and Aspergillus in a 10% (wt/vol) NaCl liquid medium with natural rubber as
the substrate. A 6% increase in the biomass with 15.5–30.9% decrease in the weight
of the rubber material after incubation of 19 months to 5 years was recorded
(De Vries 1928). Schade reported a decent growth of fungi Monascus ruber and
Monascus purpureus using purified natural rubber as a substrate but unable to use
synthetic polychloroprene rubber as a substrate (Schade 1937). Kalinenko reported
strains from Aspergillus and Penicillium capable of degrading rubbers (Kalinenko
1938). Kwiatkowska et al. used soil burial experiment to check the degradation of
NR vulcanized sheets of certain composition and recorded weight losses of about
40% of the initial weight after 91 days and held an isolated fungal strain of Fusarium
solani from the rubber surface responsible for the degradation (Kwiatkowska et al.
1980). Another report by Borel showed Fusarium solani capable of growing on
NR. In fact, based on GPC curve obtained after 10 days of culture, F. solani was
found to be a more rapid degrader compared to other rubber degraders used in the
study like Paecilomyces lilacinus, Cladosporium cladosporioides, and Phoma
eupyrena (Borel et al. 1982). Employing solution viscosity measurement as investi-
gative tool, a reduction of 15% in the molecular weight of polyisoprene because of
degradation by Penicillium variabile was recorded after 70 days by Williams
(Williams 1982). In an attempt to isolate rubber-degrading microorganism from
natural rubbers dumped in soil, two fungal isolates, Aspergillus niger and Penicil-
lium species, were found to degrade the natural rubber sample by 28.3% and 25.9%
of the initial weight, respectively, in an interval of 2 months (Nayanashree and
Thippeswamy 2013). A strain of Rhodotorula mucilaginosa from liquid culture with
NR and a filamentous fungus, Alternaria alternata, from the NR surface using the
polyisoprene as the sole source of carbon were isolated and found to be capable of
degrading the rubber (Bosco et al. 2018).

21.4.4 Decomposition of Synthetic Rubber (SR) by Fungi

It has been reported that the enzyme manganese peroxidase (MnP) produced by
Ceriporiopsis subvermispora strain FP-90031 if incubated with non-vulcanized
synthetic poly(cis-1,4-isoprene) as a substrate yielded low-molecular-weight
products. Laccase is another enzyme isolated from Coriolus sp., which when
incubated with rubber sheets gave similar molecular weight reductions for the
incubated sheets and gel permeation chromatography profiles of the degradation
products.
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21.4.5 In Vitro Disintegration of Rubber

Various enzyme mediator systems comprising of radical-producing enzymes and
their substrates serving as radical precursors were investigated in consideration to
biological degradation of polyisoprene and rubber materials. Oxidative degradation
of cis- and trans-1,4-polyisoprenes by two kinds of enzyme-mediator systems,
lipoxygenase/linoleic acid and horseradish peroxidase/1-hydroxy-benzotriazole,
was inspected at 37 �C in aqueous media and analyzed by gel permeation chroma-
tography. Lipoxygenase and horseradish peroxidase activate their substrates, linoleic
acid and 1-hydroxybenzotriazole, respectively, for cleaving of polyisoprene back-
bone of both kinds of isoprenes. Molecular weights of 1,4-polyisoprenes showed
consequent decrease during the action under both mentioned enzyme-mediator
systems, and the depolymerization was completely inhibited when added with
butylated hydroxyl toluene. When the enzyme or the mediator from a reaction
system was taken out, depolymerization did not progress, indicating that the scission
of polymer chain is made by the radicals produced only in the presence of both
enzyme and mediator. Fenton reagent with linoleic acid was also effective against
the degradation of both 1,4-polyisoprenes. Vulcanized natural rubber latex gloves
were treated under these three methods, and surface degradation with hole formation
was observed with a scanning electron micrograph (Enoki et al. 2003).

Manganese peroxidase (MnP) isolated from C. subvermispora strain FP-90031
was incubated with non-vulcanized synthetic poly(cis-1,4-isoprene) for 48–96 h at
35 �C (Sato et al. 2003).

21.5 Recent Techniques to Analyze Rubber Degradation

There are various approaches to analyze the degradation of rubber. Different quali-
tative experiments like plate assay, scanning electron microscopy (SEM), attenuated
total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), and Sturm’s
test are few of the preliminary tests used to screen the growth of microorganisms on
rubber as a sole source of carbon and energy.

21.5.1 Growth of Rubber-Degrading Bacteria on Polyisoprene

The first test to screen rubber-degrading organisms isolated was to observe growth
on the surface of rubber. Those able to degrade rubber or utilize polyisoprene as the
sole source of carbon and energy for growth are supposed to be potent rubber
degraders. In this context, there are two types rubber degraders found to date. The
first group, when grown on latex-overlay minimal salt agar plate, was able to form
translucent halos indicating secretion of some kind of extracellular enzyme which
cleaves the rubber to form small oligo-isoprenes enabling uptake of the isoprenoids
by the cells as observed for rubber-degrading Streptomyces sp. K30 (Rose et al.
2005) or Micromonospora aurantiaca W2b (Linos et al. 2000a, b). However, the
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second group is incapable of producing halo zone on latex-overlay minimal salt agar
plates but forms visible colonies directly on the rubber surface when suspended in
minimal salt broth. They are adhesive in growth and form biofilms directly on the
surface of the rubber to utilize the polyisoprene for sole source of carbon. Bacteria
showing such adhesive growth are the most dominant degraders of rubber and
represented by bacteria like Gordonia polyisoprenivorans VH2 (Hiessl et al. 2012)
and Nocardia nova SH22a (Luo et al. 2014).

21.5.2 Detection of Aldehyde and Ketones Formed by Staining
Methods

Two different qualitative staining tests were performed to identify aldehyde and
ketone groups. Poly(cis-1,4-isoprene) degradation products were mixed with
Schiff’s reagent to detect aldehyde groups, whereas for the detection of carbonyl
groups, 2,4-dinitrophenylhydrazine (DNPH) was employed (Rose et al. 2005). Both
reactions were done at room temperature for 5 min. Schiff’s staining is one of the
most widely used staining approaches in this regard. Staining of the degraded rubber
with Schiff’s reagent showed the presence of aldehyde groups and gave rise to the
formation of a purple color indicating the presence of degradation products
containing aldehyde groups.

21.5.3 Scanning Electron Microscopy

Scanning electron microscopy is one of the different approaches to monitor the
changes on the rubber surface due to colonization and biofilm production by the
adhesively growing bacteria or the changes on the smoothness of surface due to the
degradation of rubber by the extracellular enzymes secreted, where the rubber is the
sole source of carbon. Scanning electron microscopy has always been one of the
preliminary approaches for confirmation of biodegradation of rubber.
Microorganisms belonging to the genera Gordonia (Berekaa et al. 2000, 2005),
Nocardia (Linos et al. 2000a, b), Streptomyces (Gallert 2000), Pseudomonas (Bosco
et al. 2018), Micromonospora (Berekaa et al. 2000), and Paenibacillus lautus
(Hapuarachchi et al. 2016) are some of the rubber-metabolizing bacteria which
have been checked under scanning electron microscopy for their growth and degra-
dation of the rubber (Fig. 21.2).

21.5.4 ATR-FTIR Analysis

Attenuated total reflectance-Fourier transform infrared spectroscopy allows a non-
destructive in situ analysis of various polyisoprene surfaces which are coated by
overgrown microbial biofilms formed by the rubber-degrading bacteria, capable of
utilizing the carbon from the polyisoprene backbone as a sole source. The decrease
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in the number of double bonds in the polyisoprene chain, increase in the bands due to
the increase of carbonyl groups most likely as a “keto” functional group, and
broadening of bands because of aldehyde formation due to the oxidative cleavage
of the polyisoprene backbone all can be measured by the ATR-FTIR spectroscopy.

21.5.5 Sturm’s Test

Sturm’s test is one of the conventional approaches used in laboratories to derive
information on the biological conversion of carbon backbone of polymers like
rubber to different products, as a result of the metabolic processes (Pagga et al.
2001). The quantity of carbon dioxide released can be measured during the cultiva-
tion of cells in a minimal salt medium with polyisoprene as the sole source of carbon
provided. The carbon dioxide generated due to the cellular respiration gets trapped in
a solution of 1 N NaOH and can be measured by titrating the remaining NaOH with
0.1 N HCl. Carbon dioxide liberation due to biodegradation of polyisoprene by
Bacillus sp. AF-666 was measured by Sturm’s test (Shah et al. 2012). The increased
CFU/ml in the culture also verified the ability of microorganisms to utilize polyiso-
prene. Sturm’s test (Sturm 1973) was commonly employed for evaluation of the
biodegradability of polymer materials (Calmon et al. 2000).

21.5.6 Increase in Protein Concentration with Respect to Weight
Loss of Rubber

It is quite conceivable that if there is any rubber-metabolizing bacteria growing in a
medium where rubber is the sole source of carbon and energy, the microorganism is
certainly going to use that polymer for its growth and will increase the total cell mass
in the medium after certain period of time. As it has been predicted that approxi-
mately 50% of the bacterial dry cell mass is protein (Gallert 2000), one can monitor

Fig. 21.2 Scanning electron microscopy of a Gordonia polyisoprenivorans colonizing on syn-
thetic rubber (SR) surface after 14 days of incubation (b) and the uninoculated SR control (a)
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the increase in the concentration of protein in medium with respect to the decrease in
weight of the rubber. In 1995, Heisey et al. showed weight loss of the rubber with
respect to the increase in protein concentration. Weight losses of the rubber strips
used as a sole source for carbon and protein production due to the bacterial growth
were determined after 6 weeks. Prior to protein measurement, cells attached loosely
to the rubber were dislodged into the broth by boiling the cultures for 15 min, and
this was followed by sonication for 15 minutes and vigorous shaking
(300 reciprocations per minute) for 10 min. The rubber strips were then removed.
Protein was extracted from the cells by adding sufficient NaOH to the culture broth
to bring its NaOH concentration to 1 N and then by boiling the broth for 5 min. Any
protein in cells remaining attached to the rubber was extracted by boiling the strips
for 5 min in 3 mL of 1 N NaOH. Protein in the extracts was determined by a modified
Lowry method. The rubber strips were dried at 52 �C and weighed after extraction.

21.5.7 Viscosity Determination Tests

This method is a conventional procedure generally used for molecular-weight
determination. This procedure is based upon the calculation of the intrinsic viscosity.
Rubber-degrading strains use the polyisoprene as their sole source of carbon for
energy and growth. With the growth of the microbes due to the degradation of
polyisoprene, there is subsequent decrease in the intrinsic viscosity values of rubbers
used. Interestingly, it has been found that waste rubber tires produce higher intrinsic
viscosity values compared to the intrinsic viscosity of natural rubbers incubated for
same period of time with same rubber degrader; it is because of the inhibitory effects
of the various additives present in the waste rubbers to microbial degradation.

21.6 Genomics and Proteomics of Rubber Degraders

To understand the cleaving of polyisoprene into oligo-isoprene and the uptake of the
resultants by the bacterial cells, it is necessary to observe the roles of the key
enzymes involved in the process of initial biodegradation of rubbers.

21.6.1 Latex Clearing Protein (Lcp)

For the ease of uptake and metabolism of high-molecular-weight rubber by bacterial
cells, the polymers are first cleaved to low-molecular-weight oligomers outside the
cells. Lcps are extracellular rubber oxygenases that catalyze the cleavage of poly-
isoprene. Lcp in fact is involved in the initial cleavage step of poly-isoprene. Lcp is
mostly distributed in gram-positive rubber-degrading actinobacteria, such as Strep-
tomyces sp. K30 (Rose et al. 2005), Gordonia westfalica, G. polyisoprenivorans
(Broker et al. 2008;Hiessl et al. 2012), Actinoplanes missouriensis (Jendrossek et al.
1997), Nocardia farcinica (Ibrahim et al. 2006), N. nova (Luo et al. 2014), and
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Rhodococcus rhodochrous RPK1 (Watcharakul et al. 2016). There is no report of
any gram-positive rubber-degrading bacterium without Lcp. Lcp is also found
essential for the growth of adhesively growing group of bacteria on the rubber
surface (Hiessl et al. 2012; Luo et al. 2014). Extracellular secretion of Lcp was
first observed in Streptomyces sp. strain K30. According to the published reports,
Lcp is a crucial constituent of the protein complex responsible for the clear zone
formation on the latex overlay plates by the cleavage of polyisoprene and was
confirmed by the heterologous expression of Lcp from Streptomyces sp. strain
K30 in S. lividans strains TK23 and TK24 and a strain of Saccharopolyspora
erythraea with the help of a plasmid pIJ6021::lcp which made the strains acquire
the ability to cleave polyisoprene backbone. The Lcp secretion in the extracellular
medium was confirmed by the detection of Lcp-eGFP fusion proteins in the cell-free
supernatant employing anti-eGFP and anti-Lcp antibodies (Yikmis and Steinbuchel
2012).

The Lcps possess a monomeric quaternary structure and catalyze the oxidative
cleavage of the double bonds in polyisoprene to yield products with terminal keto
and aldehyde groups (Ilcu et al. 2017). Lcps produce a mixture of resultant products
after cleavage of the polyisoprene that vary in the number of central isoprene units
(Birke and Jendrossek 2014; Ibrahim et al. 2006; Ilcu et al. 2017). To date, only three
Lcps (Lcp1VH1 from G. polyisoprenivorans VH2, LcpK30 from Streptomyces sp.
strain K30, and LcpRr from Rhodococcus rhodochrous RPK1) have been purified
and biochemically well characterized (Hiessl et al. 2014); Birke and Jendrossek
2014, 2015; Rother et al. 2016). Lcp is a mono-heme cytochrome-b protein. It has
been found that the Lcps (LcpK30, LcpRPK1 and LcpVH2) are secreted outside the cell
by twin-arginine translocation (Tat) pathway (Jendrossek and Birke 2019). A Tat
signal peptide is found at the N-terminus of the Lcp gene products (Hiessl et al.
2012). The molecular weights for mature LcpK30, LcpRPK1, and LcpVH2 proteins are
41 kDa, 42.2 kDa, and 41.7 kDa, respectively, which are much smaller compared to
the molecular masses of RoxA and RoxB. The highest specific activity among the
Lcps is found to be observed in LcpK30 (4.7 U/mg in 37 �C) followed by LcpRPK1
(3.1 U/mg in 30 �C) and LcpVH2 (1.3 U/mg in 23 �C) (Jendrossek and Birke 2019).
To date, from Rhodococcus rhodochrous RPK1 and Streptomyces sp. strain K30,
only one lcp homologue each has been reported to be found, LcpRr and LcpK30,
respectively, which is also true for other reported rubber-degrading bacteria like
Micromonospora, Nocardia, Actinosynnema, and Thermomonospora, whereas there
are two lcp homologues identified in G. polyisoprenivorans VH2, one from the
chromosome lcp1VH2 (GPOL_c48310) with a gene length of 1.22 kb and the other
from its p174 plasmid lcp2VH2 (GPOL_174p00150) with a gene length of 1.17 kb.
The highest number of lcp homologues among the other rubber-degrading bacteria is
reported to be found in Streptomyces sp. strain CFMR, harboring three lcp
homologues (Nanthini et al. 2017). It is claimed that any actinomycetes possessing
one or more lcp homologues can use polyisoprene as the sole source of carbon and
energy for its growth (Hiessl et al. 2012).
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21.6.2 Rubber Oxygenase A (RoxA)

RoxA is another enzyme found to degrade both NR and SR by oxidative cleavage of
the double bonds of poly(cis-1,4-isoprene) (Braaz et al. 2005; Hambsch et al. 2010).
RoxA is an extracellular enzyme isolated from cell-free culture supernatant of latex-
grown Xanthomonas sp. strain 35Y (Sharma et al. 2018). RoxA is secreted outside
the cell by Sec pathway (Jendrossek and Birke 2019). To date, no RoxA homologues
have been so far detected in gram-positive species or in Archaea (Jendrossek and
Birke 2019). RoxA is found to be responsible for endo-type cleavage of double
bonds in poly(cis-1,4-isoprene) to give single type of end product (ODTD, C15

oligo-isoprenoid) using a dioxygenase mechanism (Braaz et al. 2004; Shah et al.
2013). ODTD can be easily taken up by the cells as a sole carbon source. RoxA is a
diheme cytochrome-c dioxygenase protein, which has been confirmed by biophysi-
cal characterization and structure determination (Schmitt et al. 2010; Seidel et al.
2013; Sharma et al. 2018). Compared to Lcp, the molecular mass of RoxA is much
larger, �70 kDa (RoxA35Y, 71.5 kDa; RoxANS21, 71.5 kDa) (Jendrossek and Birke
2019). The RoxA35Y three-dimensional structure (Seidel et al. 2013) and the cleav-
age mechanism (Schmitt et al. 2010; Birke et al. 2012) are clearly different from that
of Lcps. RoxA cleaves poly(cis-1,4-isoprene) as well as the oligo-isoprenoids
derived from cleavage of RoxB (another rubber oxygenase in gram-negative bacte-
ria) in an exo-type manner. The RoxA protein is stable even at room temperature and
does not require any additional cofactors. The highest specific activity of RoxA35Y

was observed to be 2.6 U/mg, at 37 �C (Jendrossek and Birke 2019).

21.6.3 Rubber Oxygenase B (RoxB)

Another rubber oxygenase enzyme is found to be produced by gram-negative
rubber-degrading bacteria harboring genes for RoxA. RoxB, too, is an extracellular
enzyme and reported to be found in S. cummioxidans sp. nov. strain 35Y and
Rhizobacter gummiphilus NS21. This enzyme too, like RoxA, is secreted by Sec
pathway (Jendrossek and Birke 2019). While studying RoxB in S. cummioxidans
35Y, it has been observed that RoxB35Y cleaves the isoprene-polymer to a mixture of
C20 and higher oligo-isoprenoids. The resultant oligo-isoprenoids obtained by action
of RoxB35Y then get further cleaved by RoxA35Y to form the C15-oligo-isoprenoid
12-oxo-4,8-dimethyltrideca-4,8-diene-1-al (ODTD). ODTD can then be imported
into the bacterial cells and used as a source for carbon and energy (Birke et al. 2018).
RoxB35Y shares the presence of two c-type heme groups with RoxA35Y and revealed
38% amino acid similarity to RoxA35Y. The oxidative cleavage of isoprene-polymer
to a mixture of C20 and higher oligo-isoprenoids (Birke et al. 2017) is the only
feature where RoxB35Y resembles Lcps. RoxB, too, is larger than Lcp with a
molecular mass of �70kDa (RoxB35Y, 70.3 kDa; RoxBNS21, 70.8 kDa) (Jendrossek
and Birke 2019). RoxB showed oxidative cleavage of isoprene-polymers at a
specific activity of �6 U/mg. Among all well-studied rubber oxygenases, purified
RoxB showed the highest specific activity of 4.5 U/mg (at 23 �C) and also found to
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exert a synergistic effect on the efficiency of RoxA by enhancing the production of
ODTD molecules cleaving polyisoprene backbone, as observed in Xanthomonas
sp. (Birke et al. 2017) (Table 21.2).

21.6.4 Superoxide Dismutase (SodA) and Oxidative Stress Response
by Gram-Positive Bacteria

An extracellular superoxide dismutase is found to be formed during poly(cis-1,4-
isoprene) degradation by Gordonia westfalica Kb1 and G. polyisoprenivorans VH2.
This extracellular enzyme functions as a radical scavenger enzyme and performs the
cleavage of poly(cis-1,4-isoprene) when harmful reactive oxygen species of super-
oxide anions are present in increased concentrations. The formation of SodA is then
induced while growing on rubber. Moreover, it has been found that a suspension of
sodA gene in strain G. polyisoprenivorans VH2 results in retarded growth on rubber
but not if the substrate is succinate. But no secretory signal peptide was found to be
present in the amino acid sequence. Polyisoprene materials have a tendency to get
auto-oxidized in atmospheric oxygen and ozone, generating ROS. In addition, the
scission of the double bonds in polymeric isoprene backbone by rubber-degrading
bacteria was reported, and a cleavage of rubber involving radicals is possible. The
involvement of a secreted extracellular superoxide dismutase in biodegradation of
rubber was reported in G. polyisoprenivorans strain VH2 (SodA; GPOL_c03380)
(Hiessl et al. 2012).

21.6.5 Laccase and Manganese Peroxidase

Both these enzymes are primarily reported to be found in different fungi species
capable of degrading rubber, like white-rot fungi, Penicillium chrysogenum,
Rhodotorula mucilaginosa, Alternaria alternata, Fusarium solani, etc.
(Nayanashree and Thippeswamy 2015a).

Table. 21.2 Few important characteristic features of the well-characterized rubber oxygenases

Protein attribute Gene length (bp) Secretion system Cleavage type
Cleavage
product(s)

RoxA35Y 2037 Sec Exo ODTD

RoxANS21 2022 Sec Exo ODTD

RoxB35Y 2046 Sec Endo V.L.

RoxBNS21 2040 Sec Endo V.L.

LcpK30 1224 Tat Endo V.L.

LcpRPK1 1227 Tat Endo V.L.

LcpVH2 1224 Tat Endo V.L.

ODTD means 12-oxo-4,8-dimethyltrideca-4,8-diene-1-al. V.L. means cleavage products of vari-
able lengths
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There are also reports of Bacillus subtilis and B. pumilus to degrade rubber and
show laccase and manganese peroxidase activity. But little advancement on these
discoveries has been gone through to explore the features and the other biochemical
processes (Nayanashree and Thippeswamy 2015b; Sato et al. 2001).

21.6.6 Different Pathways of Rubber Degradation

The NR-degradation process can be categorized into five major phases:

1. Rubber oxygenase biosynthesis by rubber-degrading bacteria growing on rubber
and extracellular oxidative cleavage of polyisoprene chains

2. Uptake of the resultant oligo-isoprenes into the bacterial cells
3. Intracellular β-oxidation of the imported oligo-isoprenes
4. Metabolism of acetyl-CoA and propionyl-CoA
5. Anaplerotic reactions and gluconeogenesis

21.6.6.1 Rubber Oxygenase Biosynthesis by Rubber-Degrading Bacteria
Growing on Rubber and Extracellular Oxidative Cleavage
of Polyisoprene Chains

Rubber Oxidation by Gram-Negative Bacteria
For the sake of metabolism and easy uptake by the bacteria using rubber as the sole
source of carbon and energy for growth, the water-insoluble high-molecular-weight
polyisoprene molecules are required to be extracellularly cleaved into low-
molecular-weight products. Studies show that gram-negative organisms like
Steroidobacter cummioxidans strain 35Y secrete two extracellular rubber-degrading
enzymes, i.e., rubber oxygenases, RoxA and RoxB (Sharma et al. 2018). The rubber
gets cleaved into a mixture of C20 and higher oligo-isoprenoids in an endo-type
fashion by the RoxB, resulting in higher number of chain ends. On the contrary, the
oligo-isoprenoids derived from RoxB cleavage and the intact polyisoprene backbone
of rubber get cleaved in an exo-type manner to the tri-isoprenoid ODTD by the
RoxA. Being comparatively smaller than polyisoprene, ODTD can be easily taken
up by the rubber-degrading bacterial cells directly or after oxidation of the terminal
aldehyde group to a carboxylic acid group (Sharma et al. 2018).

Rubber Oxidation by Gram-Positive Bacteria
Gram-positive rubber-degrading actinomycetes like G. polyisoprenivorans, N. nova,
Streptomyces, and Rhodococcus rhodochrous secrete Latex clearing protein (Lcp)
(see Table 21.1). Lcps produce a heterogenous end product of C20, C25, C30, and
higher oligo-isoprenoids (Birke et al. 2017). It has been found that this protein is not
only required for latex-clear-zone formation but also essential for the growth of
adhesive bacteria on rubber (Hiessl et al. 2012). After the first oxidative cleavage of
rubber, the resultant low-molecular-weight aldehyde intermediates need to get
further extracellularly oxidized to the corresponding acids before they are taken up
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by the bacterial cells, because aldehydes are generally volatile toward oxidation
reactions and are harmful to bacterial cells (Luo et al. 2014). A similar step is
observed in Streptomyces sp. strain K30, and it is believed to be catalyzed via a
heterodimeric molybdenum-dependent hydroxylase encoded by oxiAB, which is
found to be located downstream of lcp. This oxiAB enables Streptomyces sp. strain
K30 to oxidize aldehyde intermediates (Rose et al. 2005), and it is transcribed during
rubber degradation but not during growth on glucose (Yikmis et al. 2008). Recently,
in another study, Streptomyces sp. strain CFMR 7 was found to harbor genes for
oxiA and oxiB (Nanthini et al. 2017). Other than the above-mentioned two Strepto-
myces sp. strains, K30 and CFMR 7, this heterodimeric hydroxylase is missing in
genomes of other known rubber-degrading strains, for instance, in adhesively
growing G. polyisoprenivorans VH2 and Nocardia farcinica strain IFM 10152 or
clear-zone-forming S. coelicolor strain A3 (Hiessl et al. 2012). Genes encoding the
required enzyme(s) for this step in the other known rubber-degrading strains are yet
to be explored.

21.6.6.2 Uptake of the Resultant Oligo-Isoprenes into the Bacterial Cells
After the extracellular cleavage of polyisoprene by latex clearing protein (Lcp) or
RoxA and RoxB, the formed oligo-isoprene derivatives have to be imported into the
rubber-degrading bacterial cells. It is believed that for the import of extracellular
cleavage products, the gram-positive and gram-negative bacteria employ different
transport proteins because their cell wall and membranes largely differ and the
Lcp-derived extracellular degraded products of polyisoprene by gram-positive bac-
teria are comparatively larger (C20, C25, and higher oligo-isoprenoids) than the
ODTD formed by RoxA and RoxB of gram-negative bacteria (Sharma et al. 2018).

It has been found that both the genomes of extensively studied gram-positive
rubber-degrading species G. polyisoprenivorans VH2 (Hiessl et al. 2012) and N.
nova SH22a (Luo et al. 2014) harbor genes for multiple YrbE/Mce clusters which
may serve the purpose of import of primary degradation products of rubber (Sharma
et al. 2018). In G. polyisoprenivorans M71, a mutant was found with rubber-
negative phenotype after insertion of a transposon in the gene encoding an Mce
protein (GPOL_c27400) which is one of the five Mce clusters located in the genome.
All these Mce clusters consist of two genes encoding YrbE proteins, followed by six
genes encoding Mce proteins (MceA-F). They are reported to be found in all
mycobacteria and in various other actinobacteria and are almost generally clustered
in the same fashion. Bioinformatic studies revealed that Mce clusters encode a novel
subfamily of ABC uptake transporters, wherein the yrbE gene products function as
permeases and the mce gene products as substrate binding proteins. For the mce4
locus of R. jostii strain RHA1 that encodes an ATP-dependent steroid uptake system,
it was validated that these clusters encode importing transporters. The ATPase,
necessary for providing the required energy for this system, was predicted through
in silico studies. A homologue to this predicted ATPase is also present in the genome
of G. polyisoprenivorans (GPOL_c37790). All these evidences steered to the pro-
posal that the import of the low-molecular-weight intermediate products resulting
from the extracellular primary degradation into cell is an ATP-dependent, Mce

542 B. Sarkar and S. Mandal



protein-driven mechanism. Mce proteins are predicted to be extra-cytoplasmatic or
tethered to the membrane, and they could function as substrate-binding proteins and
may mediate the movement of the intermediates across the cell wall (Hiessl et al.
2012). The YrbE/Mce type was not found to be present in the gram-negative rubber
degraders. Gram-negative bacteria like S. cummioxidans strain 35Y, therefore, have
adopted a different transport mechanism (Sharma et al. 2018). A novel ABC
transport system for intermembrane phospholipid trafficking, which is known as
the maintenance of bacterial outer membrane lipid asymmetry (Mla) pathway
responsible for maintaining lipid asymmetry, has been described for gram-negative
bacteria. The presence of the six genes, i.e., mlaA, mlaB, mlaC, mlaD, mlaE, and
mlaF, encoding for this transport system has confirmed the same assumption.
Comparative genomics has shown the complete Mla pathway to be conserved in
S. rubberoxidans strain 35Y (Sharma et al. 2018). Moreover, two families of
substrate-specific outer membrane transporters, i.e., TonB-dependent outer mem-
brane receptors (TBDRs) and long-chain fatty acid transporters (FadL family),
which are involved in import of fatty acid are also possessed by gram-negative
bacteria. Gram-negative bacteria are also found to harbor fadD encoding fatty acyl-
coenzyme A (CoA) synthetase (FACS) for the uptake of exogenous fatty acids. This
FadL and FACS are predicted to perform together as fatty acid transport machinery
in gram-negative bacteria. Interestingly, the gram-negative rubber degrader S.
cummioxidans strain 35Y was reported to harbor a single copy of putative fadL
family transporter gene and 11 copies of putative FACS genes (Sharma et al. 2018).

21.6.6.3 b-Oxidation
β-Oxidation is an iterative biological process that is responsible for the breakdown of
fatty acids as a part of lipid metabolism. The involvement of enzymes required in the
process of β-oxidation was reported to be found in gram-positive rubber-degrading
species like S. coelicolor 1A (Bode et al. 2001), G. polyisoprenivorans VH2 (Hiessl
et al. 2012), and N. nova SH22a (Luo et al. 2014) involved in catabolism of rubber.
Comparative genomics showed that the complete set of genes employed in the
β-oxidation pathway is conserved even in gram-negative rubber degraders like S.
cummioxidans strain 35Y (Sharma et al. 2018). There are several explanations why
the organic acids formed after primary degradation of rubber might be metabolized
via β-oxidation only, like inhibition of the degradation by acrylic acid, which is a
β-oxidation-specific inhibitor, and occurrence of various intermediates that are
possibly results of β-oxidation only, as observed in S. coelicolor A1; β-oxidation
is also reported to be responsible for degradation of squalene and similar branched-
chain alkanes, and coincidently, it has been found that squalene is also metabolized
by G. polyisoprenivorans VH2 (Hiessl et al. 2012).

In the proposed rubber degradation pathway, an acyl-CoA synthetase converts the
acid to an acyl-CoA thioester (37 candidate genes identified). The resulting product
is further catabolized by an acyl-CoA dehydrogenase, where 47 homologous ORFs
in the genome sequence were found. Next, two steps analogous to the dehydration of
polyunsaturated fatty acids in the rubber degradation pathway are proposed. First,
the 2,4-dienoyl-CoA reductase (GPOL_c19120) catalyzes the reduction of double
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bonds at even-numbered positions, followed by an isomerization step. The latter
reaction could be catalyzed by an enoyl-CoA isomerase. The last step of the first
β-oxidation cycle is then catalyzed by the thiolase, for which 12 homologous genes
in the genome have been identified. In addition, the FadA/FadB β-oxidation complex
(GPOL_c05460/GPOL_c05470) is encoded in the genome. The next step is most
likely catalyzed by one of the two α-methylacyl-CoA racemases (GPOL_c25180,
GPOL_c36450) located in the genome. One Mcr (GPOL_c36450) was found to be
essential for strain VH2, since a disruption led to a total loss of the ability to utilize
rubber for growth. This Mcr catalyzes the conversion of (R)- into the (S)-
stereoisomer. Only the (S)-isomer can serve as a substrate for the acyl-CoA dehy-
drogenase in the next β-oxidation cycle. Such an involvement of Mcr was also
suggested for the β-oxidation of methyl-branched alkanes in Mycobacterium
sp. strain P101. Successive cycles of β-oxidation have been proposed, with
propionyl-CoA and acetyl-CoA being consecutively released, as was also suggested,
for example, pristine (Hiessl et al. 2012). The considerable set of genes, which are
putatively involved in β-oxidation, could be an example for why transposon-induced
mutants, which are totally defective in rubber utilization and show transposon
insertion in genes belonging to this pathway at the same time, did not occur (Hiessl
et al. 2012). Other paralogous genes might be able to partially or even fully restore
the function of a disrupted gene.

21.6.6.4 Metabolism of Acetyl-CoA and Propionyl-CoA
In order to stimulate the respiratory chain, the primary degradation products of the
rubber are channeled into the citric acid cycle. The predicted rubber biodegradation
pathway resembles the pathway of biological degradation of polyunsaturated fatty
acid and generates two products, acetyl-CoA and propionyl-CoA. As predicted for
G. polyisoprenivoransVH2, N. nova SH22a, and S. cummioxidans 35Y, acetyl-CoA
enters directly into the citric acid cycle and/or the glyoxylate bypass, while
propionyl-CoA is connected with the central metabolic processes via two pathways,
the methylcitrate pathway and the methylmalonyl-CoA pathway, by a series of
biochemical reactions to convert it into succinic acid (Luo et al. 2014). Being one
of the most extensively studied rubber-degrading bacteria, G. polyisoprenivorans
VH2 genome is reported to possess genes encoding a methylcitrate synthase
(GPOL_c17040), an aconitate hydratase (GPOL_c23340), a methylcitrate
dehydratase (GPOL_c17020), and a methylisocitrate lyase (GPOL_c17030),
which are the main enzymes known to play role in the mentioned two pathways.
The strain VH2 is found to show genetic loci coding for biotin-dependent
carboxylases. Two such carboxylase systems were detected where the α- and
β-subunits are located next to each other (GPOL_c11960/GPOL_c11970 and
GPOL_c36900/GPOL_c36910), one α-subunit (GPOL_c17230) and four
β-subunits (GPOL_c04190, GPOL_c17300, GPOL_c28880, GPOL_c38300)
(Hiessl et al. 2012). Some of the gene products are predicted to play a role in fatty
acid synthesis precursor generation, and some are putatively involved in the
methylmalonyl pathway. Furthermore, methylmalonyl-CoA epimerase
(GPOL_c18400) and methylmalonyl-CoA mutase (GPOL_c23510/GPOL_c23520)
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encoding genes are located in the genome. The methylmalonyl-CoA mutase-
catalyzed step of the methylmalonyl pathway is vitamin B12 dependent (Hiessl
et al. 2012). Moreover, it has been found that transposon-induced mutants due to
disruption of the neighborhood of genes putatively involved in cobalamin biosyn-
thesis showed impaired growth on polyisoprene substrates, implying to the possibil-
ity that the methylmalonyl pathway serves an important role in rubber degradation.
The methylmalonyl pathway is also reported to be found in other rubber-degrading
strains of N. farcinica, S. coelicolor, A. mirum, and S. flavogriseus, but the
methylcitrate cycle is found to be missing in these bacteria.

21.6.6.5 Anaplerotic Reactions and Gluconeogenesis
When there is scarcity or absence of sugars as the carbon and energy source, rubber-
degrading bacteria employ the conversion of intermediates of TCA cycle or the
glyoxylate bypass to phosphoenol pyruvate (PEP). Based on genome analysis, the
entire sets of genes involved in Krebs cycle and glyoxylate bypass, orthologs of
enzymes, including malic enzyme and PEP synthase were found to be conserved in
rubber-degrading bacteria like S. cummioxidans 35Y. Moreover, phosphoenol pyru-
vate serves as a substrate for several enzymatic reactions like those taking part in
significant metabolic processes, such as gluconeogenesis, glyceroneogenesis, amino
acid synthesis, and anaplerosis of the Krebs cycle or glyoxylate cycle. Phosphoenol-
pyruvate carboxykinase (PEPCK) is the major enzyme of this step and catalyzes the
guanosine or adenosine mononucleotide-dependent reversible conversion of
phosphoenol pyruvate and oxaloacetic acid. In many bacteria, phosphoenolpyruvate
carboxykinase plays an essential role for their growth or survival when grown on
organic acids as substrate for sole source of carbon and energy. The gram-negative
bacterium S. cummioxidans strain 35Y is reported to harbor one gene coding for a
putative PEP carboxykinase (Sharma et al. 2018) (Fig. 21.3).

21.7 Conclusion

With the increase in usage of rubber around the world, there has been consequent
increase in the amount of rubber wastes. The discovery of different rubber-degrading
microorganisms and their genes responsible for the enzymes to degrade different
forms of rubber has lead scientists to explore different strategies to efficiently
degrade rubber and rubber-generated wastes. Degradation by cultivation of micro-
bial cells on the rubber as a source of carbon, energy, and/or substrate and direct
employment of the enzymes in vitro have proved to be successful in numerous cases.
The by-products generated have been found useful and are used commercially.
Alternative measures will certainly take the dimension of dealing with bioremedia-
tion of rubber wastes into new heights. Oxidative cleavage of rubbers by various
actinobacteria or by their secreted extracellular enzymes has been studied, and the
mode of biodegradation has been explored to develop the current strategies being
employed.
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Fig. 21.3 The process of biodegradation of polyisoprene starting from extracellular cleavage to
intracellular metabolic process. (I ) represents the gram-positive machinery to import the oligo-
isoprenoids formed, while (II) represents gram negative
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