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Foreword

This book reveals innovative biotechnology tools for Zero Waste Drives, providing
an integrated approach for biotechnology tools, methodology, and indicators for
waste management practices and evaluating the advanced biotechnology and other
transformational options. The new concept of Zero Waste is a sustainable approach
to minimize the waste and making the world better and currently is being adopted
in various sectors like mining, urbanization, manufacturing, agriculture, etc. Zero
waste approach looks wastes as salvageable resources, which contain valuable
nutrients, bioactives, industrial chemicals, and precious metals. Most of the zero
waste drives are nowadays focused on optimum recycling, reuse, and resource
recovery, ideally leading to the zero waste manufacturing as a futuristic approach.
Among them, biotechnological approaches for reaching zero waste are more
eco-friendly and sustainable, being based on the recovery of energy and biofuels
from agricultural, urban, and food wastes. In whole, bioconversion technologies
like bioleaching, biosorption, and bioremediation can be used to obtain valuable
products from different wastes and these technologies use different organisms and
enzymes. Classic examples are the enzyme-based technology for the recovery of
ethanol from lignocellulosic waste, bio-H, production by dark fermentation process
and recycling of used cooking oil as fuel, microbial-enzymatic degradation of
plastic, creation of biodegradable polymers or bioremediation of pesticides, energy
generation from biowastes, among many others, described in this book. Economic
aspects and commercialization of zero waste biotechnologies are also discussed.

I consider this monograph as “all-in-one” handbook in the area of zero waste
approach, discussing emerging biotechnological and nanobiotechnological
approaches for futuristic greener and sustainable future with zero emissions and
production of marketable products from wastes.

Universidad Auténoma de Nuevo Leén Boris I. Kharisov
Monterrey City, México
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Preface

Zero waste should be a sustainable approach to minimize or nullify the waste and
making the world better. This concept is being adopted in various sectors like min-
ing, urbanization, manufacturing, agriculture, etc. Though zero waste manufactur-
ingisbelieved to be the best and futuristic approach, most of the zero waste drives are
currently focused on optimum recycling, reuse, and resource recovery. Manufactur-
ing scrap, e-waste, discarded constructional materials, plastics, domestic, agri-food
waste, and sewage have been haunting because their disposal affects the environ-
ment. Different physical and chemical methods to tackle these wastes by recycling
and resource recovery in turn generate hazardous chemicals, emissions, and acces-
sory wastes which are not eco-friendly.

Biotechnological approaches for reaching zero waste are more eco-friendly and
sustainable. Research has been conducted on the recovery of energy and biofuels
from agricultural, urban, and food wastes since long, and it has been practiced quite
well, though enzyme-based technology was developed recently for the recovery
ethanol from lignocellulosic waste. Bio-H, was produced by dark fermentation
process, and recycling of used cooking oil as fuel is gaining momentum. Zero waste
approach should look wastes as salvageable resources, which contain valuable
nutrients, bioactives, industrial chemicals, and precious metals. Bioconversion
technologies like bioleaching, biosorption, and bioremediation were used to obtain
above valuable products from different wastes, and these technologies use different
organisms and enzymes. However, composting has been used for converting
agro-food waste into biofertilizers since long time. Submerged and solid-state
fermentation technologies were used for the biotransformation of agro-food
wastes into useful biochemicals and biopolymers which can be used for making
biodegradable packaging materials. Plastic waste is one among the major current
threatening problems to environment. Recently, Microbes and their enzymes were
explored for the degradation of plastics, and microbes were used for the production
of biodegradable plastics, though it was not economical. Microbes were also used
in the bioremediation of pesticides which originate as accessory contaminants of
agricultural practices. Biopulping and biofiltration were also applied for processing
agro wastes. In this book, biotechnological approaches for reaching zero waste will
be discussed in detail.
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Preface

This book was divided into several parts focusing on recent advancements in
biotechnology for zero waste drives. Biotechnological approaches like anaerobic
co-digestion, integrated biosystems, immobilized enzymes, zero waste biorefineries
for circular economy, membrane bioreactors, microbial fuel cell technology for
energetic valorization, biosorbents, bio-diesel, biofunctionalized nanomaterials for
bioremediation, etc. for zero waste drive were brought in.
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Anaerobic Co-digestion as a Smart Approach for Enhanced
Biogas Production and Simultaneous Treatment of Different
Wastes

S. Bharathi and B. J. Yogesh

Bangalore University, The Oxford College of Science, Department of Microbiology, Sector 4, H.S.R Layout,
Bangalore, 560102, India

1.1 Introduction

The world has witnessed tremendous growth over the past hundred years fueled
by richness of earth’s natural resources, but now we stare at the bleak prospects
of exhaustion due to overutilization. With future economies balanced precariously
on cost of fuel, with increasing demand for energy, ever-increasing annual fuel
consumption, limited natural resources, volatility and disruption in fossil energy
supplies, need of clean technologies has certainly driven us toward a pragmatic
approach for optimized and proper use of natural resource for a sustainable ecosys-
tem. Insightful planning and innovative methods are essential to enhance energy
production in order to meet surge in future energy demands. Another scourge of
the modern society is waste management; especially in the developing economies
punctuated by improvement in individual purchase parity, it has led to tripling of
waste generation per person just over the last one decade. An attempt is made in this
chapter to link these two possible issues of fuel generation and waste management
through a biotechnological intervention. The era of biotechnology as a futuristic
technology strives to tap the service of the potential saprophytic microbes, which
not only hastens the recycling of dead organic matter but can provide the fuel for
running the future economy.

1.1.1 Biodegradation — Nature’s Art of Recycling

The elemental components of our periodic table have finely blended the earth into
molecules of infinite diversity. The organic forms of molecules are the basis of life
existence in which the principal elements carbon, hydrogen, nitrogen, and oxygen
have a subtle role in the formation of living system. The photosynthetic forms of life
are one of the biggest producers of the organic matter, and it comes with an inherent
clause of undergoing natural degradation over a period of time. This biodegradation
is a very important invention of the nature, for, without recycling, a continuous exis-
tence of new life over millions of years would have been impossible. Microorganisms
Biotechnology for Zero Waste: Emerging Waste Management Techniques, First Edition.

Edited by Chaudhery Mustansar Hussain and Ravi Kumar Kadeppagari.
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1 Anaerobic Co-digestion as a Smart Approach for Enhanced Biogas Production

play a pivotal role in this process of biodegradation, without it recycling would have
been unimaginably slower.

1.1.2 Anaerobic Digestion (AD)

Naturally existing anaerobic ecosystems such as paddy fields, swamps, lakes, ponds,
intestine of ruminants, and ocean sediments rich in dead organic matter have
paved way for microbes especially the archaeal obligate anaerobes-methanogens,
mutual togetherness with other prokaryotic anaerobe leading to the production
of methane. Though it can be attributed as a natural process, it leads to release of
methane, a potential greenhouse gas capable of global warming far many times
higher than carbon dioxide (CO,). Anaerobic digestion (AD) as a technology refers
to a provision of a closed condition for efficient digestion of the organic waste and
to collect the by-product, methane.
The benefits of AD are immense for both the economy and ecosystem:

o Firstly, the digestion takes place in a closed environment, thereby preventing air
pollution from obnoxious gases or disease-spreading germs.

o There is no issue of leachate escaping into water bodies and thus prevents open
water body pollution.

o No underground seepage and pollution of groundwater.

o Faster degradation of organic matter compared with composting (aerobic).

o The AD process can be easily monitored circumventing the problems, for example,
seasonal variation in temperatures.

e A microbial consortium can be developed, and it would aid in continuous and
efficient digestion of waste.

o Biogas production with a range of fuel applications.

o Downstream processing is not required as biogas collects in the head space and is
siphoned off for clarification and usage.

o Further effluent treatment would not be necessary as the slurry can be used as
organic manure.

o Pathogens are inactivated, thus rendering the digestate harmless and safe.

The drawbacks are few, but critical enough to be highlighted:

Limited access to high-quality feedstock that is free of contamination
Non-perennial aspects of feedstock

Transportation costs

Long-term sustainable biomethanation

Unexpected digester failures

Maintenance of high fuel quality

Issues of multistakeholders (in case of co-digestion)

The first four issues are related to feedstocks and its management, while the last
three issues are related to lack of good microbial inoculum. Thus in this chapter,
these two aspects of feedstock and real-time monitoring of operational parameters
are dealt in detail.
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Technical issues could be overcome by reliable public-private partnership,
government initiatives, financial supports followed by technological advancement.

1.1.3 Sustainable Biomethanation

Sewage water treatment plants mandatorily follow AD for sludge treatment, and
the ensuing methane-based gas is used for running wastewater treatment plants
(WWTPs), though this is in principle, but the scenario is that many WWTPs struggle
to maintain sustainable digesters, which are progressively jeopardized by frequent
reactor failures. Biogas plants were ideally found to be an alternate source for renew-
able energy and were operated widely in rural areas of India; however, over the last
few decades, it has taken a back seat, partially attributed to:

o digester operational instability,

e nonhomogeneous substrate,

o lack of good microbial inoculum,

e promotion and easier availability of LPG,

o deeper reach of electricity to remote rural areas,

o dip in active promotion of AD and their significance, especially in rural areas.

Renewed interest in AD stems from the problems of rapid urbanization and urgent
need of waste management. Running successful biogas digesters depends mainly on
two important factors: nature of substrate and the quality of inoculum. Real-time
monitoring emphasizes on the following factors:

balanced micro- and macronutrients,

efficient microbial inoculum,

digester design optimization,

optimized organic loading rate (OLR),

efficient monitoring of critical parameters (pH fluctuations, temperature range,

total solids (TSs) utilization rate, volatile solids (VSs) accumulation and dispersal

rates, microbial profiling: that is, eubacterial versus archaeal load ratio),

e continuous evaluation of digester performance [rate of biogas production,
methane percentage, reduction in total solids, reduction in chemical oxygen
demand (COD)],

e Reducing inhibitor concentrations.

1.2 Anaerobic Co-digestion (AcD)

Biogas technology is a perfect example to emphasize on zero waste concept,
conversion of waste into fuel, and even the final digested remnant slurry’s immense
value as organic manure, which is potentially free of pathogens. Mono-digestion
refers to the classical way for biogas production from a single type of feedstock while
a co-digestion refers to mixing of two different feedstocks in a digester for biogas
production. Co-digestion was initially planned to balance a carbon-to-nitrogen
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(C/N ratio) content of the feedstocks, as few feedstocks are either rich in carbon
(agricultural) or found to be rich in nitrogen (animal waste). High C/N ratio of
feedstock will ultimately lead to reduction in microbial load due to overall nitrogen
deficiency while lower C/N can result in ammonia poisoning that could particularly
affect methanogens leading to lower biogas production. Excess of carbohydrates
in feedstocks needs shorter retention time (RT) in digesters attributed by its quick
oxidation, while excess protein content leads to lesser biogas production ascribed to
accumulation of toxic levels of ammonia; on the other hand, excess lipids though
results in higher biogas production but RT nearly doubles [1] further characterized
by high concentrations of volatile fatty acids (VFAs) and low pH, thus leading to
a consensus that excess of any nutrient cannot be beneficial for biogas production
[2]. The anaerobic co-digestion (AcD) thus offers an opportunity to modify the
composition of the waste to our need that suits our microbial consortium very well,
and in this regard, C/N ratio can be altered to the optimum range. WWTPs around
the world have increasingly opted for co-digestion to increase biogas output, and a
WWTP in Mesa, USA, has successfully evaluated co-digestion of commercial solid
food waste with sewage sludge in pilot-scale anaerobic digesters [3]. Lipid-rich
restaurant waste has been co-digested with sewage sludge [4].

1.2.1 Zero Waste to Zero Carbon Emission Technology

The biogas as renewable energy can contribute in a big way to meet an overzeal-
ous future goal of zero emission economy by supplying fuel to major contributors
of greenhouse gas emissions such as transportation and heavy industries (power
plants, steel and cement industry, to name a few). Presently the biogas, which is
rich in methane, burns clean and helps in the cutdown of carbon emissions at a
domestic level. It is evident now as many countries have taken initiatives in setting
goals for tapping the renewal energy resources, the Australian water industry is said
to have generated 187 GW/year of electricity from biogas via WWTPs and an addi-
tional 5.5 GW/year through AcD [5]. Channeling of organic wastes from land fill,
restaurants, other urban wastes toward existing and time-tested WWTPs is advo-
cated by many countries and has envisioned zero carbon emission by the year 2040.
Figure 1.1 summarizes the scope of AD.

1.2.2 Alternative Feedstocks

Feedstock refers to the particular form of organic waste available for AD but if
left unattended can lead to environmental pollution. United State Environmental
Protection Agency (USEPA) has assigned each feedstock a unique RIN (renewable
identification number) that helps to rate how much of greenhouse gas it can emit
in comparison to fossil fuel [3]. Cattle dung has been traditionally preferred as
the typical substrate for AD; however, in terms of substrate quality it represents
the semi-digested material excreted by ruminants. However, the advantage of
cattle dung as a substrate is that it has inherent microbes catered from intestines
of ruminants specialized in AD and biogas production. Any substrate for AD is
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Figure 1.1 Applications of anaerobic co-digestion.

basically referred to as organic wastes generated at its source; it can be available
in many forms and its characteristic depends on the source. It can be available
from a single crop agricultural waste to a blended form as municipal solid waste
(MSW/urban waste) categorized in terms of complexity in defining the exact
composition of waste. Emphasis has been laid on alternative feedstock such as:

agricultural residues (energy crops),

commercial food waste (canteen/mess/restaurant),

retail wastes/fruits and vegetable wastes (peels, press cake),

animal waste (ranch waste/poultry waste/livestocks processing wastes),

effluent treatment in industries (dairy wastes, bioprocess industry, sugar
industry),

garbage waste (MSW),

o sewage sludge (WWTP), etc.

It is still contradictory to classify based on source/origin because some untreated
waste such as food waste may ultimately end up in land fill or may be diverted
to WWTP. The wastes are characterized based on principal nutrient content for
microbes, namely carbohydrates, proteins, and fats. Animal wastes are protein-rich,
while agricultural wastes are carbon-rich with cellulose, hemicelluloses, lignin,
etc. Dairy-industry-generated wastes are fats and protein-rich. Thus each type of
feedstock is unique in composition and based on that requires different approach
for digestion. Feedstock composition should be assessed for certain inhibitors
of methanogenesis, such as nitrates, sulfates as they could support growth of
denitrifiers and sulfate reducers at the expense of methanogens [6, 7]; this tends
to have a drastic effect on hydrogen foraging methanogen population leading to
suboptimum biogas production. Though the organic waste is abundant in nature, its
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availability at a particular location could vary on a daily basis. Moreover, substrate
heterogeneity, seasonal variation, and feasibility of transportation of waste from
source are also to be coordinated. The idea of setting up the AD at the source of
waste generation is a viable option; still the supplies could be erratic or inconsistent.
The opportunity to go for co-digestion not only helps in circumventing the problem
of nonavailability of single substrate but also helps in managing different wastes
generated at source efficiently.

1.2.3 Microbiological Aspects

The emphasis of the role of microbes is well documented in every successful biogas
digester. There is a systematic and sequential breakdown of complex organic waste
into methane carried out by four metabolically distinct bacterial groups:

e hydrolyzing bacteria: complex carbohydrates, fats, and proteins converted to sim-
ple sugars, long-chain fatty acids (LCFAs) and amino acids;

o acidogens: lead to the accumulation of VFAs, alcohols, and carbonic acids;

o acetogens: further degradation results in acetic acid, hydrogen, carbon dioxide
with trace amount of ammonia, H,S, etc.; and

e methanogens: scavenge on H, and C1 and C2 carbon compounds for energy lead-
ing to production of methane.

Each of the aforementioned groups plays a pivotal role in AD and inactivation
of any one group could possibly lead to accumulation of intermediate compounds
impacting the outcome of the digester performance, while methanogen biomass
ratio is miniscule in comparison to other groups [8]; still their influence is immense
and found to be critical for sustainable biomethanation [9].

1.2.4 Strategies for Inoculum Development

It is highly impossible to define the exact microbial composition of any anaerobic
digester, culturing techniques in coordination with molecular diagnostics can aid
in identification, but never have we deduced the true potential population of AD.
Inoculum for any biogas digester is usually sourced from ruminant fluid, munici-
pal WWTPs, landfill leachate, or sludge collected from any preexisting active biogas
digester. It is primarily important to relate inoculum with its role in biogas digesters,
for example, an inoculum collected from WWTP may have few cellulolytic bacteria
and thus may not lead to a sustainable biomethanation of agricultural wastes. Rumi-
nant intestines harbor a natural population of methanogens, hydrolytic and other
fermentative anaerobes, which cater to efficient biogas production and general suc-
cess only for cattle-dung-based digesters; the same success is difficult to reproduce
when inoculum from cattle-dung-based digester is added to digest poultry waste or
dairy-waste-based digesters. Microbial population may vary even between sample
inoculum and digester, for example, fresh cattle dung is rich in hydrogenotrophs
(93-80%) [10] compared with acetoclastic methanogens (6-20%) [10] (Reasons being
nonavailability of acetates, which are being reabsorbed by ruminant intestines along
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with other VFAs leading to the formation of animal fat) [10] while active digesters
exhibit higher load of acetoclastic methanogens in comparison to hydrogenotrophs.

Even within digesters the microbial population may change, which can be
attributed to the complex metabolic processes leading to accumulation of various
intermediates that continuously influence the dynamics of microbial population.
Hence, there is need for inoculum development, which involves acclimatizing a set
of microbes to the digester environment; this could be done by pooling in a set of
potential dominant anaerobes isolated from successfully running digesters to form
a working consortium. Such microbial consortium had proven to give higher yield
of biogas and better degradation of biological waste [11].

Consortium development is mostly targeted on methanogens as they are
found to be the sole reason for biogas digester failure. The consortium has to
be tested under lab-scale digesters for their efficiency before implementing in
larger-scale biogas digesters. Care should be taken while developing consortium
to select potential strains capable of withstanding digester environment fluctua-
tions in pH and temperature, resistance to inhibitors, nutritionally diverse, and
can syntrophically coexist. Potential strains of methanogens have been mostly
identified to be hydrogenotrophic methanogens, acetoclastic and methylotrophic
methanogens. The most abundant species among hydrogenotrophic methanogens
are Methanobacterium, an hydrogen foraging methanogen that is known to dom-
inate rumen intestinal environment while its role in a typical biogas digester is
overshadowed by acetate utilizing methanogens (Methanosaeta, Methanosarcina,
and Methanospirillum) that represent nearly 75% of the methane produced in
digesters, still hydrogenotrophs are crucial for interspecies hydrogen transfer
between syntrophic bacteria that could help diminish the concentrations of fatty
acids in digesters [1], especially propionic acid as its presence can upset digester
performance.

As mentioned earlier, there are four groups of bacteria in a synergetic action in
digesters, each group of bacteria have their own physiological requirements and
show varying degree of growth efficiency and wide range of sensitivity to environ-
mental parameters. Acidogenic bacteria are among the fastest-growing organisms,
generally leading to quick accumulation of acid end products. While acetogenic bac-
teria and methanogens are slow-growing organisms, to further complicate the mat-
ter, the methanogens are found to be very sensitive to changes in environmental
parameters, which is detrimental for sustained biomethanation. Hence, inoculum
is a critical parameter for determining the efficiency of anaerobic digesters. There is
still diverse population of microbes that could not be cultivated and assessed from
AD, and hence, any potential microbial consortium that is developed in laboratory
should be considered as an supplementary feed and cannot by itself regarded as sole
group of organisms that could digest waste in a digester [12].

1.2.5 Real-Time Monitoring of AcD

Real-time monitoring is essential for sustainable biogas production, will help us
to continuously evaluate the digester performance, and help us to take immediate
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Figure 1.2 Real-time monitoring of anaerobic digesters. * Daily tests. FOG - fat, oil, and
grease; P — phosphorus.

remedial action to circumvent the problem and prevent digester failures (Figure 1.2).
Direct monitoring of microbial growth is not always a feasible option, as it requires
an equipped anaerobic laboratory for studies, further the problems are compounded
by slower growth rate of methanogens as it takes days to evaluate the exact microbial
content of the digester. Molecular techniques such as fluorescence in situ hybridiza-
tion (FISH), 16S rRNA, real-time polymerase chain reaction (RT-PCR), and denatur-
ing gradient gel electrophoresis (DGGE) aid in assessment of microbial load feasible
mostly for laboratory studies and applicable to large-scale biogas digesters.

1.2.5.1 The pH Fluctuations

There are other ways of monitoring bioreactor performance; these parameters are
simple and can efficiently diagnose the current status of the working reactors. pH
is one such factor that can be readily checked at regular intervals; neutral pH is
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preferred for sustainable biomethanation; and any variation in pH can drastically
cut down methane production. Fluctuations in pH are one of the biggest problems
associated with AD and mostly shift toward lower pH, which is directly attributed
to accumulation of VFAs. Sometimes pH may shift toward alkalinity contributed
by accumulation of ammonia. This pH problem is due to microbial metabolism,
especially by higher growth activity of acid-producing bacteria, compounded by the
absence of buffering agents. Simultaneous degradation of proteins can lead to forma-
tion of ammonia that could help in balancing of pH in a digester averting shift toward
acidic range. As mentioned earlier, too much of protein degradation in digesters
can lead to excessive ammonia shifting pH toward 8.0 that shuts down microbial
activity. The pH fluctuations should be seriously dealt with and a delay could per-
manently alter the microbial population of the digesters and sometimes cause irre-
versible damage to digester performance. Either way the methanogens are said to
very sensitive to pH change and the problem can be overcome by neutralizing the
pH with an alkali or a weak acid, but could turn to costlier affair to invest on alkali
treatment, which is not generally recommended. A robust and an efficient micro-
bial population of VFA converters are essential, while few digesters have adopted
for dual digesters/two-stage digestion for circumventing the pH problem.

1.2.5.2 Carbon-Nitrogen Content

It is essential to know the total carbon (TC) and nitrogen (N) content of the feed-
stock while the optimum C/N ratio for AD should preferably be in a range of 20-30.
And increase in the value signifies the problem of nitrogen shortage leading to lesser
load of microbes and process of AD getting delayed while lower ratio could imply
higher microbial growth but the biogas could abruptly stop due to problems asso-
ciated with by-products of protein degradation significantly changing the digester
balance toward inactivity. The AcD thus plays a crucial role as we can finely balance
the carbon-nitrogen ratio for optimum biogas production.

Anaerobic digesters can work in a wide range of temperature; however, it been
noted that temperatures below 20 °C can affect the efficiency of digesters by consid-
erably slowing down the process; still in natural habitats, methanogenesis is found to
happen significantly at low temperatures and over a period of time has contributed
to global warming [13].

1.2.5.3 Temperature

Eightfold reductions in COD can be observed with mesophilic and thermophilic
digestion at hydraulic retention time (HRT) of 35days, while digesters at lower
temperature are stable for a longer period of time more than 45 days [12]. Digesters
around the globe are mostly operated in mesophilic conditions with recommended
temperatures of around 35°C, while faster digestion is generally reported at
thermophilic temperatures of 55°C but that comes with an inherent need of heat
exchangers for temperature maintenance that can either shoot up or drastically fall
reflecting microbial metabolism. Here biogas can be self-employed for heating the
digesters, and thus it could be self-sustained process without much investment.
It has been noted that the microbial population dynamics vary greatly between
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mesophilic and thermophilic digesters, for example, at 55 °C, hydrogenotrophs are
found to dominate and if properly supplemented by syntrophic acetate-oxidizing
bacteria [14] could even lead to sustainable biogas production in complete absence
of acetoclastic methanogens.

1.2.5.4 Volatile Fatty Acids

Efficient monitoring of digesters can also be carried out by constant evaluation of
VFA content of the digesters. Though VFA accumulation above 2000 mg/1 leads
to digester failures, still it should be kept in mind that the same VFA gets finally
converted to methane, in fact carbon atom of VFA is the principal source for
methane production. The answer lies in the nature of VFA that accumulates in the
digesters; most preferred form of VFA is acetic acid as it is the essential substrate
for methanogens.

Fatty acid oxidizing bacteria breakdown LCFA to acetic acid, and these bacteria
are inherently resistant to the toxic effects of accumulated LCFA. It has been noted
that microbial load of fatty acid oxidizing bacteria fluctuates within the digesters
directly influencing LCFA conversion rate, and their total absence in digesters leads
to digester failures. Fatty acids oxidizing bacteria have been identified to be either
producer of hydrogen (obligate hydrogen-producing acetogens [OHPAs]) or hydro-
gen consumer (homoacetogens) but certainly lead to the formation of acetic acid.
Not all VFA contributes to methane, certain volatile acids have a deleterious effect
on the overall process especially propionic acid, and its accumulation decreases the
pH to an extent of inhibiting the growth of methanogens, leading to fall in biogas
production.

1.2.5.5 Ammonia

High protein content-based feedstocks on AD can trigger an alkaline shock with
accumulation of ammonia or ammonium ions, at about pH 8.0 the drastic reduction
in microbial activity can be noted and with pH reaching 8.5 can completely deacti-
vate methanogens thereby completely stopping methane production. The problem
can be circumvented by balancing C/N ratio of the feedstock; immediate actions
would be to reduce loading rate and further diluting the digester content. This cor-
rective action can quickly adjust the pH to optimum range, it is imperative that the
microbial consortia play a significant role in AcD.

Both ammonia and VFA thus play a crucial role and are intricately related to pH
fluctuations; a VFA/ammonia ratio of 0.1 is preferred for a balanced sustainable
digesters and increase to 0.5 indicates that the digesters could fail and further rise
can completely stop biogas production.

1.2.5.6 Organic Loading Rate

Continuously operated digesters require balanced input of feedstock, (feed-
stocks/organic) loading rate (OLR) refers to the rate at which the feedstocks are
fed into the digesters. OLR depends on the waste composition and is directly
correlated to microbial growth rate, substrate conversion rate and evaluated by
the rate of methane production. Excess OLR can dilute the microbial load, reduce
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digestion, foaming, and lesser yield of methane. OLR is further related to HRT,
which implies the time taken by the digester for maximum gasification of the
feedstocks. Shorter RT is preferable to avoid accumulation of fatty acids and toxins
but way less than shorter RT can lead to microbial washout. Minimum one day RT
is enough for stable buildup of fermentation bacteria especially for protein and
nonfiber carbohydrates-based feedstocks; cellulose and hemicelluloses may require
two to three days to establish the process, while fat-based feedstock may require
longer RT of five days.

Complete gasification of waste can be achieved in a digester by increasing RT to
35days (in case of batch digestion); the process is influenced by temperature: higher
the temperature, shorter the RT, and RT of more than 35 days is required for psy-
chrophilic temperature. Longer RT leads to improvement in quality of biogas in
terms of methane concentration, shorter RT may generally exhibit 70% methane con-
tent while the percentage of methane tends to increase with longer RT. Total solid
(TS) of more than 30% is not preferred for AcD as it leads to the problem of mix-
ing concentrated pockets of temperature and pH burst in a continuously operated
digesters depends on feedstock composition. The volatile solid (VS), which is a part
of TS, is generally preferred in a range of 60-90% for efficient biogas production and
for optimum microbial growth.

Pretreatment of feedstock is essential to minimize the natural flora on the surface
of substrate as it will hinder the role of potential consortium developed for the
purpose that is already active inside the digesters.

1.3 Digester Designs

The earliest digesters were simple in design with a digestion chamber, an inlet for
feedstocks, and two outlets, one for spent slurry and one for biogas. The appropriate
modeling of anaerobic digesters is imperative for biogas production. Digesters are
designed with the view of maintaining strict anaerobic conditions and for collection
and retrieval of biogas. The digesters can be operated in batch or continuous
phase. Anaerobic biogas digester such as the one used in WWTP is distinct as it is
continuously fed with heterogeneous liquid wastes, microbes agglomerate to form
the granules (sludge) that set in to form a layer/blanket with a constant upflow
hydraulic regime [15]. WWTPs around the world have opted for upflow anaerobic
sludge blanket (UASB) digester for anaerobic treatment, which has been found to
be cost-effective and emphasizes the role of microbial granules (solid phase) that
knit into a group of specialized agglomerated bacterial biofilm [16].

Expanded granular sludge beds (EGSBs) are a modified version and next-
generation biogas digesters with enhanced flow rate of liquid waste that could result
in mixing of sludge particles establishing contact with nutrient for the purpose of
breakdown. Further efforts have been taken to make thin, lighter-weight biofilm
of uniform thickness (granular sludge) for better fluidization and at lower energy
expenses in the form of inverse fluidized bed reactors (IFBR), which would reduce
HRT at a higher OLR that was initially carried out for distillery effluent [17].

13
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Digesters with constant mixing can take up higher OLR, and it has been reported
that OLR increased up to 300kg COD/m3/d using super high rate anaerobic
bioreactor (SAB) that works on a principle of spiraling baffle running through the
middle of the digester body [15].

Mixing helps in uniform distribution of feedstocks during AcD and provides access
of metabolic intermediates, microbial interaction; prevents stratification and release
of trapped methane that has been observed with completely stirred/mixed tank reac-
tors (CSTRs) [4]. Mixing of digester content can occur naturally to some extent by
rise of methane bubbles, which is by itself not sufficient for optimum biogas pro-
duction, hence auxiliary mixing is essential. It has been reported that intermittent
mixing leads to better biogas production in comparison to continuous mixing [4].

As we know that four groups of microbes are responsible for biogas production, an
attempt has been made to build two-stage digesters basically dividing microbial role
of hydrolysis/acidogenesis and acetogenesis/methanogenesis [18]. The first-stage
hydrogenic reactor (HR) and the second-stage methanogenic reactor (MR) are linked
but operated at different pH [19] and only recommended for digesting sugar-rich
feedstocks [20]

1.4 Digestate/Spent Slurry

The effectiveness of AcD can be evaluated based on the quality of the digestate/spent
slurry of the digester. The composition of the digestate will naturally differ from ini-
tial feedstock, there should have been a drastic reduction in total solids content and
COD. With richness in nitrogen and potassium and low on carbon content, the diges-
tate can be an excellent source for organic manure for crop production, could support
by minimizing usage of chemical fertilizers, and bedding can prevent soil erosion
and help to retain soil fertility [21]. There have been few concerns on long-term
impact on usage of manure as fertilizer:

o chances of altering preexisting and natural soil microflora,

o impact of excessive nitrogen emissions from manure applied farm lands,

e presence of recalcitrant compounds, and

o slow degrading remnant organic matter contributed by manure.

There has been considerable research over the aforesaid drawback, and we have
conclusive results with reports stating minimal or of minor relevance with no major
impaction on overall soil fertility [22]. Manure can be packed and stored over of
period of few months without much loss in nitrogen content and has been evaluated
for storage during different seasons for their efficacy [23]. The grade of the manure
would vary and generally rely on the nature of feedstocks digested, for example, AD
of agricultural feedstocks may yield manure with less nitrogen content while live-
stocks waste or dairy waste manure may be nitrogen-rich, especially liquid compost;
accordingly soil management plan is essential to determine the quality and quantity
of manure and its influence on appropriate soil type before any large-scale applica-
tion of manure over farm land [24].
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1.5 Conclusion

Circular economy is mooted to loop in the excess energy dissipated from human
activities, which gets dispersed into environment in the form of greenhouse gases
leading to global warming. International Renewable Energy Agency (IRENA) has
called for a global energy transition toward complete de-carbonization of energy
sector by the year 2040. Water treatment boards around the world have partnered
with various environmental technological companies and have initiated zero waste
movement, an ambitious plan to divert organic waste from landfills and incinerators
to AcD. Steps have been taken to reduce carbon foot print by investing in infrastruc-
tural upgradation of AcD especially for treatment of commercial food waste with
existing wastewater anaerobic sludge treatment plants. AcD has been identified as a
key technology to attain net zero. Many countries have even linked bio-methane pro-
duced from AcD to the national grid for gas transmission. Few nations have reported
more than 100% growth in popularity of AD and have set up hundreds of digester
plants and are operating them successfully.

Steps are being taken by the scientific community to address the issue of natural
methane emission into atmosphere from organics-rich land environment, water
bodies and ocean sediments, substantial livestocks population, and man-made
landfills. Methane mitigation efforts are taken on all frontiers to cut the flow of
methane into the atmosphere that is presently contributing to global warming.
One such technology is being reviewed for methane mitigation from cattle by
supplementing feed with anti-methanogen IgY antibodies [25], while AcD is way
forward envisaged for zero waste. Few logistics issues pertaining to feedstock and
its transportation have already been highlighted earlier in this chapter, and this
has to be addressed in future. In this regard, it can be noted that WWTPs are the
best examples for case study to see through the reason for its success and it can be
chiefly attributed to continuous supply of wastewater, sewage treatment plant (STP)
generating uninterrupted solid sludge (feed stocks), digesters designed for retaining
microbial granules, thus reducing energy and cost for transportation. And yet again
linking other feedstock (like food waste) with WWTP leading to AcD has further
enhanced the scope of the key technology for visualizing a world of net zero waste.
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2.1 Introduction

Production of biomaterials and bioenergy from the waste has reduced the environ-
mental burden with respect to waste. Organic waste is highly valuable renewable
source for the production of bioethanol or bioplastics which can be derived by
fermenting organic waste with specific microorganisms. Technologies have added
value to the waste by leading to biopolymers, biogas, biohydrogen, industrial chem-
icals, etc., from organic waste. Few biopolymers are getting produced through the
accumulation of exopolysaccharides (EPS) on some microorganisms. Biopolymers
are used in the manufacturing of packaging materials for food, chemical, cosmetics,
and other industries. Biopolymers can also be used as absorbents and lubricants [1].

Biopolymers are produced by living cells and can be classified into three main
classes such as polynucleotides, polypeptides, and polysaccharides. Polypeptides
and proteins are polymers of amino acids and polysaccharides are linear or
branched polymeric carbohydrates (starch, cellulose, alginate, etc.). The polyhy-
droxyalkanoates (PHAs), polylactides, and aliphatic polyesters are identified as
bioplastic polymers due to their similarity in physical and chemical properties to
conventional synthetic plastic. The production of PHA can be done using bacteria
[1-3]. The promising results were obtained when wastewater and organic wastes
like molasses, starch waste, dairy waste, food waste, etc., used for the production of
biopolymers and bioenergy (biomethane and biohydrogen). Such waste substrates
can be simultaneously used for the production of bioenergy and biopolymers [1].
Deriving of biodegradable plastics and bioenergy from waste is shown in Figure 2.1.

2.2 Food Waste for the Production of Biodegradable
Plastics and Biogas

Sugarcane, potato, corn, and mixed food wastes can be efficiently used for the
production of biodegradable plastics (PHAs). Biogas can be produced through the
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Figure 2.1 Schematic representation of deriving biodegradable plastics and bioenergy
from waste materials.

anaerobic digestion (AD) of food waste and biogas can be subsequently used for the
production of electricity or thermal energy (http://www.eesi.org/papers/view/fact-
sheet-biogasconverting-waste-to-energy) [4].

2.2.1 Biodegradable Plastics from Food Waste

Food wastes are rich sources of oil, fat, mineral, protein, carbohydrates, and other
components. Food waste can be converted into value-added products like PHAs,
alcohols, gases, organic acids, etc., by fermentation and conditions like microbial
composition, pretreatment, temperature, pH, humidity, oxygen levels, etc., need to
be optimized for the efficient production of products from waste. For the commercial
production of PHA from different kinds of sources, few bacteria were identified out
of 250 natural producers of PHA. The Pseudomonas oleovorans, Bacillus megaterium,
Alcaligenes latus, and Cupriavidus necator are the microbial strains most widely uti-
lized for the production of PHA [5]. The food waste containing cellulose, fat, fatty
acid, protein, and starch was used as substrate for growing bacteria, Halomonas cam-
paniensis LS21 and Halomonas hydrothermalis, and approximately 70% of PHB pro-
duction was observed at pH 10 and 37 °C. The PHB yield of 0.1 g/g of dairy waste was
observed by the action of B. megaterium SRKP-3 strain [4]. An activated sludge can be
used as source of microbes while fermenting food waste for the production of PHA.
In contrast to the pure culture, the use of activated sludge as mixed culture removes
the necessity for the aseptic conditions, which intern reduces the operating cost [6].


http://www.eesi.org/papers/view/fact-sheet-biogasconverting-waste-to-energy
http://www.eesi.org/papers/view/fact-sheet-biogasconverting-waste-to-energy

2.2 Food Waste for the Production of Biodegradable Plastics and Biogas

2.2.2 Food Waste and Bioenergy

2.2.2.1 Ethanol from Food Waste

Food waste should be pretreated to obtain simple waste since it will have complex
lignocellulosic biomass. Pretreatment can be done by thermal process, enzymatic
process, acid or alkali treatment to improve the digestibility of cellulose, lignocellu-
lose, pectin, and starch present in the food waste. After the hydrolysis, the acquired
mash can be subjected to the ethanol fermentation by inoculating with the yeast.
After the fermentation, distillation process can be carried out for obtaining the pure
ethanol. Food waste treated with amylase enzymes helped to obtain ethanol yields
of 29.1-32.2g/1[7, 8].

2.2.2.2 Food Waste to Biohydrogen

The dark fermentation is mostly used in biorefineries for the production of H, due
to low energy requirement for the process. The macromolecules present in the waste
need to be broken down into amino nitrogen and glucose before H, production by
microbial fermentation. The hydrolysis of food waste can be completed by enzymes
and heat treatment without harming bacteria which result in high H, production.
The sonification of food waste enhanced H, production without having additional
inoculum, and this study suggested that pretreatment is essential parameter to
enhance H, production [7, 9]. The optimum production of H, was 120 ml/g of
carbohydrate with 35.69ml/h at controlled chemical oxygen demand (COD) of
200 g/1 of food waste, and similar value of H, yield was also obtained at controlled
moisture content of food waste. For optimal production of H, the required C:N
ratio is up to 20. Food waste is very suitable feedstock for the production of H,, due
to the presence of high carbon content and indigenous microbial consortium [10].

2.2.2.3 Production of Biogas from Food Waste

The food waste is most promising for the production of biogas, due to its wide avail-
ability and heterogeneous composition with high energy content. The processing
of food waste and a shredded municipal solid waste (MSW) by AD with an opera-
tion period of 20-40 days yielded 0.18 m* of CH,,/kg of volatile solid (VS) added. The
1 m3 of biogas produced via AD is equivalent to about 21 mJ energy that is efficiently
converted to electrical energy (2.04 kWh) at 35% process efficiency. A batch study on
methanization of food waste for 10 and 28 days was conducted and observed the opti-
mum CH, yield (0.435m?/kg VS) after 28 days of digestion with VS removal of 81%.
Avyield of 0.348 m3/kg VS was observed after 10 days of digestion. Different research
studies related to AD have proved that co-digestion of food waste with MSW has
enhanced biogas yield by 40-50% in comparison to digestion of food waste alone
[11]. Co-digestion batch tests with different combinations of sugar beet leaves and
potato waste were conducted, and highest CH, yield of 0.68 m3/kg VS added was
observed for mixing at 16% : 24% total solid. The observed CH, yield from potato
waste alone was 0.42m3/kg VS [7, 12].
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2.3 Dairy and Milk Waste for the Production
of Biodegradable Plastics and Biogas

Milk waste comprise of casein protein and lactose sugar. Two wild-type microor-
ganisms, Lava DSM1034 and methyl bacterium sp. ZP24, are extremely efficient in
acquiring PHAs from the lactose [13]. Various biopolymers can also be attained from
dairy industrial effluents. Numerous microorganisms such as Bacillus licheniformis
and B. megaterium can be used for the production of polyhydroxybutyrate (PHB).
The PHB is a common member of PHAs family with monomers consisting of about
four or five carbon atoms [14].

2.3.1 Biodegradable Plastics and Dairy Waste

The gram-positive bacterial strain, SRKP-3, which is similar to B. megaterium could
potentially accumulate PHAs and it was isolated from brackish water. This organism
could use dairy waste containing production medium for the accumulation of PHA
granules. The strain, SRKP-3, produced maximum amount of PHB after 36 hours of
inoculation into the medium containing dairy waste (350 ml/1), rice bran (40 g/1),
and sea water (350 ml/1) at pH 9.0 [14]. B. megaterium is the first organism in which
the synthesis of PHB was reported.

2.3.2 PHB Production in Fermenter

For the production of PHB in fermenter, excess carbon level was maintained by feed-
ing dairy waste as the carbon source at 12th and 24th hours. Initially, the PHB yield
was low and as the dairy feed was given the accumulation of PHB was increased.
The pH was maintained at 9.0 consistently, during the accumulation of PHB. The
maximum production of PHB obtained was 11.32 g/1 at 36th hour and the synthesis
of PHB decreased afterward [14].

2.3.3 Bioenergy from Dairy and Milk Waste

The hydrogen and methane can be mainly produced from dairy waste by aerobic
and anaerobic bacteria (lactic acid bacteria) which are commonly available in dairy
waste in high concentration and produce lactic acid by fermentation process (hetero-
lactic or homolactic). The microorganisms of Lactobacillaceae and Streptococcaceae
are most relevant for increasing the production of hydrogen gas, so increase in the
population of lactic acid bacteria will increase the production of H,. When the pro-
duction of hydrogen was increased, the concentration of lactic acid will decrease.
When Clostridium spp. (C. clariflavum, C. thermopalmarium, and C. tyrobutyricum)
and Sporanaerobacteracetigenes join with members of Tissierellaceae, the production
of CH, and H, detected. The Clostridium clariflavum fermentation results in the pro-
duction of lactate, ethanol, acetate, CO,, H,, and also a small amount of formate.
Fermentation of sugar by Clostridium thermopalmarium will yield acetate, ethanol,
lactate, H,, and CO, [15].



2.4 Sugar and Starch Waste for the Production of Biodegradable Plastics and Biogas

The AD of a mixture of buttermilk and mozzarella cheese whey amended with
5% (w/v) of industrial animal manure pellets with a culture of lactic acid bacteria
(Lactobacillaceae and Streptococcaceae) for about 14 days increased the amount of
hydrogen production (more than 10 ml H,/g VS). During the incubation, a gradual
decrease of lactic acid bacteria was observed with a simultaneous increase of
Clostridia families (Clostridiaceae and Tissierellaceae). In inoculated sample of dairy
waste, several archaeal genera were identified as compared to non-inoculated same
samples of waste mixture. The Methanoculleus (methanogenic archaea) was a domi-
nant genus during the production of methane, and relative abundance was increased
to 99% at the end of the incubation time. This suggested that methane was formed
from dairy wastes primarily by the hydrogenotrophic pathway in the reactors [15].

2.4 Sugar and Starch Waste for the Production
of Biodegradable Plastics and Biogas

2.4.1 Sugar Waste

Sugar waste can be employed by the microbes as energy source which can be
accumulated intracellularly. Sugar-rich wastes can also be used for the production
of ethanol. Cellulosic sugar can be used for bioethanol production. This cellulosic
material can be obtained as waste during extraction and mashing of the juice from
cane sugar, beetroot, etc. [16, 17].

2.4.1.1 Sugar Waste and PHA

Bacterium (Pseudomonas fluorescens A2a5) was used to produce high amounts of
PHB (up to 70% of dry cell weight) in sugarcane liquor medium. Bacterial cells in sin-
gle or clusters were able to accumulate massive amounts of PHB. The doubling time
for the strain A2a5 is around six hours and the sugarcane liquor medium was opti-
mal for growth. The optimum temperature was around 20-25 °C and the strain A2a5
would not able to grow over 30 °C. The optimum growth was ensured at pH 6.5-7.0
with the PHB concentration of 31g/l. In the 5-1 bioreactor, a maximum cell dry
weight (CDW) of 32 g/l with the concentration of PHB of 22 g/1 has been obtained
[18]. The M5 strain of Bacillus cereus was used in sugar beet molasses to produce
PHB. This strain produces higher PHB (73.84% of dry cell mass) and higher amount
of dry cell mass (0.44 g/1) in 1% and 4% molasses [19].

A recombinant Escherichia coli strain (HMS174/pTZ18u-PHB) uses glucose
as a sole carbon source and produces PHB. The process of fermentation with
the molasses is cheaper than with the glucose. The final dry cell weight, PHB
productivity, and PHB content of 39.5 g/1, 1 g/1/h, and 80% (w/w), respectively, were
obtained in 5-1 stirred tank fermenter just after 31.5 hours in fed-batch fermentation.
Recombinant E. coli cells could efficiently utilize fructose (97%), glucose (99%),
and sucrose hydrolyzate (96%) for the production of PHB. However, utilization
efficiency on sucrose was very low (20%). But, beet molasses generally contain
30-50% of (w/v) sucrose. Therefore, beet molasses must be hydrolyzed before use.
The production of greater PHB obtained when cell density was higher on molasses.
The highest cell mass of 72.6 g/1 and PHB content of 42% of a CDW were observed
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in 24 hours of cultivation time, with improved productivity of PHB (1.27 g/1/h). The
system was suboptimal due to limiting dissolved oxygen and capable of further
improvements for PHB production rate [16, 20].

2.4.1.2 Bioenergy from Sugar Waste
Alcoholic fermentation of sugar waste will lead to ethanol fuel production [21].
The general chemical equation for the alcoholic fermentation is

C4H,,0, — 2C,H,OH + 2CO,

Step-by-step process has been given in Figure 2.2.

2.4.2 Starch Waste

Starch waste can be obtained from cassava, corn, and other cereal crop residues.
The mixed culture of Clostridium butyricum and Enterobacter aerogenes could pro-
duce hydrogen from starch at a yield of about 2 mol-H,/mol glucose, and hydrogen
production of about 6 mol-H,/mol glucose could be obtained from the starch using
a mixed culture of C. butyricum and Rhodobacter sp. M-19 [22, 23].

I Sucrose (C1Hpp044) |

H,0 invertase

Fructose (CgH120¢) | Glucose (CgH;,06) |

2NADt D Glycolysis
2ADP
2NADH C

2H,0 2ATP

2CH3;COCOOH
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Pyruvate
decarboxylase €25

2CH;CHO
acetaldehyde

2NADH Alcohol
ONAD+ dehydrogenase

2C,H50H
ethanol

Figure 2.2 Pathway that leads to ethanol from sucrose.



2.5 Wastewater for the Production of Biodegradable Plastics and Bioenergy

2.4.2.1 Biodegradable Plastics and Starch Waste

The isolated strain B. cereus (CFRO06) is able to accumulate PHAs in the medium
made from soluble starch and PHB was produced at the concentration of 0.48 g/1.
The observed result was less promising than that found in another study. The saccha-
rified waste potato and starch is used as a carbon source by C. necator NCIMB 11599
which produced PHB at the concentration of 94 g/1 [24, 25]. The strain, Cupriavidus
sp. KKU38, accumulated PHAs up to 65.27% (at concentration of 2.8 g/1) in the cas-
sava starch hydrolysate medium. However, this process is not cost-effective since the
hydrolysis of starch into glucose is a two-step process (saccharification and lique-
faction) which makes the feedstock less economically viable [26]. The recombinant
E. coli strain SKB99 sheltering plasmids containing genes for the starch hydrolysis
(from Paenibacillus sp.) and the PHB synthesis (from Ralstonia eutropha) utilizes
starch as an exclusive carbon source, with a maximum production of PHB at 1.24 g/1
(with 40% of PHB content) at 2% (w/v) starch. The production of PHB in engineered
E. coli strain SKB99 is not regulated by stress response in contrast to R. eutropha and
other microbes [27].

2.4.2.2 Bioenergy from Starch Waste

Liquefaction and saccharification are the general processes used for the conversion
of starch into oligosaccharides and glucose. In the first liquefaction stage, dextrin
will be obtained from gelatinized starch by the action of thermophilic a-amylase at
high temperature (95-105 °C) and pH of 6-6.5. In the next saccharification process
stage, cooled liquefied starch slurry will be adjusted to pH 4-4.5 and mixed with glu-
coamylase enzyme to hydrolyze dextrins at relatively lower temperature (6065 °C)
into glucose. The glucose can be used for the production of bioenergy through the
action of microorganisms [28].

Several microorganisms produce highly effective hydrogen from starch-
manufacturing waste. Mixed culture of C. butyricum and E. aerogenes HO-39
is used in the starch waste medium prepared from sweet potato starch residue
(carbon source) and corn steep liquor (nitrogen source) for high yield production
of hydrogen (2.7 mol-H,/mol glucose). In a repeated batch culture (pH7.5) of C.
butyricum, E. aerogenes HO-39, and Rhodobacter sp. M-19, a yield of 4.5 mol-H,/mol
of glucose was obtained [23].

2.5 Wastewater for the Production of Biodegradable
Plastics and Bioenergy

The P(3HB) can be produced from excess sludge obtained in waste-water treatment
plants. Methane can be produced from wastewater activated sludge by the action of
bacteria in two-stage treatment [29-32].
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2.5.1 Biodegradable Plastics from Wastewater

2.5.1.1 Production of PHA from Wastewater

Number of related co-polymers and Alcaligenes spp. were identified in activated
sludge obtained from wastewater. The particular polymer yield has been increased to
about 0.39 g/g dry cells. The yield can be increased by increasing the C/N ratio from
20 to 140. Once the C/N ratio has been maintained at the nitrogen-deficient level
of about 100, the highest polymer production was achieved. The particular polymer
yield in the isolated Alcaligenes spp. reached as high as 0.7 g/g dry cell mass. This
approach not only reduces the cost of production of biodegradable plastics but also
reduces the amount of the excess sludge which was generated from the wastewater
treatment by around 39% [32].

2.5.1.2 Production of PHB

The fresh activated sludge can be collected from the water treatment plant for the
production of PHB. Bacterial strains enriched were isolated by the spreading of the
sludge on the different nutrient agar plates. Five different types of bacterial strains
were obtained on the basis of colony characteristics. It was found that the PHB gran-
ules are produced in all the five different strains. In the normal conditions, the bacte-
ria will synthesize proteins as they grow. During the limited nutrient conditions, the
bacteria will move their proteins for the synthesis of PHB in order to survive [33].
As per an increase in the C/N ratio (24-168), the accumulation of the PHB in the
cell mass also increased. The maximum PHB (33%) was accumulated at C/N ratio
of 144 after an incubation period of 96 hours. For the optimization of production of
PHB, the various concentrations of the activated sludge (biomass) ranging from 0.5
to 3.5g/1 was also used and the maximum production of the PHB was attained at
3g/1[33].

2.5.2 Production of Bioenergy

The composition, potential, and efficiency of bioenergy from the sludge of wastewa-
ter mainly depend on high-rate algal pond (HRAP) and combination of HRAP with
intensified oxidation ponds and an algal reactor. During the operation of HRAP,
the hydraulic retention time (HRT) of 48 hours results in highest biomass (54 +12¢g
ash-free dry weight/m?2/d) with good settling properties and algal-bacterial popula-
tion compared to a HRT of 72 hours. The two-stage process was found more efficient
than one-stage treatment in the removal of nitrogen and increase of methane yield
(up to 30%, from 267 to 340 ml CH,/gVS).

The change in the composition of algal-bacterial biomass leads to variation
in total energy output (nearly 40%), net energy ratios (1.5-2.2), and efficiencies
(60-68%). However, energy output of only 15-20% of energy available with biomass
and methane yields of only 40-50% of theoretically available with biomass were
achieved. These values can be improved from algal-bacterial biomass of wastewater
in the coming years [34, 35].
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2.6 Integrated Approaches for the Production
of Biodegradable Plastics and Bioenergy from Waste

Integrated approaches for the production of the biodegradable plastics and bioen-
ergy are flexible and aim (i) to use the mixed cultures or microbial strains which
show better capacity for the accumulation of PHA under the specific feeding condi-
tions, (ii) to produce organic acids from a complex organic solid wastes which are
rich in carbohydrates, and (iii) to produce bioenergy or PHA by microorganisms
from the acidogenic effluents.

For the valorization of the waste, biomass derived from municipal organic waste,
food processing factory wastes, agricultural wastes, etc., can be used for the pro-
duction of both biogas and biohydrogen by microbial processes. The advancement
of high-performing microbial strains and the use of the byproducts and wastes as
the substrates make the production cost of biodegradable polymers lower and can
promote their use. Several bacterial strains can synthesize biopolymers from waste
material and store intracellularly (PHA) and extracellularly (EPS). Large number of
bacteria, such as Bacillus spp., Pseudomonas spp., Rhizobium spp., Methylotrophs,
Nocardia spp., Alcaligenes eutrophus, Azotobacter vinelandii, Azotobacter chroococ-
cum, A. latus, Azotobacter beijerincki, and recombinant E. coli, have been efficiently
used for the production of PHAs at an industrial scale from various types of organic
byproducts [1].

Usually, PHA represents intracellular energy and carbon storage, whereas EPS and
the biosurfactants can be produced as extracellular substances for the protection of
cells from desiccation and predation. Biosurfactants will be produced by several vari-
eties of bacterial strains like Bacillus, Rhodococcus, Arthrobacter, Enterobacter, and
Acinetobacter. Several microbes such as A. beijerincki, A. eutrophus, P. oleovorans,
B. megaterium, Nocardia, and Rhizobium are involved in the integrated systems for
the production of bioenergy from the agricultural and industrial wastes, which also
utilize formic acid, acetic acid, and propionic acid as substrates for the production of
PHA. They show the accumulation of PHAs up to 70% of CDW under the nitrogen-
and phosphorous-limited conditions. However, Pseudomonas spp. and Rhizobium
spp. accumulated (PHAs) approximately 60% of CDW. Several other bacterial strains
have also showed the production of PHAs under various conditions with different
yields. Among these species, purple non-sulfur bacteria have shown the production
of both H, and PHA under nutrient-limited conditions (for example, species such
as Bacillus spp., Rhodopseudomonas palustris, Rhodopseudomonas sphaeroides, and
Rhodospirillum rubrum) [1, 36].

A study on the metabolic activities of Bacillus strains in the transformation of
glucose into PHB and H, has been conducted in two different stages [37]. During
the first three days in a batch-mode operation, Bacillus thuringiensis EGU45 and B.
cereus EGU44 have reached 1.67-1.92mol-H,/mol glucose. In the next two days,
B. thuringiensis EGU45 culture has been added with the residual medium which
contains glucose, residual nutrients, and fatty acids, and it produced a PHB yield of
11.3% of CDW. R. palustris WP3-5 has been studied for the estimation of the compe-
tition between the H, production and PHB synthesis [38]. They tested six different
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substrates, such as glucose, lactose, propionate, acetate, malate, and lactate, and it
was found that the strain WP3-5 utilizes lactate, propionate, malate, and acetate
which lead to the production of H,, whereas it was able to synthesize PHB on
propionate and acetate. Under specific pH stress conditions, PHB synthesis can
also decrease the H, production [39]. However, such a decrease was not observed
in R. palustris under limited amount of nitrogen. Under a nitrogen-limited growth
condition, R. palustris synthesized 40 mg/l/day of PHB and around 200 ml/1/day of
H, was also produced when the studies were supplemented with 60 mg/l/day of
nitrogen [1].

2.7 Conclusions

Both biodegradable plastics and bioenergy were produced separately from differ-
ent wastes like food, dairy, starch wastes, and wastewater itself. However, separate
processes and systems should be set up for the production of plastics and bioen-
ergy which are cumbersome, not eco-friendly and not economical. Hence, integrated
production of bioenergy and bioplastics will be an advantageous process. However,
further improvement of microbial strains and more integrated studies on different
wastes or their derived products for the production of bioenergy and bioplastics will
definitely augment the existing processes for the economic production of both the
products at industrial level.
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3.1 Introduction

Waste can be defined as an unwanted material which has no value as it is viewed
as unusable material that can be disposed or discarded. At present, we survive
in the world where the exhaustion of resources is going beyond the control. The
production of diverse wastes can lead to severe pollution and environmental
degradation. Solid wastes are unwanted substances that originate from animal
and human activities. Solid wastes can be categorized into biodegradable and
non-biodegradable. Biodegradable wastes can be totally decayed by biological
processes in the presence or absence of oxygen (e.g. kitchen waste, agriculture
waste, animal dung, etc.). Non-biodegradable wastes are meant to be the waste
products which cannot be completely decomposed or decayed. They are mainly
of two types, recyclable and nonrecyclable. Recyclable can be reused or recovered
such as paper, plastic, cloth material, etc. Some of the nonrecyclable wastes are
carbon paper, thermo coal, etc., which does not have an economic value of recovery.
The environmental hazards caused due to increase of wastes can be reduced by
managing wastes appropriately. Different waste management technologies will
definitely favor the planet, and integrated approach in waste management that
include recycling, reuse, and recovery will facilitate the waste reduction.

Waste-to-wealth concept (Figure 3.1) literally means the transformation of waste
to a susceptible or desirable product. The idea of obtaining wealth from waste is
important to ensure that even the poorest countries will also be benefited from all
the waste management technologies. Waste management also led to a major sector
of occupation that provides livelihood to the vast majority in the growing population.
Waste management helps the society on several counts, as mainly it reduces the
pressure induced by the waste on the environment and converts it into wealth. It
helps to bring back the useless or discarded waste into valuable economic products.
It can impact the value of life, and concept of 5Rs (Reduce, Reuse, Recycle, Recover,
and Refuse) is essential in an integrated approach of waste management.

Biotechnology for Zero Waste: Emerging Waste Management Techniques, First Edition.
Edited by Chaudhery Mustansar Hussain and Ravi Kumar Kadeppagari.
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Figure 3.1 Schematic representation of waste to wealth.

Wastes are produced in agricultural, household, and industrial sectors includ-
ing food processing activities. Agricultural activities will produce several types
of wastes in the daily operations, such as hazardous wastes, solid wastes, and
wastewater. There are several advantages of recycling wastes like reduction in the
amount of waste disposals, saving natural resources including nonrenewable ones
like petroleum, reduction in the amount of energy desirable to manufacture new
products, reducing pollution, and several more [1]. During the industrial treatments
of agricultural products, agro-industrial wastes can be generated. These can also be
considered as most abundant renewable resources on the earth. Large amounts of
such wastes can be generated throughout the year. Solid wastes like garbage, sewage
sludge, ashes, discharged wastes, and trash of any solid or semi-solid materials have
become another major concern, since humans started living in large permanent
settlements [2]. Myriads of the organic wastes including the agro-waste can be
exploited as a substrate in the production of sustainable energy or other desirable
products at a fraction of the standard cost using enzyme technologies. Immobilized
enzymes are advantageous economically and performance wise. In this chapter,
immobilization methods of enzymes and how immobilized enzymes are used for
the conversion of waste into useful products are discussed. In addition, applications
of nanotechnology for the immobilization of enzymes and bioconversion are
brought in.

3.2 Enzymes as Biocatalysts

Enzymes are versatile biocatalytic proteins, which have applications in many areas
including organic synthesis [3]. The main benefits of using enzymes at industrial
scale are generally the high reaction rates and the specificity of the reactions they
catalyze. The major advantages of using enzymes in biocatalyst transformation are
their region-, chemo-, and steriospecificity as well as the mild reaction conditions
those can be used.

For the usage at industrial level, the free enzymes will pose several disadvan-
tages such as low stability, low activity, non-native activity, and so on. In the last
few decades, applications of enzymes have been rapidly increased in several fields
like food modification, biofuel production, biomedical, agro-industrial waste trans-
formation, pharmacy, laundry, etc. [3]. Enzymes are also applied in paper, leather,
and textile industries which effects a significant cost reduction. As a substitute of
traditional chemical catalysts, the demand for new biocatalysts is greatly increasing.
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Biological processing techniques can be engaged in a variety of ways using enzymes
in the conversion of solid waste into a value-added products or forms of energy or
can be improved to the materials which provide fuels and energy.

3.3 Immobilization of Enzymes

Enzyme immobilization generally characterizes the integration of enzyme
molecules onto or into larger and non-active structures by several methods such as
covalent coupling, special encompassment, and physical adsorption. The immobi-
lization of enzymes provides several advantages such as easy parting from reaction
mixture, prevention of protein contamination into the product, enhanced stability,
repeated or continuous use, and possible modulation of catalytic property [4].

Immobilized enzymes can be reused in medical and analytical applications.
The reusability of biocatalyst reduces the production costs due to efficient process
control and recycling. Enzyme immobilization will help micro-devices in controlled
release of protein drugs. Immobilization also effectively helps in solid-phase
protein chemistry. During any biochemical reaction, the maintenance of structural
stability is highly challenging and this issue can be addressed by immobiliza-
tion. Immobilized enzymes provide higher functional efficiency and enhanced
reproducibility. The immobilized biocatalyst can be an enzyme or whole cell [5].
Enzyme immobilization procedures are developed with the objective of conversion
of biocatalysts into reaction catalysts. Enzyme immobilization is suitable and
a powerful tool to decrease the cost of production and or to develop the novel
industrial processes which are based on biotransformation. Approaches those
are carrier-bound or carrier-free offer novel alternatives for the extensive and
intensive use of enzymes. A unique example can be chitosan and its derivatives.
Several schemes have been developed to produce various varieties of the chemically
modified chitosan materials for the immobilization of enzymes.

3.3.1 Enzyme Immobilization Methods

Due to better turnover over a significant period of time, enzyme immobilization can
also provide an efficient increase in the ease of access of an enzyme to the substrate.
The present demand of world’s biotechnological industries is the development of
novel techniques to increase the shelf life and productivity of enzymes. Several vari-
eties of methods are practiced for an efficient enzyme immobilization.

3.3.1.1 Adsorption

Hydrophobic interactions and salt linkage result in an enzyme adsorption,
where enzyme can be either dried on the surface or physically adsorbed onto
the surface by immersion. Adsorbed enzymes can be shielded from several
physical problems such as proteolysis, aggregation, and the interactions with
hydrophobic interfaces. Silanized molecular sieves are successfully used as sup-
ports for enzyme adsorption due to the presence of silanols on the pore walls

35



36

3 Immobilized Enzymes for Bioconversion of Waste to Wealth

which will help during enzyme immobilization by forming hydrogen bonds.
Various modified methods are currently used to obtain a better immobilization.
Lipase from Yarrowia lipolytica has been immobilized on octadecyl-sepa beads
by physical adsorption [6]. Lipase of Candida rugosa has been adsorbed onto
poly(3-hydroxybutyrate-co-hydroxyvalerate) and it has a reusability till 12 years.
The eco-friendly supports of biological origin will help to cut down the cost and also
prevent the ethical issues. Biocompatible mesoporous silica nanoparticle supports
have been introduced in the biocatalysis of energy applications for long-term
efficiency and durability.

3.3.1.2 Covalent Bonding

Sustaining structural and the functional properties of enzymes during the immobi-
lization process is generally the key role played by the cross-linking agents. One such
bifunctional cross-linker which is popularly used is glutaraldehyde. They are soluble
in the aqueous solvents and form stable intra- or inter-subunits. The covalent bond-
ing to supports occurs through the side chains of the amino acids like aspartic acid,
arginine, and histidine present in the enzyme. The degree of reactivity during bond-
ing is based on several functional groups like phenol, hydroxyl, imidazole, indolyl,
etc. Peptide-modified surfaces were used to obtain greater specific activity and the
stability with a controlled protein orientation. The cross-linking of enzymes to elec-
trospun nanofibers has shown a greater residual activity due to an increase in the
surface area and porosity. Enzymes can be immobilized onto magnetic nanoclus-
ters through covalent bonding, and immobilized enzymes will have applications
in pharmaceutical sector due to their longevity, stability, reusability, and activity
enhancement [7].

3.3.1.3 Affinity Immobilization

It supports enzyme immobilization under different physiological conditions. Affin-
ity immobilizations can be achieved by two ways: (i) enzyme can be conjugated for
developing affinity toward the matrix and (ii) the matrix can be precoupled to the
affinity ligand which can target the enzyme. Affinity matrices are also used for the
purification of enzymes. Due to the existence of several non-covalent forces such as
hydrogen bonding, van der Waals force, etc., bioaffinity layering can also be consid-
ered as an efficient technique which will increase the enzyme binding capacity and
also reusability [8].

3.3.1.4 Entrapment

It is generally considered as the caging of the enzymes by non-covalent or covalent
bond within the gels or fibers. Hybrid material, alginate-gelatin-calcium, has
shown an efficient encapsulation which prevents enzyme leakage and provides an
increase in the mechanical stability. The enzyme immobilization has been revolu-
tionized with an effective entrapment by nanostructured supports like electrospun
nanofibers. This method has wide range of applications in the fields of chemistry,
biosensors, biomedical, and biofuel. Entrapment by mesoporous silica was rec-
ognized by its high surface area, high adsorption capacity, and uniform pore size
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Figure 3.2 Diagrammatic representation of various enzyme immobilization methods.

[9]. Lipase entrapped in carrageenan showed high thermostability and tolerance
to organic solvent. Various enzyme immobilization methods were illustrated in
Figure 3.2.

3.3.2 Advantages of Immobilizing Enzymes

Advantages are described here, though they are mentioned earlier.

3.3.2.1 Stabilization

Immobilization need not to lead significant stabilization always. Both storage and
operational stability of the enzyme should be achieved by immobilization. The sta-
bility of correctly folded enzymes will be better than the corresponding unfolded
structure. Hence, enzymes are found to be more fragile catalysts than chemical cat-
alysts, and immobilization will make enzymes more robust.

3.3.2.2 Flexibility of Bioreactor Design

Enzyme immobilization allows one to choose among three fermentor designs,
packed bed, batch, and fluidized bed column reactor. Some of the most frequently
used carriers for the enzyme immobilization are porous micro-sized particles or
beads of dextran, cellulose, agarose, etc. The internal surface of beads is larger than
their outer surface. Large amount of enzyme can be immobilized on the surfaces
of beads, since enzyme dimensions are much smaller than that of the pores of the
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beads and they can get onto the internal surfaces of beads. Hence, adsorption or
the covalent couplings can also be used for the enzyme immobilization. During
the process of encapsulation or entrapment, the enzymes can be found inside the
beads. However, enzyme molecules cannot have free access during encapsulation
or entrapment due to their presence at the interior of the beads.

3.3.2.3 Reusability and Recovery

Recovery can be distinguished from the reusability and considered as a removal
or separation from the reaction component from reuse. The use of smart carriers
to develop stimuli-sensitive immobilized enzymes made them to separate as
homogeneous catalysts. However, heterogeneous catalysts can be easily separated
out suitably from the reaction mixture. Magnetic stirrers can be used to separate
the enzymes immobilized on the solid supports using magnetic field. Immobilized
enzymes can be reused in many cycles of the reaction due to their stability.

3.4 Bioconversion of Waste to Useful Products
by Immobilized Enzymes

Biodegradable wastes are generally established in municipal solid waste (MSW).
In the urban MSWs, the organic substances are commonly present in the range of
75-85% [10]. The pretreatment methods with the use of dilute acid (H,SO,, 3%) and
alkali (NaOH, 3%) will effectively increase the production of ethanol from the MSW.
The enzymatic hydrolytic process can be carried out with the help of microorganisms
like Aspergillus niger, Aspergillus fumigates, and Trichoderma reesei which produce
various amylolytic, pectinolytic, and proteolytic enzymes those degrade the organic
content of waste into sugars and simple molecules. The final fermentation process
can be carried out with ethanogenic yeasts like Saccharomyces cerevisiae, Pichia stipi-
tis, and Candida shehatae for the production of ethanol. The waste pretreated with
alkali yields more sugar and ethanol compared to the acid pretreatment during enzy-
matic hydrolysis of waste [11].

Generally in food processing industries, the wastes with undesired byproducts will
be separated from target products. Nowadays, enormous research has been made to
produce high-value byproducts while handling the food processing waste. Generally,
food waste streams are rich in carbohydrates, lipids, proteins, etc. Certainly, protein,
fat, and high-sugar food waste streams will become an attractive feedstock for the
enzymatic valorization [3]. The food processing wastes can be produced in solid,
liquid, or semi-solid form. Solid food wastes are commonly cooking wastes and waste
products like spoiled food, grape/apple pomace, potato/tomato waste, etc., will also
form solid waste. Solid wastes generally consist of starch, cellulose, lignin, pectin,
and monosaccharaides (i.e. fructose and glucose).

Liquid food wastes contain nutrients in diluted form. Liquid wastes are generated
due to the use of huge quantities of water for the various purposes like sanitization,
cleaning, temperature regulation, cooking, etc. The resulting effluents will contain
nitrogenous compounds, fats, oils, suspended solids, organic matter, and many
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other organic materials. Liquid effluents from agri- and food processing industries
will contain various vegetable-processed water, whey from the manufacturing of
cheese, starch and sugars from bakeries, beverage units and soda industries, fat
materials from yogurt processing units and oil mills, and so on [3]. Immobilization
of enzymes increases the yield of products where it helps to reduce the cost and
efforts. Biotechnology is facilitating the production of many of the chemicals
by environmental-friendly and energy-effective ways. Several chemical methods
which are used in the synthesis of various products are energy-exhaustive and can
cause environmental issues like polluted effluent, high-temperature discharge,
etc. Numerous compounds such as citric acid, amino acids, vinegar, etc., can be
manufactured using waste food stocks. Food protein shortage can be addressed by
the bioconversion of the fruit waste into single-cell protein. For example, the bio-
conversion of single-cell protein from pineapple can be considered as a promising
method for the waste utilization. Single-cell protein can be obtained from cheap
agro-waste materials [12].

Bioconversion of waste to wealthy products was achieved using immobilized
enzymes, and some of these processes are discussed under utilization of protein,
carbohydrate, polysaccharide, and lipid wastes.

3.4.1 Utilization of Protein Wastes

Several varieties of protein-rich wastes from food industries such as oilseeds, dairy,
soybean, and poultry can be converted into valuable chemicals (e.g. polymer precur-
sor) using proteolytic enzymes. Dairy waste products, mainly whey protein, can be
hydrolyzed by immobilized trypsin. Glutaraldehyde-activated agarose maintaining
aspartic protease was shown to hydrolyze whey protein concentrates into antioxi-
dant peptides [13]. In addition to enhanced thermostability at 40-50 °C, the immobi-
lized enzyme also offered a significant reusability, which preserves more than 50% of
the original activity after 10 repeated cycles. The a-lactalbumin protein shows higher
affinity to the immobilized enzyme compared to p-lactoglobulin in the hydrolysis
reaction. It indicates that the immobilization can change the cleavage affinity and
selectivity of biocatalyst [13].

Alcalase alkaline protease was immobilized on chitosan-coated magnetic
nanoparticles using glutaraldehyde as cross-linking agent. The immobilized
enzyme was used for soy protein hydrolysis [14]. The immobilized enzyme showed
the enhanced activity and better thermostability compared to the free enzyme.
Immobilized enzyme retained about 86% of its initial catalytic activity after 10
continuous reaction batches suggesting it as a favorable candidate for the soy
protein hydrolysis [14].

3.4.2 Carbohydrates as Feedstock

Food processing wastes are mainly rich in carbohydrates and can be readily made
vulnerable to the enzymatic valorization by amylases, isomerases, and hydrolases.
Carbohydrates can be mainly converted into simple sugars. Carbohydrates are
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demonstrated to be leading carbon sources in many processes. They play a major
role in the microbial metabolisms which will yield abundant fermentative products
like lactose, oil, hydrogen, bioethanol, etc. [15].

Carbohydrates containing crude fibers and free sugars can be converted into
different varieties of products. Free sugars illustrate the naturally occurring
monosaccharaides which are found in honey, fruit extracts, and fruit waste streams,
etc. The enzyme immobilization can be utilized and adapted for the conversion
of carbohydrate into value-added compounds. Industrial food wastes are highly
concentrated with numerous polysaccharides like starch, cellulose, hemicellulose,
pectin, etc. Immobilized cells of Aspergillus awamori and S. cerevisiae produced
amylase and simultaneously caused the hydrolysis of cassava starch and production
of ethanol in the alternating liquid-air phase culture system [16].

Titania-lignin hybrid material was used as a novel support for immobilizing
a-amylase, and immobilized enzyme showed improved thermal and chemical
resistance [17]. Magnetic beads immobilized with a-amylase were used for fishing
amylase inhibitors from the extract of Ginkgo biloba [18]. Same beads can be used
for recovering the inhibitors from agri- and food wastes. Catalytic activity and
stability of a-amylase were improved by immobilizing the enzyme on bioactive
phosphosilicate glass, lignin from bamboo shoot shells, and so on. Immobilized
amylases can be used to convert waste streams rich in carbohydrates into simple
sugars which can be used for various purposes.

3.4.3 Utilization of Polysaccharides

Polysaccharides are abundantly present in the waste streams from the processing of
fruits and vegetables. Polysaccharides can be considered as an attractive substrate
applicants for the enzymatic transformation. Several enzymes mainly, cellulases,
hemicellulases, pectinases, and xylanses have been shown to have a potential to
convert polysaccharide containing waste into a value-added products like biofuel,
bioplastics, sweeteners, etc. Starch-rich waste streams can be found during the pro-
cessing of potato, corn, rice, sweet potato, and so on. In the case of potato, around
16% of starch is being lost by several processes such as washing and slicing. It can also
be used to produce texture plasticizers and modifiers by lipase-catalyzed acylation
reaction [19].

Pectinase enzyme was immobilized on silylated montmorillonite clay through
covalent bond. This immobilized enzyme showed high resistance to highly acidic
conditions, and it was used for the clarification of pineapple juice [20]. Pectinase
enzyme was immobilized on calcium alginate beads, chitosan magnetic particles,
alginate-graphene oxide composite beads, and so on to improve its stability and
reusability. Pectinase from Aspergillus ibericus was immobilized on the functional-
ized nanoporous-activated carbon, and the stability of the enzyme was improved
[21]. This immobilized enzyme was used for treating citrus processing industrial
wastewater, and it cleared the 94% of pectin [21]. Immobilized cellulase enzyme
on economical carrageenan gel disks was shown to disintegrate the cellulose fibers
into nanofibers which are useful in biomedical and food packaging applications
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[22]. Bioconjugation of cellulase to graphene oxide hydrogel showed higher stability
and activity. This bioconjugated enzyme was effectively utilized for the hydrolysis
of lignocellulosic biomass, and it increased the hydrolysis of sugar beet pulp [23].
Hydrogel-based ionic liquid-tolerant immobilized cellulase system was built [24].
This system improved the in situ saccharification of biomass [24]. Calcium alginate
immobilized cellulase exhibited high reusability and easy recovery during the
hydrolysis of carboxymethyl cellulose [25]. Hence, immobilized enzymes can be
applied onto the polysaccharide wastes for the easy recovery of antioxidants, sugars,
and other metabolites.

3.4.4 Lipids as Substrates

The valorization of lipid waste is highly significant with respect to environmental
impact and economy. High value-added products like lubricants, biodiesel, surfac-
tants, and so on can be obtained from waste oils by enzymatic treatment. Polymeric
resins have also been practiced to obtain biodiesel, surfactants, fatty acids, etc., from
waste oils by immobilizing lipases on them [3]. The higher levels of biodiesel were
obtained from the waste cooking oil using multi-enzyme system based on covalently
immobilized lipases from Rhizomucor miehei and lipase B from Candida antarctica.
These enzymes were immobilized onto epoxy-functionalized silica. Very high pro-
duction (91.5%) of fatty acid methyl esters (FAME) has been recorded after 10 hours
of reaction time [26].

Near carbon dioxide neutrality makes biodiesel as environmental-friendly fuel.
Immobilized lipases will become the sustainable catalysts for the production of
biodiesel due to their reusability, efficiency, and easy separation. Lipid wastes
from different sectors will drive the need for immobilized lipases. Lipase
from C. rugosa was immobilized onto composite of Fe;O, and poly(glycidyl-
methacrylate-co-methacrylic acid). This immobilized enzyme gave the 92% yield
of biodiesel from the transesterification reaction of soybean oil, and this lipase was
easily recovered by applying external magnetic field [27]. Immobilized lipase EQ3
was used along with commercial lipozyme RMIM for the conversion of coconut oil
into liquid wax esters which can be used in the manufacture of cosmetics and skin
care products [28]. Lipase immobilized on the activated carbon was used for the
synthesis of aromatic esters [29].

3.5 Applications of Nanotechnology for the
Immobilization of Enzymes and Bioconversion

Nanoparticles generally have two drawbacks while they have been used as carriers
for the enzymes: first one is clump formation due to temporary dispersion with
sonication process and second one is difficulty during separation due to their small
size. Superparamagnetism is one solution for these problems, where a material
becomes magnetic only in the existence of a magnetic field. Particles of such
materials can be easily dispersed in the solution and recovered by the usage of a
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simple magnet. The immobilization of an enzyme on nanoparticle can able to place
excess of biological activities on a very small surface area, and it can also create
hybrid assemblies. When nanomaterials are used as solid supports, all the benefits
of the immobilized enzymes on nano-sized particles are inherited. The methods
of immobilization, for example, adsorption, covalent bonding, encapsulation, or
entrapment which are used with the solid supports of conventional sizes can also
be used for the immobilization on the nanomaterials.

Iron oxide (Fe;O,) nanoparticles are extensively used as superparamag-
netic supports. The immobilization of enzymes on Fe;O, was done by several
approaches. Commonly, iron particles are coated with other materials which can be
functionalized with different groups and these can be used for coupling to enzymes.
Covalent coupling can result into certain loss of enzyme activity. In the case where
the coating material is porous, various enzyme molecules can be immobilized
inside the porous coating.

Adsorption of enzymes by non-covalent interaction and with or without coating
will be gentler, and the enzymes will generally retain higher biological activity.
In the event of bioaffinity method, the fusion tags will be made to have specific
affinity to either iron oxide or silica coat on the nanoparticles. Both the single-
and multi-walled nanotubes (MWNTSs) have been generally used for the enzyme
immobilization process. Poly-nanofibers have been also used as carriers for the
enzymes, and these fibers can be produced by electrospinning. Additionally,
nanotechnology will offer various alternatives for the enzyme encapsulation like
nanosheets, nanovesicles, etc. Silica particles are of great interest for the enzyme
immobilization since they provide an opportunity to introduce chemical functional
group on their surfaces which in turn provide biological molecular interaction [30].
Nanoparticulate materials provide wide advantages as the supporting materials
for the enzyme immobilization which include higher surface area allowing more
enzyme loading, lower mass transfer resistance, and improved stability.

Maltogenic amylase and a-amylase were co-immobilized by a method based on
nano-magnetic combi cross-linked enzyme aggregates [31]. These co-immobilized
enzymes were used for the production of maltose from corn starch and they retained
original activity for 10 cycles with improved thermostability [31]. Nanocomposite
beads of chitosan-montmorillonite were used for the immobilization of a-amylase,
and immobilized enzyme showed high pH and thermal stability in addition to
retaining its 64% of original activity after 40 days [32]. Reusability and retention
of a-amylase activity were improved by immobilizing the enzyme in nanoporous
composites of polyacrylamide—graphene [33]. Similarly, f-amylase was immobi-
lized onto graphene oxide nanosheets, carbon nanotube composite, and iron oxide
nanoparticles to improve the retention of activity at higher temperature.

Pectinase enzyme was immobilized on magnetic nanoparticles grafted with
trichlorotriazine-functionalized polyethylene glycol [34]. This immobilized enzyme
functions as robust nanobiocatalyst for the clarification of fruit juice [34]. Pectinase
and cellulase were co-immobilized onto magnetic nanoparticles in order to extract
antioxidant from waste fruit peels [35]. Immobilization of chitosan-cellulase
nanohybrid onto alginate beads was done, and these beads were successfully used
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for the hydrolysis of sugarcane bagasse [36]. Obtained hydrolysates were used for
the production of ethanol [36].

Mesoporous silica nanoflowers grafted with amino groups were used for the
immobilization of lipase from C. antarctica [37]. This immobilized lipase was used
for the selective production of ethyl levulinate (a biofuel) from biomass-derived
levulinic acid [37]. A novel one-pot synthesis method was developed for making
functional oil having diacyl glycerols, a-linolenic acid, and phytosterol esters. In
this method, Fe,O, nanoparticles co-immobilized with C. rugosa lipase and Ther-
momyces lanuginosus lipase were used as nanobiocatalysts [38]. Lipase from Bacillus
atrophaeus was immobilized onto graphene oxide nanosheets modified with amine
groups and coated with maleic copolymer. This immobilized enzyme showed
(96.3%) better esterification of valeric acid compared to free enzyme (34.5%) [39].

3.6 Challenges and Opportunities

Circular economy-based ecological development has attained a significant role
globally. The idea of circular economy is based on several factors such as valoriza-
tion, waste minimization, resource efficiency, recycling, etc. Food industry waste
can be generally considered as a key-focused area in circular economy which can be
converted into several useful products [30]. Though immobilized enzymes became
unique technological instruments for addressing economical, environmental,
and waste problems, several challenges remain as such with their large-scale
applicability. Pilot-scale research studies are required to overcome these obstacles.
The cost is another impeding future while accepting immobilized catalystic system
in the waste valorization. Almost, 47% of the cost is related to the immobilization
support system or matrix. Yet another issue is change in the behavior of different
enzymes upon their immobilization.

The usage of purified enzymes instead of whole cells or crude extract can also
raise the cost of biocatalysis. Hence, economical carriers or carrier-free immobi-
lization systems like cross-linked enzyme aggregates or systems utilizing whole
cells or crude extracts have to be explored. Compared to single enzymatic systems,
multi-enzymatic biocatalytic systems are more promising for higher conversion
efficiencies and effective catalysis of waste into value-added products. Certainly,
interdisciplinary approaches in terms of molecular biology, enzyme engineering,
biochemistry, agricultural economics, biotechnology, food technology, waste man-
agement, regulations and laws, etc., are required to facilitate the enzyme-assisted
applications to the commercial-scale valorization of water stream [3].
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4.1 Introduction

Currently, water contamination is one of the major global problems, due to the
improper discharge of industrial wastewater into the environment, the high utiliza-
tion rate of chemical fertilizers in the agricultural sector, the construction of roads,
buildings, etc. There are many chemical industries that are processing dyes. Among
them, a large amount of dye utilization and wastewater discharge after treatment
are resulted by the textile industries. During the process of converting fibers to
yarns, from yarns to fabrics, dyeing and finishing, the textile industry uses a lot of
water, a lot of chemicals, auxiliary chemicals, dyes, and sizing materials. The use
of such hazardous materials has caused water contamination and environmental
pollution. The colored dye wastewater released from textile processing industries
not only reduces the aesthetic value of the water body but also enhances the toxicity
of the water, making it unsafe to drink. Discharge of colored wastewater in the
textile industry is one of the most noticeable indicators of water pollution, and it is
reported that when the concentration is higher than 1 mg/l, the color is visible [1].
Obviously, dyes containing water can interfere with the penetration of sunlight and
hinder photosynthesis. In addition, it inhibits the growth of aquatic animals and
plants by interfering with gas solubility. As the use of synthetic dyes in industrial
processes has greatly increased, and humans use them more and more, water
pollution caused by these dyes is a key issue from the perspective of human health
and serious ecological consequences. Therefore, there is an urgent need to remove
these dyes from the industrial effluents [1].

There are several methods that can be used to remove these dyes from wastewater,
including biological, physical, and chemical or a combination of these methods.
Some of them are uneconomical, while others are not 100% effective. In addi-
tion, these processes generate a large amount of sludge, which is a secondary
source of pollution that requires new treatment, and therefore leads to high costs.
Microbial-mediated destruction is an effective way to solve a large amount of
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dye-contaminated waste, because microorganisms change the chemical structure
in an environmentally friendly and cost-effective way. The microbial treatment
produces less sludge and requires less water, and the final product is less toxic when
compared to various physical and chemical treatment processes. The microbial
remediation method has several advantages because it can be performed on-site, is
cost-effective, has few problems, and can be integrated with physical and chemical
methods. However, all these methods differ in terms of efficiency, cost, and envi-
ronmental impact. Therefore, there is a crucial need for all researchers to look for
efficient, inexpensive, and environmentally friendly systems to reduce the dye con-
centration in wastewater to acceptable levels [2]. This chapter summarizes the latest
research on the use of biodegradation methods to remove dyes, including microbial
treatment, recombinant DNA (rDNA) technology, enzyme-mediated dye removal,
immobilization technology, and phytoremediation. The secondary focus is to
discuss the combination of appropriate technologies to form an eco-friendly system.

4.2 Background to Dye(s)

Colorants are chemicals that impart color to the materials in which they are used.
Colorants can be divided into pigments and dyes, and the main difference between
them is their solubility. The pigment retains its granular nature during application
and always combined in a medium applied to the surface. On the other hand, the dye
is soluble and diffuses into the material, becoming an indispensable part. Among
all types of synthetic dyes used for commercial purposes, azo dyes are the most
widespread used and most toxic among all. This dye is an aromatic compound with
one or more —N=N— groups in the chemical structure. They are extensively used in
many industries, such as textile printing and dyeing, food, cosmetics, paper printing,
etc., among which the textile industry is the largest consumer. A dye has at least one
chromophore group which possesses the color. Besides chromophores, most of the
dyes also contain groups called auxochromes, examples of which are sulfonic acid,
carboxylic acid, hydroxyl, and amino groups. Even though these are not responsible
for the color of dye, their presence can change its color and is most commonly used
to affect its solubility.

4.3 The Toxicity of Dye(s)

The toxicity of dyes has been studied by many researchers and their acute toxicity
is usually low. US regulatory agencies believe that only a few dyes and pigments are
carcinogenic. Except for some azo dyes with free amino groups, azo dyes are rarely
mutagenic or carcinogenic. Under reducing conditions, the azo group can be broken
down to form two aromatic amines, and these intermediate products cause serious
harmful effects on humans and aquatic life. For humans, these intermediates can
damage important organs such as the liver, brain, kidneys, reproductive system, and
central nervous system. They are also known to cause cancer of the human bladder,
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Table 4.1 Some examples of azo dyes and their toxic effects.

SL. no. Dye Toxic effects
1. Disperse red 13 It demonstrates mutagenic potential in human
lymphocytes by causing chromosomal damage
2. Tartrazine Oxidative stress can be caused by free radicals
forming
Benzidine Carcinogenic
4. Pigment red 3 Weakly mutagenic
Acid violet 7 It has got potential to cause chromosomal
aberrations, lipid peroxidation, and inhibitory
effects of acetylcholinesterase
6. 1-amino-naphthalene Carcinogen
7. p-dimethylaminobenzene Cytotoxic and genotoxic effects on the bone
marrow cells and rat spermatozoids
8. Disperse red 1 and Increase the micronucleus level in human
disperse orange 1 lymphocytes and HepG2 Cells
9. Scarlet RR Cytotoxic and mutagenic effects in time- and
dose-dependent manners showed in Allium
cepa root tip cells
10. Malachite green Genotoxic and carcinogenic and also affects
immune and reproductive system
11. CI disperse blue Base pair substitution and frame-shift

mutation in Salmonella

Source: Saini et al. [3].

spleen, and liver in laboratory animals and are also known to cause chromosomal
abnormalities in mammalian cells. Some azo dyes can also induce the formation
of liver nodules in experimental animals. Table 4.1 summarizes the different toxic
effects of the azo dyes [3].

4.4 Bioremediation Methods

4.4.1 Types of Approaches: Ex situ and In situ

Bioremediation methods are mainly divided into in situ and ex situ. The ex situ
method refers to the treatment that involves the physical excavation of pollutants
from polluted sites and then transporting them to another site for treatment, while
the in situ technology involves the removal of pollutants at the site of pollution. The
information of in situ and ex situ bioremediation is as follows:

i. Land-dwelling: This method can use solid-phase treatment solutions for con-
taminated soil.

ii. Bioreactors: The biodegradation in a large reactor can be used to treat liquid or
slurry.

51



52

4 Bioremediation of Toxic Dyes for Zero Waste

iii. Composting: This is an anaerobic and high-temperature treatment process in
which contaminated substances are mixed with fillers.
iv. Bioventing: This method treats contaminated soil by supplying oxygen to stim-
ulate microbial activity.
v. Biofilters: In this method, a microbial stripper is used to treat air emissions.

4.4.2 Microbial Remediation

Microorganisms already exist in wastewater treatment feeds, and the complex
substances in it will be converted into their simpler forms, thereby improving
the treatment effect. Nowadays, biological treatment is a common technology for
dye wastewater treatment. Several reports indicate that a large number of species
have been used to remove and fully mineralize different types of dyes. The main
advantages of this method are cheap, low operating cost, and nontoxic final product.
However, these processes may be aerobic, anaerobic, or a combination of aerobic
and anaerobic. Bacteria and fungi are commonly used in aerobic treatment due to
their ability to treat dye wastewater [4].

4.4.2.1 Aerobic Treatment

In aerobic treatment, enzymes secreted by bacteria present in wastewater decom-
pose organic compounds. Since more than two decades, the work of identifying and
isolating aerobic bacteria that can degrade various dyes has been ongoing. Kurthia
sp. has been discovered to effectively decolor (92-100%) various triphenylmethane
dyes such as malachite green, crystal violet, magenta, ethyl violet, and brilliant
green. Since the past two decades, various researchers have conducted extensive
studies on Phanerochaete chrysosporium among various fungi to enable it to
decolor many dyes. In addition, the microbial decolorization using Rhizopus oryzae,
Corio cyanobacteria, Trichoderma harzianum, Laetiporus thiourea, Streptomyces,
and Aspergillus multicolor was also tested. In order to improve the treatment of
dye effluents, the treatability of wastewater by other microbes can be improved.
Obviously, these techniques are applicable to certain dyes. However, most dyes are
resistant to biodegradation or cannot be transformed under aerobic conditions [4].

4.4.2.2 Anaerobic Treatment

Anaerobic effluent treatment is quiet promising and can well prove and establish
methods to degrade many synthetic dyes. Since the past few decades, it is reported
that the mordant granular sludge can reduce and decolorize azo orange 1 and
azo disalicylate in anaerobic environment. Another study proved the possibility
of using anaerobic granular sludge to completely decolorize 20 azo dyes. The
anaerobic pretreatment is inexpensive alternative when compared with the aerobic
system because it does not require expensive aeration and can avoid the problem of
sludge expansion. Researchers have certainly reported that the anaerobic effluent
treatment can be effectively performed to remove dyes [4].

4.4.2.3 Aerobic-Anaerobic Treatment
So as to achieve better removal of dyes from textile effluent, the combination of aer-
obic and anaerobic treatment may bring encouraging results. This is advantageous
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because complete mineralization is achieved due to the synergy of different organ-
isms. According to reports, the reduction of azo bonds can be achieved under the
reducing conditions of an anaerobic bioreactor. As a result, a colorless aromatic
amine can be formed, which is further mineralized under aerobic conditions. There-
fore, it is usually recommended to perform anaerobic decolorization first and then
to perform aerobic posttreatment to treat dye wastewater. This combined approach
is cost-competitive and applicable to various dyes [4].

4.4.3 Decolorization and Degradation of Dyes by Fungi

Fungi can quickly adapt their metabolism to various carbon and nitrogen sources
by producing a large number of intracellular and extracellular enzymes that can
degrade a variety of complex organic pollutants. This ability of fungus to degrade
various organic compounds is caused by the relative non-specificity of their
lignin-decomposing enzymes, such as manganese peroxidase, lignin peroxidase,
and laccase [5]. Most research on the biodegradation of azo dyes has focused
on fungal cultures derived from white-rot fungi that have been used to develop
biological processes for the mineralization of azo dyes. P. chrysosporium is the
most widely studied white-rot fungus, but others have also received considerable
attention, such as Aspergillus ochraceus, Bjerkandera adusta, Trametes versicolor,
species of Phlebia, and Pleurotus, Peyronellaea prosopidis, and many other isolates.
However, the application of white-rot fungi to remove dyes from textile wastewater
has some inherent disadvantages, such as long growth cycles and the need for
nitrogen-limiting conditions.

4.4.4 Decolorization and Degradation of Dyes by Yeast

There is very little work to explore the decolorization ability of yeast, and it has been
used mainly for the study of biosorption. Some yeast species, such as Debaryomyces
polymorphus, Candida zeylanoides, and Candida tropicalis, have been used to per-
form putative enzymatic biodegradation and subsequent decolorization of different
azo dyes [6]. Recently, it has been reported that Saccharomyces cerevisiae MTCC-463
plays a role in the decolorization of malachite green and methyl red [7]. In addition,
S. cerevisiae cells also showed the bioaccumulation of reactive textile dyes (Remazol
Black B, Remazol Blue, and Remazol Red RB) during growth in molasses [8]. Recently,
the decolorization of Reactive Black 5 has been studied in detail using a salt-tolerant
yeast strain Sterigmatomyces halophilus SSA-1575, and the enzymatic mechanism
and toxicity of the degradation products have also been reported [9].

4.4.5 Decolorization and Degradation of Dyes by Algae

Photosynthetic organisms are ubiquitous, distributed in many habitats around
the world, and are receiving more and more attention in the field of wastewater
decolorization. Literature surveys indicate that algae can degrade azo dyes through
an induced form of azo reductase. Several species of Chlorella and Oscillatoria are
able to degrade azo dyes into their aromatic amines and can further metabolize
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aromatic amines into simpler organic compounds. According to reports, Chlorella
vulgaris, Chlorella pyrenoidosa, Oscillatoria tenuis, Anabaena flosquae UTCC64,
Phormidium autumnale UTEX1580, and Synechococcus sp. PCC7942 can decom-
pose and decolor more than 30 kinds of azo compounds into simpler aromatic
amines [10, 11]. Therefore, the above results may mean that algae play an important
role in the removal of azo dyes and, moreover, this biosorption process can be used
as a cost-effective method for wastewater decolorization.

4.4.6 Bacterial Decolorization and Degradation of Dyes

Generally, the decolorization of azo dyes occurs by different kinds of bacteria under
conventional anaerobic, facultative anaerobic, and aerobic conditions. The work to
isolate pure bacterial cultures capable of degrading azo dyes began in the 1970s, and
Bacillus subtilis, Aeromonas hydrophila, and Bacillus cereus were reported. Recently,
a large number of studies have been conducted on decolorization using pure strains
of bacterial cultures such as species of Enterobacter, Enterococcus, Acinetobacter,
Proteus, Pseudomonas, etc. In addition, there are several studies describing the decol-
orization mechanisms of reactive azo dyes mediated by pure bacterial cultures. The
use of a pure culture system ensures reproducible data, so the interpretation of exper-
imental observations becomes easier. The results of bacterial species reported as dye
degraders are summarized in Table 4.2 [12-16].

Due to their ability to function by consortia or synergistic alliances that function as
biological inducers, bacterial activity in the degradation of azo dyes is enhanced. The
combination of the catabolic function of each microorganism makes them a more
useful substitute, which can increase the decolorization rate. The most important
competitive advantages that place bacteria as the most successful microorganisms
in the degradation of azo dyes are summarized in Table 4.3 [12].

There are also some drawbacks to the use of bacteria to remove dyes: (i) the decol-
orization process does not depend solely on these microorganisms, but also on exter-
nal variables such as aeration, agitation, pH, temperature, concentration of the dye,
structure of the dye, sources of carbon and nitrogen, electron donor, and redox medi-
ator; (ii) under anaerobic conditions, the dye penetrates through the cell membrane
with difficulty, affecting the degradation rate; (iii) they produce noxious and recalci-
trant aromatic amines as a result of the anaerobic degradation process; and (iv) pure
strains of bacteria do not degrade the azo dyes completely, so bacterial consortia are
required to make the process more efficient. Bacteria, however, are the most resilient
microorganisms, which become possible degraders of recalcitrant pollutants such as
azo dyes because of their structure and genome. Among other things, the compet-
itive advantages of bacteria are their ability to adapt and their metabolic activity,
short life cycle, and capable of degrading and detoxifying the secondary metabolites
produced during the process of decolorization.

4.4.6.1 Factors Affecting Dye Decolorization and Degradation
Changes in different physicochemical parameters, namely aeration, agitation, pH,
temperature, concentration of the dye, structure of the dye, sources of carbon and
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Table 4.2 Bacterial species reported as dye degraders.

Percentage removal

Degraded of dye at 100 mg/L
Sl.no.  dye(s) Bacteria concentration (%)
1. Novacron super black G Alcaligenes faecalis 90

RY107, RB5, RR198, and Brevibacterium spp. 99

DB71
3 Direct red-22 Bacillus cohnii 95
4 RV-5R and RBO-3R Bacillus spp. 63.33,96.15
5 Orange 10 Pseudomonas putida 70
6. Malachite green Enterobacter spp. 100
7 Yellow 107 Staphylococcus arlettae 99.5
8 Synazol red 6HBN Alcaligenes aquatilis 82
9 Crystal violet Aeromonas hydrophila 99
10. Direct red 81 Enterococcus faecalis 100
11. RO-16, DB-19 Acinetobacter junii 90
12. Acid red 337 Bacillus megaterium 98.9

KY848339

13. Reactive red 198, Congored  Acinetobacter baumannii >95
14. Reactive red 35, 198, 106, Enterococcus gallinarum >91

120, 111, 141, and 152
Reactive black 5
Reactive blue 160 and 28

Source: Paba et al. [12]; Hossen et al. [13]; Roy et al. [14]; Ayman et al. [15]; Ajaz et al. [16].

nitrogen, electron donor, soluble salts, and redox mediator, can highly affect the
bacterial degradation of different toxic dyes. Therefore, the growth of industrial
bioreactors demands that these abiotic conditions should be optimized.

pH of the Medium Due to the dependence of enzyme activity on pH, the pH of the
medium is one of the most important factors in the microbial decolorization of dye.
The pH of the dye effluent can be alkaline, acidic, or neutral depending on the type
of dyes and salts used. Often, at neutral pH, the efficiency of bacterial decolorization
is stronger and a pH between 6.0 and 10.0 is optimal for color removal. The color
removal rate is highest at optimum pH, and at highly acidic or highly alkaline pH it
is likely to decrease. This problem can be solved by (i) changing effluent pH to help
dye degrading bacteria growth or (ii) choosing microbial species which can grow at
the pH of the effluent. It is considered that the movement of dye molecules across
the cell membrane is correlated with pH change and this may affect their transport,
which is a rate-limiting step for the decolorization process.

Effect of Temperature Another essential element involved in the bacterial decoloriza-
tion of dye is temperature, which can affect the growth of bacteria and enzyme
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Table 4.3 Competitive advantages of bacteria for the degradation of azo dyes.

SL.no. Identified bacteria Advantages
1. Aerococcus sp., Carnobacterium sp., To carry out their metabolic
Enterococcus sp., Lactobacillus sp., activities, they use complex organic
Lactococcus sp., Pediococcus sp., compounds
Streptococcus sp., and Weissella sp.
2. Proteus vulgaris They have short life cycles, creating
faster processes of discoloration
3. Staphylococcus equorum and When used in consortiums, their
Psychrobacter alimentarius degradation ability is enhanced
4. Escherichia coli, Klebsiella aerogenes, Heavy metal resistance is identical to
firmicutes sp., Staphylococcus aureus, the mechanisms of antimicrobial
Pseudomonas putida, Bacillus sp., resistance
Streptomyces sp., and Arthrobacter
viscosus
5. Bacillus sp., Proteus mirabilis, Aeromonas  They have a higher rate of growth
hydrophila, Pseudomonas sp., Escherichia ~ and adaptability
coli, and Klebsiella sp.
6. Bacillus sp., Aeromonas hydrophila, Their use is more natural,
Proteus mirabilis, and Pseudomonas sp. cost-effective, and ecological
7. Aeromonas hydrophila They degrade anaerobic
degradation-generated aromatic
amines
8. Micrococcus glutamicus, Pseudomonas sp.,  The efficacy of the degradation of

Enterococcus gallinarum, Klebsiella sp.,
Lysinibacillus sp., and Micrococcus sp.

dyes has to do with the existence of
enzymatic genes that, in the
presence of toxic substances, can be
expressed or over-expressed in an
innate way

Source: Paba et al. [12]. Licensed under CC BY 4.0.

activity. By giving the bacterial culture an optimum temperature that is typically
stated as 30-40 °C for most bacteria, a faster rate of dye degradation can be achieved.
There are, however, few thermophilic bacteria recorded for high-temperature azo
dye degradation. It has been reported that the thermophilic bacteria Anoxybacillus
rupiensis could degrade 75% effluent at 60 °C [17].

Structure of Dyes The decolorization potential of bacteria is greatly affected by varia-
tions in the chemical structures of the azo dyes. Studies have shown that it is easy to
decolorize the low molecular weight and basic structure containing dyes. Whereas
there is a low decolorization rate of high molecular weight and complex structure
containing dyes. Azo compounds containing hydroxyl or amino groups are more
vulnerable to degradation than those containing other functional groups. Likewise,
as compared to diazo and triazo dyes with high molecular weight, bacteria decol-
orize monoazo dyes quicker. Owing to their inability to travel through the bacterial
cell membrane quickly, sulfonated azo dyes are thought to be more recalcitrant than
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carboxylated azo dyes. Also, the chemical composition of the dye determines the
induction of the enzyme in bacteria for dye decolorization.

Oxygen and Agitation Different groups of bacteria under anaerobic and aerobic con-
ditions are strictly involved in the decolorization of azo dyes. In order to increase the
biomass and also transfer oxygen between bacterial cells and the nutrient medium,
aeration and agitation are typically necessary. Moreover, it also increases enzyme
activity during the aerobic growth, but reductive enzymes are mostly susceptible to
oxygen presence. However, oxidative enzymes play an important role in aerobic dye
degradation, requiring the presence of oxygen [17].

Carbon and Nitrogen Supplements For the fast degradation of contaminants, microor-
ganisms require nutrient supplements. In order to achieve high and rapid dye degra-
dation rates for both pure and mixed cultures, organic sources such as peptone, yeast
extract or a combination of carbohydrates and complex organic sources have been
reported. The efficiency of dye degradation can be improved by adding glucose as the
major carbon source and phosphorus has been identified as a significant growth fac-
tor [18]. Lignocellulosic agricultural waste has also been used by some researchers
as a substitute for successful decolorization, thereby making the process commer-
cially profitable and theoretically useful. Through adequate production of lignolytic
enzymes in the presence of lignocellulosic substrates can enhance color removal effi-
ciency.

Dye Concentration Enzymes that are secreted by dye degrading bacteria may not
detect low dye concentration. High dye concentration, on the other hand, is harmful
to bacteria and also affects dye degradation by blocking active sites of the enzyme.
However, it was noted that this increasing dye concentration effect was reduced
when bacterial coculture was used instead of pure culture, possibly due to the com-
bined effect of both microorganisms.

Electron Donor and Redox Mediator Electron donors and redox mediators play a major
role in achieving a successful anaerobic decolorization process, as azo dye and var-
ious other organic textile wastewater material are not adequate substrates for the
growth of anaerobic bacteria. The application of electron donors, such as sodium
succinate, sodium formate, sodium acetate, sodium citrate, and sodium pyruvate,
has shown to increase the decolorization efficiency. Flavin-based compounds such
as flavin adenine dinucleotide (FAD) and flavin adenine mononucleotide (FMN)
and quinone-based compounds such as anthraquinone-2,6-disulfonate, riboflavin,
and cyanocobalamin are the majority of the recorded redox mediators.

Soluble Salts Dye industry wastewater has high electrical conductivity due to the
use of high salt concentration. In the dye treatment plant, salts like NaCl, Na,SO,,
and NaNO; are typically added to increase ionic strength and fix the dye on fab-
ric. Therefore, salts are also released into industrial wastewater when dye pollutants
are released. Effluents containing high salt concentrations may reduce the rate of
biodegradation by inhibiting the biological movement [19].
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4.4.7 Microbial Decolorization and Degradation Mechanisms

The microbial treatment of dye-rich wastewater may follow two main mechanisms:
biosorption and enzymatic degradation. It can also happen through a combination
of the above two methods.

4.4.7.1 Biosorption

The biosorption potential of the selected bacterial species depends on the charac-
teristics of the lipid component and heteropolysaccharides on the cell wall. They
have several functional groups such as -NH,, —COOH, —OH, —PO,, etc., and other
charged groups. Several pretreatment processes may cause modifications in the cell
surface and change the capacity of the binding site. Compared with the living form,
the lack of nutrition, long-term barrier-free storage and use, and the convenient
regeneration of organic solvents and detergents make dead cells more suitable for
biosorption.

4.4.7.2 Enzymatic Degradation

Owing to the presence of azo bonds (—N=N—), azo dyes are essentially elec-
tron defective and are related to other electron withdrawing moieties (such as
sulfonic acid groups) in many cases. Under optimal conditions, these dyes may be
degraded by various enzymes (such as reductase, laccase, oxidase, etc.). Among
these laccase-producing species have higher bioremediation potential, due to their
nonspecific oxidizing ability, non-requirement for cofactors, and use of oxygen as
an electron acceptor [20].

4.4.8 Decolorization and Degradation of Dyes by Plants
(Phytoremediation)

Phytoremediation refers to the use of plants to remove environmental pollutants.
The use of living plants as bioremediation agents is promising for the degradation
of various dyes and other organic and inorganic pollutants. Due to cost-effective
technology, effectiveness, and environmentally friendly technology, it is an in
situ biological treatment method that pays more attention to the treatment of
dye-contaminated sites. Plants are highly sensitive to pollutants and have the
potential to degrade textile dyes [21]. The use of plant systems for bioremediation
is still limited because of the poor understanding of the basic mechanisms and
processes involved. Many green plants, including herbs, shrubs, and trees (ter-
restrial and aquatic plants), have a good potential to regenerate and rebuild the
contaminated ecosystem, according to research. These plant species can remove
the pollutants by acting as excluders, accumulators, and hyper accumulators. The
excluders accumulate contaminants from the substrate into the roots but restrict
their transportation into the aerial parts such as shoots. Compared with other plant
species, accumulators can concentrate pollutants and convert them into inert forms
in air tissues, while hyper accumulators can accumulate unusually large amounts
of pollutants.
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The indigenous population of Phragmites australis has been extensively studied
for textile wastewater remediation and primarily for the removal of acid orange 7 dye
[22]. Aquatic plants have the ability to degrade azo dyes, such as Azolla pinnata and
Lemna minor. Some studies have showed improved phytoremediation capabilities
in the presence of plant microbes and their associated microorganisms, due to their
transformation ability of organic and inorganic compounds, biological weathering,
element cycling, formation of fungal minerals, and interaction between fungi and
clay [23]. Combination technologies include the effects of plants and microorgan-
isms, which may also contribute to the degradation of certain textile dyes. According
to reports, when used in combination with the salt-tolerant bacteria Gracilibacillus
Sp., both Sesbania cannabina Pers and alfalfa plants can degrade effluent containing
acid scarlet GR or acid red B dyes [24]. However, most of the research on dye
phytoremediation is carried out on the laboratory bench, and there are few reports
on the pilot scale of dye wastewater treatment. Table 4.4 lists the potential of
different wild/native plants and their dye remediation properties [25, 26].

Table 4.4 Phytoremediation performances of various indigenous/wild plants for textile
dyes and effluents.

Sl.no. Name of the plant Dye/effluent Decolorization (%)
1. Alternanthera Remazol Red 100
philoxeroides

2. Pogonatherum crinitum Effluent 74

3. Nasturtium officinale Acid blue 92 78

4. Ipomoea hederifolia Scarlet RR 96

5. Typha angustifolia Reactive blue 19 70

6. Bouteloua dactyloides Effluent 92

7. Petunia grandiflora Brilliant blue G 86

8. Agzolla filiculoide Basic red 46 and Acid blue 92 90 and 80

9. Lemna minor Methylene blue and Acid blue  80.56 and 77
92

10. Portulaca grandiflora Reactive blue 172 98

11. Glandularia pulchella Green HE4B and Remazol 92 and 100
Orange 3R

12. Aster amellus Remazol Red, Remazol Orange 96 and 100
3R

13. Typhonium flagelliforme Brilliant blue R 65

14. Blumea malcolmii Malachite green, Red HE4B, 96, 76, 88, 80,

Methyl orange, Reactive red and 42
2, and Direct red 5B

15. Phragmites australis Acid orange 7 68 and 98

16. Bacopa monnieri Reactive and direct azo dyes 90-100

Sources: Rahul et al. [25]; Shanmugam et al. [26].
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4.4.8.1 Plant Mechanism for Treating Textile Dyes and Wastewater

Plants can absorb pollutants remaining in the environment through roots, and roots
provide a larger surface area and promote the mobilization, removal, or detoxifica-
tion of pollutants in plants through several mechanisms. Such plant characteristics
have been used to effectively treat the wastes containing phenolic compounds, met-
als, azo dyes and colorants, and numerous other organic and inorganic pollutants
[27]. Information on the dye metabolism mechanism of plants is very limited. Plants
are autotrophic and are believed to absorb xenobiotics during their absorption of
natural minerals and water. In the process of evolution, plants have adapted to adver-
sity mechanisms and enzyme synthesis. Plants mainly remove textile dyes through
adsorption and accumulation, and subsequent degradation is mediated by enzymes
in different parts.

4.4.8.2 Advantages of Phytoremediation

Compared with other physical and chemical remediation methods, phytoremedia-
tion methods to remove the contaminants have the advantage of low cost. This is
mainly because it requires cheaper equipment, is easy to implement, and does not
require personnel to handle it. This phytoremediation technique can be used without
disturbing the location of pollutants.

4.4.9 Integrated Biological, Physical, and Chemical Treatment Methods

In order to better remove the dyes in textile wastewater, combined use of biological,
physical, and chemical treatments may produce encouraging results. This is advan-
tageous because complete degradation is achieved due to the synergetic effect of the
different treatments. Biodegradation and radiation treatment are considered to be
the most suitable methods to remove toxic compounds in natural water. Research
has shown that combining biological methods with physical methods and chemical
oxidation processes will increase efficiency and reduce operating costs. The latest
research on the treatment of textile dye wastewater using combined methods is dis-
cussed in Table 4.5.

4.4.10 rDNA Technology

Synthetic dyes are now produced in such a way that they resist degradation and
become time and effort consuming due to this degradation of dye by conventional
techniques. A big revolution in the area of bioremediation has taken place in genetic
engineering. Under environmental conditions, dye degradation/decolorization may
be enhanced using genetically modified organisms. Functional genes of different
bacterial strains such as Escherichia coli, Sphingomonas desiccabilis, Pseudomonas
putida, Ralstonia eutropha, Mycobacterium marinum, and Bacillus idriensis have
been used to design genetically modified organisms (GMOs) and transferred to
other species [36]. A few studies on the mechanisms of dye decolorization at
the genetic level have been published. Sandhya et al. [37] developed E. coli by
transferring the azoreductase gene from Bacillus laterosporus to E. coli for the
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Table 4.5 Application of integrated approaches for textile dye wastewater treatment.
SL. no. Method Wastewater Results References

1. Combined
radiation and
biological
treatment

2. Combined
biological and
advanced
oxidation
treatment

3. Combined
sub-filtration and
biological process

4. Combined
biological and
photocatalytic
process

5. Combined
ozonation and
anaerobic
treatment

6. Combined
chemical and
biological process

7. e-Beam
irradiation and
activated sludge
system

8. Integrated
biological biofilm
and ozonation

Reactive red-120
dye

Composite
wastewater
samples were
collected from
inlet of sewage
treatment plant

Dyeing and
printing
wastewaters

Azo dye (Reactive
Black 5)

Synthetic
wastewater
prepared using
Reactive Black 5

Textile reactive
azo dye

Textiles effluent

Remazol Black B

The gamma radiation treatment of ~ [28]
textile dye significantly decreased

the concentration of RR-120 before

the start of the microbial treatment
(Pseudomonas sp. SUK1) and the
radiation-induced fragmented

products showed a variety of enzyme
activities

Integration of advanced oxidation [29]
processes with activated sludge

process yielded 98% and 100%

chemical oxygen demand (COD)

and color removal

The wastewater is first treated bya  [30]
biological process, and then the

sub-filter method is used. The

average turbidity, color, and COD

reach 90.9%, 92.5%, and 91%,

respectively

The photocatalytic process was used [31]
as a posttreatment for biological dye
degradation. The combined process

was more effective than the
photocatalytic and biological process
only in aromatic byproduct

remediation

The combined process has achieved [32]
a 90% reduction of the total COD

and 84% of the total organic carbon
(TOC) in the dye wastewater

The integrated biological processes  [33]
(Clostridium oleophila) and Fenton’s
reagent-yeast has decolorized 91% of
Reactive Black 5 dye with an initial
concentration of 500 mg/1

The radiation treatment destroyed  [34]
the molecular structure of organic
compounds and converted them into
biodegradable compounds. Thus,

the degradation of dye become

easier in biological reaction

The ozonation process is used asa  [35]
pretreatment for dye degradation.

Under the condition of 500 mg/1 of
Remazol Black B dye and a pH of

3-11, a dye removal rate of about

96% can be achieved
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degradation of remazol red dye [38]. It is reported that the genetically modified
E. coli has shown the decolorization of Direct Blue 71 [39]. It has been reported that
the remazol red dye was degraded with the help of azoreductase gene replicated
from B. laterosporus and incorporated into E. coli [16].

4.4.11 Enzyme-Mediated Dye Removal

The use of different enzymes for the dye degradation is in the initial stages of
growth, but their revolutionary applications are increasingly growing and expand-
ing through all textile processing sectors. According to reports, enzymes from both
anaerobic and aerobic systems can effectively decolorize dyes, and most of the
results come from the white-rot fungi Phanerochaete and Trametes. These species
generate nonspecific extracellular lignin-degrading enzymes (copper-containing
laccases and manganese/lignin peroxidases) which can cleave the azo bond. These
lignin-decomposing enzymes are usually produced by white-rot fungi, when
nutrient levels such as carbon, sulfur, or nitrogen become limited [22]. They are
capable of oxidizing different compounds in large number and are thus intensively
studied in the treatment of effluent from textile industries. White-rot fungi have
shown great potential to degrade azo dyes and related effluents because of the
production of lignin-degrading enzymes. Laccases have tremendous potential for
the bioremediation of these dyes due to their ability to oxidize a wide variety of
substrates. The laccases ability to degrade phenolic compounds makes them ideal
for the degradation of dye effluent containing xenobiotic compounds.

However, before industrial-scale enzyme-mediated dye removal can take place,
there are numerous technical and economic hurdles that have to be addressed.
A significant upstream challenge remains the selection and successful large-scale
strain cultivation for maximum enzyme production. On the other hand, for efficient
fermentation processes, the production of an effective genetic-engineered strain is
crucial. The variables affecting recombinant strain are not well known, despite the
regular use of laboratory-scale cloning, and no industrial-scale process is currently
developed.

4.4.12 Immobilization Techniques

Immobilization of microorganisms or enzymes has been widely documented for the
biological treatment of wastewater. There are different bacterial cell immobilization
methods. Four key groups can be categorized into the vast majority of the methods:
microencapsulation, matrix entrapment, covalent binding, and adsorption. Among
them, due to easy use, low cost, low toxicity to the device, and greater operational
stability, trapping in polyvinyl alcohol gel beads is the strongest.

When applied in a vertical bioreactor system, the immobilized enzymes from T.
versicolor and Pestalotiopsis spp. have been documented to show high decolorization
efficiency. The durability of the beads can be increased by the 0.6% glutaraldehyde
reaction that is necessary for the beads to be reusable. This research indicates that
there is a great potential strategy for the treatment of textile dye effluents for the
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application of double-layered immobilized enzymes in a vertical bioreactor system
[40]. Despite the unusual degradation properties of peroxidases, the commercial-
ization of enzyme treatment for industrial wastewater treatment is often hindered
by the lack of long-term stability in service and storage, as well as the inability to
recover and reuse enzymes. Recent years have centered attention on the immobiliza-
tion of peroxidases in order to solve the free enzyme disadvantages. Immobilization
enhances the enzyme’s stability toward high temperature and high pH and renders
the enzyme less susceptible to inhibitors. This justifies the widespread deployment
of immobilized peroxidases in applications for wastewater treatment.

4.5 Conclusion

Since ages and until today, no single, environmentally benign, and economically
feasible process has been established that can effectively treat dye-rich wastewater
for reuse, and it has been a major challenge. Different physical and chemical
approaches have been used, and these approaches typically have several drawbacks,
such as secondary waste generation, high costs, poor performance, and insufficient
resources. On the other hand, for dye effluent treatment, bioremediation is an
eco-friendly, effective, inexpensive, and biologically benign technique. The use of
bacteria, fungi, algae, yeast, and plants has shown that they are capable of detoxi-
fying different dyes. In addition, because of its fast growth rate and high hydraulic
retention time, microbial degradation does not create a significant amount of sludge
and may be very successful in the treatment of high-strength organic wastewater. In
this respect, it may be of added benefit to the use of genetically modified organisms
to increase the process efficiency of degradation. Another significant factor is
the convergence of innovations, which may bring future benefits. Integration of
different degradation methods is yet another significant aspect, which may bring
potential benefits. In order to disclose the desirable mechanism of dye degradation,
more information on the biochemistry of degradation is needed. Attempts should be
made to develop and apply these methods of treatment for bacterial decolorization
in real industrial discharges, based on favorable laboratory conclusions. The com-
bination of biochemistry and molecular biology, together with recent proteomics
and genomics studies, has the potential to increase the bacterial degradation of
wastewater containing azo dye.
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5.1 Introduction

Human habitable ecosystems are rich in heavy metals since ancient time; it is the
effect of spontaneous geogenic and modern-day anthropogenic activities, which are
responsible for contemporary environmental heavy metal contamination [1]. Heavy
metals could also be derived from both direct sources such as sludge dumping, indus-
trial effluents, and mine trailing and indirectly through highway runoffs, which in
turn lead toward the exploration of metal-microbe interactions that could recover or
stabilize heavy metals in soils and effluents. In recent times, the heavy metal contam-
ination caused biomagnifications that ultimately resulted in a major human health
hazard globally.

Essential heavy metals, for instance, iron, zinc, and copper, are required by liv-
ing organisms in trace amounts, but their presence above a threshold concentration
often observed to be toxic. Among the heavy metals, cadmium (Cd), chromium (Cr),
and arsenic (As) are reported to act as a carcinogen as designated by the Interna-
tional Agency for Research on Cancer (IARC) and the US Environmental Protection
Agency (USEPA) [2]. It has also been observed that various metals such as iron (Fe),
zinc (Zn), nickel (Ni), and copper (Cu) are considered essential metals for growth
and other functions, if their level remains within the threshold level [3].

There are an array of techniques, for instance, filtration, chemical precipitation,
reverse osmosis, membrane technology, oxidation and reduction, ion exchange, and
electrochemical treatment, for the removal of heavy metals from a contaminated
environment. However, these techniques have some serious demerits associated
with them. The most important one is their inability to remove heavy metals
found at lower concentration (<100 mg/l) [4]. These traditional techniques are
expensive and require energy sources and still often alter the properties of soil
without complete removal of metal contaminants. Furthermore, the pollutant may
also be displaced to other sites in the environment where they can accumulate and
may cause the same issue. The presence of an array of traditional decontamination
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techniques could not serve ecosystem-friendly heavy metal decontamination,
which leads to the development of environment-friendly strategies that may be
employed to clean up the environment. Thus, the conventional decontamination
techniques which often accelerates removal of all microbial activities including the
ecologically important microbial symbionts, for instance, nitrogen-fixing bacteria
and mycorrhizae, enhancing reduction of biodiversity, ecologically sustainable
bioremediation strategies developed in recent time [5, 6]. The bioremediation
strategies utilize metabolism of life forms for viable, safer, more efficient, and less
expensive physiochemical methods for metal decontamination.

Interestingly, microorganisms do require certain metal ions, such as those of
Cu?*, Zn?*, Co?*, and Ni?* in very low concentrations, as essential micronutrients
as components of important cofactors in enzymatic reactions. Numerous findings
have reported that some microbes are tolerant of heavy metals with an ability to
either remove them from the environment or breakdown them to a less toxic or
comparatively benign forms [6]. Microbial resistance or tolerance to pollutants is
vital for the process of environmental bioremediation.

The potential for bioremediation of heavy metals by microorganisms is very much
dependent on the nature of the site and the chemicals in the environment. It remains
the most cost-effective process that reduces pollutants to non-hazardous materials.
Over the past decade or so, the use of microorganisms in treating wastewaters con-
taminated with heavy metals has become an attractive technique. Currently, much
work is being done in the removal of nitrogen, phosphorous, and metal ions from
commercial and municipal waste, by bioremediation. Most microorganisms have
their origin in soil and play a direct or indirect role in maintaining the biogeochemi-
cal cycles within the soil ecosystem. They play an important role in recycling mineral
nutrients such as nitrogen, phosphorous, sulfur, and numerous metallic ions of cop-
per, mercury, iron, and aluminum, thereby contributing substantially to life forms
and also influencing various microbial populations and their related functions.

5.2 Ubiquitous Heavy Metal Contamination - The
Global Scenario

Although geogenic activities are the primary cause of the ubiquity of environmental
heavy metals in world, but in recent times anthropogenic activities have become a
serious concern [5]. Anthropogenic activities such as mining, refinement of ore, fuel
combustion, metal-working industries, battery manufacturing, paints and preserva-
tives, insecticides, and fertilizers have led to the emission of heavy metals and their
accumulation in human habitable ecosystem causing serious threat to the environ-
ment [1].

When considering the anthropogenic contribution to heavy metal pollution, it has
been reported that anthropogenic emissions of Cd are in the range of 30 000 ton/year.
In unpolluted soil, Cd is present at a concentration of 0.1-0.5 mg/kg, but in heav-
ily polluted soils of sewage sludge, concentrations of up to 150 mg/kg have been
found. Arsenic, the metalloid ranking twentieth in abundance of elements in the
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earth crust, is present in soil, air, and water as chemical compounds in both inorganic
and organic forms. Environmental arsenic pollution is increasing due to its mobiliza-
tion from geological sources and anthropological and industrial activities. One of the
major sources of As is its potential mobilization and transport in the ground water
and drinking water supplies. In India, West Bengal state is most affected from arsenic
contamination in ground water. An estimated 6 million people in West Bengal and
57 million people in Bangladesh have been exposed to arsenic through contami-
nated wells. Lead (Pb) has been introduced in the environment from a variety of
sources such as storage battery, lead smelting, tetraethyl-lead manufacturing and
mining, plating, ammunition, ceramic, and glass industries. It has been used in pip-
ing, building materials, solders, paint, type metal, ammunition, and castings since
the medieval times. Thus, human activities are a major cause of increase in the con-
centrations of these heavy metals in the soil. Scientific investigations demonstrated
that the concentration of heavy metals in several sites, assessed in water, soil, and
sediment samples, are affected by different anthropogenic pollution sources.

5.3 Health Hazards from Heavy Metal Pollution

Heavy metal affects health in myriad ways, which include heart disease, liver
damage, cardiovascular, neurological diseases, and cancer (Table 5.1). The
contamination of drinking water supplies is of particular concern; soils and
sediments are the major sinks for metals. Heavy metal contamination in soil can
accumulate in crop and therefore transferred and resulted in bioaccumulation.
Heavy metals are ever persistent in the earth and consequently are difficult to
remove from the environment. The chemical nature and bioavailability of a metal
can be changed through oxidation or reduction; however, the elemental nature
remains the same because the metals are neither thermally decomposable nor
degradable. Because of the toxicity and the ubiquity of the metals in environment,
microbes have evolved various unique adaptations to deal with high concentra-
tions of metals [1]. Microorganisms have been previously reported to sequester

Table 5.1 Health hazards caused by environmental heavy metal pollution.

Heavy metal Health hazard(s)

Nickel (Ni) Hypersensitivity; cancer; pulmonary cancer; nasal sinus cancer;
neurological disorders; abortion of pregnancy

Chromium (Cr) Oral toxicity; respiratory problems (e.g. asthma); acute tubular
necrosis; kidney failure

Arsenic (As) Blackfoot disease; skin, bladder, liver and lung cancers; arsenicosis

Lead (Pb) Anemia; central nervous system and neuromuscular ailments; chronic

renal problems; abnormal sperm production

Cadmium (Cd) Acute gastrointestinal effect; pneumonitis; kidney damage;
interference in progesterone and testosterone production;
osteoporosis; prostate cancer; renal cancer
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and immobilize metals, whereas others actually enhance metal solubility in the
environment, thus converting them to non-toxic forms [6].

The bio-concentration factor (BCF) of several heavy metals in the crop-soil
interface, particularly in major global staple crops such as wheat and corn, has
been documented earlier [7]. The intake of metal-contaminated vegetables has
been previously reported to cause gastrointestinal cancer, fragile immunological
mechanisms, mental growth retardation, malnutrition, etc. [8]. Human health
hazards are closely linked to the intake of metal-contaminated food crops. Heavy
metals can accumulate in human bones or fatty tissues through dietary intake,
thereby leading to the depletion of essential nutrients and weakened immunological
defenses. Certain heavy metals (e.g. Al, Cd, Mn, and Pb) are further suspected to
cause intrauterine growth retardation [9]. Lead contamination adversely affects
mental growth, causing neurological and cardiovascular diseases in humans,
especially children [10]. Certain heavy metals can also lead to bone fractures and
malformation, cardiovascular complications, kidney dysfunction, hypertension,
and other serious diseases of the liver, lung, nervous system, and immune system.
Excessive levels of As in soil, food crops, and groundwater can cause cancer, dermal
problems, respiratory complications, and many other diseases in the cardiovascu-
lar, gastrointestinal, hematological, hepatic, renal, neurological, developmental,
reproductive and immune systems [1].

Excess Zn levels in the human body can affect the concentration levels of
high-density lipoproteins and disturb the immune system. Likewise, excess Cu
intake can induce liver damage and other gastric-related problems in humans
[11]. Heavy metals (e.g. Cr, Cu, and Zn) in soil can cause non-carcinogenic human
health hazards such as neurologic complications, headaches, and liver disease
[11]. Chromium(VI) is more hazardous than Chromium(III) and other ionic forms
in terms of its stability. As such, the former form is suspected to have enhanced
potential to cause lung cancer compared with the latter form [11]. Cadmium is
highly carcinogenic, typically ingested by humans through contaminated food
crops, especially rice, and causes postmenopausal breast cancer [12].

The inhalation of soil and dietary intake of fruits, crops and vegetables contam-
inated with metals or metalloids can lead to gastrointestinal cancer. The concen-
trations of heavy metals were measured in several leafy (e.g. lettuce and spinach)
and non-leafy vegetables (e.g. radishes and carrots) to determine the bioavailability
of the metals in the human gastrointestinal tract. Health risk studies on the intake
of food crops in a developing country were conducted to assess 30 agro-ecological
zones in terms of health indices. The results revealed that the consumption of veg-
etables contaminated by heavy metals (especially Mn and Cu) was more deleterious
to human health than the consumption of contaminated fruits [13]. Scientific stud-
ies earlier reported that vegetables grown near a Pb-Zn mine were contaminated
with heavy metals, especially Pb and Mn, which can lead to Alzheimer’s disease and
manganism, a toxic condition resulting from chronic exposure to manganese.

Heavy metal contamination influences human health in a negative manner
through the alteration of food chain even at very low concentrations. The health
hazards caused by heavy metals often mediated by oxidative stress through the
formation of free radicals [14], for instance, the enhanced generation of reactive



5.4 Decontaminating Heavy Metals - The Conventional Strategies |71

oxygen species (ROS), which could ultimately lead to cell damage or death or by
replacing metals in pigment molecules or the activators of other metallo-proteins

such as enzymes disrupting their function.

5.4 Decontaminating Heavy Metals - The Conventional
Strategies

The conventional decontamination strategies could be in situ and ex situ in nature,
but none of these proven to optimize the sustainable environmental decontam-
ination of heavy metals. The heterogeneous and multidimensional nature of
environment makes most remediation efforts economically demanding. Traditional
decontamination strategies of heavy metal remediation have a wide range of

strategies (Table 5.2).

Table 5.2 Various conventional metal decontamination strategies.

Method Key features Advantages Disadvantages References
Heat treatment Substrate heated, e Shorter o Need of very [15]
heavy metals exposed treatment time high
to very high e Complete temperature
temperature, making removal of leading to more
them evaporate and metals (e.g. Cd leaching of the
later recovered by and Cu) metals
condensation
Electroremediation Based on the principle e Shorter time e Lower [16]
of electrokinesis, interval extraction of
involving application heavy metals
of low electric current from soil
to contaminated
substrate for
recovering the
pollutants
Vitrification Bringing e Volume e The treatment [17]
contaminated soil to a reduction of soil is limited to
very high temperature natural soils a maximum of
until they melts and e Cost effective 7-10% organics
vitrified by weight
Precipitation Traditional chemical e Simple, e Requirementof [18]
precipitation method cost-effective, an array of
for effective and non-toxic chemicals
elimination of heavy procedure e Secondary waste
metals generation
Chemical leaching  This process involves e This is the e Requirementof  [19]

dissolving heavy
metal ions into the
leaching liquid
followed by extraction

method of
choice when the
concentration of
heavy metals is
significant

large amount of
acid to maintain
the pH for
solubilization,
followed by its
neutralization
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Prior to the application of biological processes for the removal of heavy metals
from the environment, conventional methods like chemical precipitation, chemical
redox reactions, ion exchange, filtration and reverse osmosis were the method of
choice. These techniques had some demerits, for instance, if the concentration of
heavy metals was below 100 mg/1, then it cannot be removed by these techniques.
Similarly, these techniques were expensive, were difficult to operate, and produce
some secondary contaminants. The field application of conventional metal remedi-
ating methods is often observed to be expensive and inefficient, which lead towards
the development of new methods. Keeping in mind the demerits of these methods,
biological removal of heavy metals can be efficient, easy, cost-effective and environ-
mentally friendly strategy.

5.5 Bioremediation - The Emerging Sustainable
Strategy

Bioremediation is a sustainable, environment friendly strategy that explores the
cellular resistance of microorganisms and plants to clean-up contaminated envi-
ronment. It achieves contaminant decomposition by existing metabolic potential of
microorganisms. Bioremediation as a technology may be introduced in the removal
of xenobiotic compounds from agrochemical and petrochemical industries, oil
spills, heavy metals in sewage, sludge and marine sediments, etc.

Decontamination of heavy metals from polluted environment is of great signif-
icance to local agriculture and the population elsewhere in the affected area. The
disadvantage of the traditional metal decontamination techniques includes lesser
accuracy, particularly, in very low heavy metal concentration and secondary envi-
ronmental pollution due to the chemicals used in the remediation process. The cost
that is involved restricts the utilization of the prevailing techniques.

Bioremediation techniques are often broadly divided into in situ and ex situ biore-
mediation strategies. The in situ technique deals with the treatment of soil and asso-
ciated ground water in its original place without displacing the material, whereas the
ex situ process involves removal of the entire contaminated material for treatment at
different places where the activity of bioremediating agent could be controlled. But
the field selection of the choices depends on three basic principles: the responsive-
ness of environmental pollutant to biological transformation; the accessibility of the
contaminant to bioremediation agent (bioavailability); and the possibilities for the
optimization of biological activity (bioactivity).

5.5.1 Intervention of Metal Contamination by Microbial Adaptation

Microbe-assisted bioremediation of heavy metal involves uptake of heavy metals
by microorganisms either by bioaccumulation, which is an active process, and/or
through adsorption, which is a passive process. Microbial cell wall comprises var-
ious functional groups such as carboxylate, hydroxyl, amino, and phosphate. The
metal ions can easily bind to such groups and be separated from the environment.



5.5 Bioremediation - The Emerging Sustainable Strategy |73

Table 5.3 Adaptive mechanisms in microorganisms resulting in metal resistance
physiology.

Adaptations Features References

Extrusion system Metals are pushed out through the cells using [4]
mechanisms such as chromosomal or
plasmid-mediated events

Biotransformation Microorganisms convert the toxic metal to [6]
non-toxic forms
Degradation Using enzymes such as oxidases and reductases: [20]
engymes microbes produce these enzymes to convert
pollutants to metabolic products
Exopolysaccharides Microorganisms get adapted to the contaminated [4,21]
(EPS) surrounding by secreting EPS, which develops as

an outer hydrophobic cell membrane comprising
efflux pumps against the cell membrane
disrupting contaminants (e.g. solvents)

Metallothioneins The metal-binding proteins to which metals form [22]
a complex

Metal ions bind to the bacterial cell surface via different interactions such as cova-
lent bonding and electrostatic and van der Waals forces. Microorganisms that act as
metal accumulators possess an inherent property of converting toxic form of metal
contaminants to non-toxic or less toxic form. The life cycle of microorganisms are
intricately associated with the biochemical cycle of different heavy metals, which
also influences the process of redox transformations of environmental heavy metal
leading to different oxidation states with different solubility and mobility, therefore
influencing the toxicity factor.

Certain microorganisms in nature have evolved genetic machinery that encodes
cellular circuitry that orchestrates to ensure heavy metal resistance for the
metal-contaminated ecological niche (Table 5.3). Scientific studies have previously
reported myriad microorganisms having heavy metal remediation capabilities.
Efficient Ni removal was observed with Escherichia coli AS21 previously [23].
Arsenic remediation was observed in Micrococcus sp. isolated from the paddy field
of West Bengal, India [6]. Earlier studies have also reported Cd, Cr, Hg, and Pb
decontamination in a microbe-assisted way in Bacillus subtilis 38 (B38) [24].

An array of resistance strategies have been reported in microorganisms that could
resist high metal concentrations, for instance, extracellular sequestration, alteration
in cell morphology, altered permeability, precipitation of heavy metals, and biosorp-
tion of heavy metals [1]. Microbes could accumulate heavy metals within the cell
by utilizing different metabolic pathways that have been extensively studied and
observed in a wide range of microbes [6]. Both Gram-positive and Gram-negative
bacteria have some cellular components such as teichoic acid, polypeptide, and pro-
tein, such as metallothionein, which helps in cellular accumulation and conversion
to less toxic form. Earlier studies have reported that Pseudomonas aeruginosa was
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Table 5.4 The environmental heavy metal pollution and the responsible genes conferring
the metal resistance.

Heavy metal Resistance operon References
Arsenic arsRBC or arsRDABC [1, 6]
Cadmium cadCA [25]
Chromium chrBACF [26]
Mercury mer operons [27]

Lead pbr operon [28]
Nickel ncc operon [29]

able to accumulate Cu in the form of copper sulfide and was also able to accumulate
Ni in the form of phosphide salts. Metallothionein, a cysteine-rich soluble protein,
has been reported to help in the accumulation of Cd by Pseudomonas putida. This
bioaccumulation strategy can be exploited for heavy metal removal or recovery pro-
cess from contaminated water or soil samples.

5.5.1.1 Genetic Circuitry Involved in Microbial Bioremediation
Environmental heavy metal pollution became a serious health hazard globally
in contemporary times [1, 5]. The metal-resistant phenotype of microorganisms
conferred by the presence of microbial operons is well evident in scientific literature.
Although the resistance genes were originally discovered on plasmids, they have also
been found on the chromosomes of a diverse group of organisms. Metal-resistant
genes are common in microbial communities growing in contaminated environ-
ments (Table 5.4). Heavy metals exert a strong selective pressure on microorganisms,
resulting in major changes in the structure and diversity of the microbial community.
The resistance genes conferring heavy metal resistance often arranged in oper-
ons [1]. Microbial arsenic resistance genes are organized as ars operons, which may
involve three genes constituting the arsRBC or five genes forming arsRDABC operon.
Cells expressing the five genes arsRDABC are more resistant to arsenic than those
expressing only the arsRBC genes. The cadmium resistance operon cadCA has been
isolated and characterized previously in Staphylococcus sp.

5.5.1.2 Different Heavy Metal-Resistant Mechanisms
Microbes exert myriad different heavy metal-resistant mechanisms.

Intracellular Accumulation Transport of the metal across the cell membrane yields
intracellular accumulation, which is a metabolism-dependent process. Many bacte-
ria have the ability of sequestering metals from the environment. After entering into
the cell by this energy-dependent process, heavy metals may be compartmentalized
and/or converted to innocuous form by binding with cellular metabolic components
such as carbide, sulfide, phosphide or hydroxide.
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Extracellular Precipitation Microbes are able to produce a wide variety of extracellu-
lar, specific and non-specific substances, which can bind to the heavy metal in the
ambient environment by converting them to less toxic nature. Extracellular poly-
meric substances (EPSs) produced by the biofilm-producing bacteria play a crucial
role in heavy metal removal. EPS comprising a mixture of polysaccharide, proteins,
mucopolysaccharide, and nucleic acids are able to bind with the heavy metals and
can effectively remove metals from the environment.

Adsorption on the Cell Surface Microbes can also sequester toxic heavy metals by cell
surface adsorption mechanism. It is a rapid physicochemical process involving both
live and dead cell biomass and has been considered as an effective biotechnological
process for the removal and/or recovery of toxic heavy metals. In this process, metal
ions get quickly attached to the cell within a few minutes. Several mechanisms such
as ion exchange, chelation, and diffusion through cell walls and membranes con-
tribute to bioadsorption process [1, 5].

Volatilization Microbes can often convert metals to its less toxic and less soluble form
by volatilization process. Volatilization can be achieved by a variety of processes such
as reduction, oxidation, methylation, and demethylation of the compounds.

Metal Efflux A wide variety of metal efflux transport systems are present in
microbes that are involved in the excretion of metals out of the cell. Most of them
are non-specific being involved in efflux of a wide range of molecules. These
transporters are originally identified as multidrug transporters but are also involved
in transportation of heavy metals, organic acids, and many other non-specific
compounds. The ABC transporters are involved in the efflux of Mn in Streptococcus
gordonii [30]. The P type ATPase is another efflux protein associated with the efflux
of Cd in Staphylococcus aureus.

5.5.2 Plant-Assisted Bioremediation (Phytoremediation)

Since contamination of soils and waters by toxic heavy metals is a serious environ-
mental problem, therefore effective remediation methods are necessary. Phytoreme-
diation is the use of plants and associated soil microbes to reduce the concentrations
or toxic effects of ambient heavy metal contamination. It can be used for the removal
of heavy metals and as well as for organic pollutants. It is a novel, cost-effective,
efficient, environment and eco-friendly, in situ applicable and solar-driven remedia-
tion strategy. The method is reported to be economically sustainable than traditional
physical and chemical methods, which are categorized into phytoextraction, phy-
todegradation, phytostabilization, phytovolatilization, rhizodegradation, rhizofiltra-
tion, and other methods (Table 5.5). The effects of phytoremediation were previously
reported to be observed in short time.

The plants, categorized as metal hyperaccumulators and wild, are able to remove
heavy metals many times higher compared to the ones that are cultivated. Explo-
ration of hyperaccumulators as a potential agent of phytoremediation is the most
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Table 5.5 Glimpses of different categories of phytoremediation strategies to decontaminate
environmental heavy metal pollution.

Techniques Description Heavy metals References
Phytoextraction e Accumulation of organic and inorganic ~ Gold and [31]
pollutants in harvestable biomass i.e. nickel
shoots

e Plants able to absorb metals are chosen
to remove contaminants from soil with
the harvesting or removal of the plant
e Time consuming
Phytodegradation e Degradation of organic xenobiotics by Mercury and  [32]
(vegetal degradation) plant enzymes through metabolic lead
processes within plant tissues
e Applied to soil, clay, sediment, and
underground waters
e Reduction and degradation occur inside
the plant as a physiological process and
do not depend on microorganisms
Phytostabilization e Stabilizing the mobility and Copper [32]
(root stabilization) bioavailability of pollutants in soil by
plant roots
e Phytostabilization plants are able to
tolerate heavy metal levels and
immobilize the metals through sorption,
sedimentation, complexation, or
reduction of metal valences

Phytovolatilization e Conversion of heavy metals to volatile Selenium [33]
(vegetal evaporation) form and their subsequent release to the
atmosphere

e The most important aspect of this
method is transformation of the excessive
toxic compounds into less toxic forms

e The contaminants can be removed from
the plant by transpiration or evaporation

Rhizodegradation (the e Degradation of organic contaminantsin ~ Cadmium [32]
use of roots for rhizosphere by microorganisms in soil
degradation) e The most important benefit is the

dissolution of the contaminants in their
natural environment

Source: Based on Ali et al. [34].

effective strategy for successful phytoremediation of heavy metals. Recently, myriad
plant species have been reported as metal hyperaccumulators for effective phytore-
mediation. It has been earlier reported that phytoremediation can cost as less as 5%
of alternative clean-up methods. The establishment of vegetation on polluted soils
also helps prevent erosion and metal leaching.

An improved understanding of heavy metal uptake by plants from soil will also
help in promoting phytomining - a plant-based eco-friendly mining of metals,
which can be used for the extraction of metals even from low-grade ores. High
biomass-producing crops, such as Helianthus annuus, Cannabis sativa, Nicotiana
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tabacum, and Zea mays, have been reported to effectively remove heavy metals
from contaminated soil through phytoextraction. Phytoextraction of Cd, Pb, Cu,
and Zn has been observed in Trifolium alexandrinum earlier [32] due to its fast
growth, resistance to pollution, high biomass, and other favorable parameters. It has
also been speculated that phytoextraction of heavy metals will be a commercially
viable technology for phytoremediation and phytomining of heavy metals in future.
The combinatorial approach involving genetic engineering, microbe-assisted
approaches, is essential for highly effective and sustainable phytoremediation of
environmental heavy metal.

5.5.3 Algae-Assisted Bioremediation (Phycoremediation)

Algae also perform well in the field of bioremediation. The term “phycoremedia-
tion” is used to denote the remediation that includes either removal or degradation
and assimilation, using various types of algae and cyanobacteria. Similar to bacteria,
algae have various chemical moieties on their surface such as hydroxyl, carboxyl,
phosphate, and amide, which act as metal-binding sites. In a study, different species
of brown algae were examined for their metal uptake activity. Among them, Padina
sp. and Cystoseira sp. were reported to have effective metal uptake capabilities [35].

5.5.4 Fungi-Assisted Bioremediation (Mycoremediation)

It has been shown previously that bioleaching is a biological process in which
microorganisms (fungi, algae, and bacteria) uptake heavy metals from the environ-
ment. It has been reported that fungi are considered the most suitable candidates
for bioremediation due to their high tolerance to heavy metals with higher
surface-to-volume ratio. The main advantage to use an indigenous fungal strain
is that they are adapted not only to the presence of contaminants but also to the
environmental condition of the site. Thus, there is a need to develop new strategies
to utilize indigenous fungal strains for heavy metal removal from contaminated soil.

Fungi are also being utilized as a contrivance for the remediation of heavy
metal-contaminated areas because of their ability to accumulate toxic metals.
Coprinopsis atramentaria is studied for its bioaccumulation capacity of Cd and Pb.
Hence, it has been recognized as a potential accumulator of heavy metal ions and a
very important tool for mycoremediation.

Fungi have the ability to uptake both essential and non-essential heavy metals
[36]. Fungal survival in heavy metal-contaminated environments mainly depends
on intrinsic structural and biochemical properties, genetical and/or physiolog-
ical adaptation, morphological changes, environmental modification of heavy
metal, its toxicity, and availability. Biological mechanisms associated with fungal
existence include extracellular precipitation, crystallization, transformation, and
complexation of metal species by using mechanisms such as reduction, oxidation,
dealkylation, methylation, biosorption to cell walls, extracellular polysaccha-
ride and pigments, impermeability or decreased transport, efflux, intracellular
compartmentation and sequestration [37].
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5.6 Conclusion

Environmental heavy metal pollution is the contamination of soil, water and air
with heavy metals that now became one of the most serious global environmental
problems. As metals are non-biodegradable, can accumulate in living organisms
via the ecological food web and some of these metals are extremely toxic in trace
concentrations and can cause devastating health problems worldwide. The persis-
tent nature of heavy metals makes the environmental removal of the heavy metal
a realistic problem especially in case of the industries using heavy metals in their
productions. The devastating scenario of environmental heavy metal pollution is
more intense for the population of developing countries, relying mostly on growing
necessity of industries, making the contamination of environment with heavy
metals a great concern due to the fact that it consequently affects the health of
animals and plants [1].

Several bioaccumulating agents have been reported earlier; for instance, fungi and
bacteria could serve as potential candidate of bioremediation by bioaccumulation
[1, 5, 6]. Penicillium and Aspergillus were reported to be the efficient bioaccumula-
tors, whereas bacteria such as Bacillus spp., Pseudomonas sp., Enterobacter spp., and
Aeromonas spp. have an ability to decontaminate heavy metals [38]. Similarly, Peni-
cillium rubens was found the second best Cd bioaccumulator and Aspergillus fumi-
gatus showed remediation potential for Cd and Cr removal. Metarhizium anisopliae,
Saccharomyces cerevisiae, Fusarium oxysporum and two species of Penicillium have
also been reported for their bioremediation potential against Cd and other heavy
metals [39]. Studies also shown that Aspergillus sp., Penicillium sp., and Yarrowta sp.
can remove both soluble and insoluble heavy metal species from solution [40]. The
biosorption of Cr(VI) and Fe(III) has been shown in Streptococcus equisimilis and
S. cerevisiae. Significant Cr(VI) removal was observed using growing cells in batch
and continuous modes of operations and using non-living biomass in a batch biore-
actor. They conducted the study to evaluate the potential of the resting cells of the
Fusarium solani for Cr(VI) removal from aqueous solution with an aim to develop a
suitable operational strategy for the treatment of Cr(VI)-contaminated wastewaters.
According to Jiang et al. [41], the microbial isolates Chryseobacterium indoltheticum,
Pseudomonas helmanticensis, Bacillus mycoides, Bacillus almalaya and Acinetobac-
ter showed high tolerance to Cd, Pb, Cr and Zn. Thus, the use of microbial biomass
may therefore be considered as remedy for the removal of toxic substances from the
environment. Not only being cost-effective, the indigenous microorganisms isolated
also detoxify the contaminated site itself, to exercise their natural power and rem-
edy the situation. Industrialization is the best known cause for heavy metal pollution
of the soil and bioleaching is the most efficient, cost-effective and environmentally
friendly method. Fungi could be the most suitable bioaccumulating agents for the
removal of cadmium and chromium from contaminated soil. Considering the threat
of these heavy metals to human health, the future challenge is to remove toxic metal-
loid from our habitable ecological niche. The myriad arrays of resistant adaptations
in contemporary life forms are the evolutionary tools for the sustainable environ-
mental bioremediation [5, 6]. Furthermore, deeper investigations for linking the
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myriad-resistant properties of organisms with respect to their life history and the
environmental factors are essential for successful bioremediation.
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6.1 Introduction

Pesticides are defined as substances intended to kill, prevent, or regulate defined
forms of plants or pests. They include weeds, rodents, insects, rodents, and fungi
[1]. Some of the important types of pesticides used include herbicides, insecticides,
fungicides, and disinfectants. They are used to destroy weeds, unwanted vegetation,
growth of molds, mildew, and bacteria. Based on chemical nature, pesticides can be
classified as organo chlorine pesticides, organo phosphorous pesticides, carbamates,
neonicotinoids, and miscellaneous pesticides of biological origin like spinosad and
abamectin [2].

Loss of pesticidal residues from one environmental compartment to another due
to either degradation or transformation is defined as pesticide dissipation. The pesti-
cide dissipation comprises various processes like adsorption, transformation, break-
down, and degradation. Releasing of pesticides into the environment can be either
constructive or destructive as not the entire applied chemical reaches the target site
[3]. Health effects of pesticides may either be acute such as headache, abdominal
pain, nausea dizziness, and vomiting. Along with these, problems related to skin
and eye also persists. Cancer, nerve illness, contrary effects on reproductive tract,
chronic kidney diseases of unknown etiology, etc. are few to add to the list [4-9].

Insecticides like methyl parathion, dichloro-diphenyl-trichloroethane (DDT), and
particularly pentachlorophenol will interfere with the chemical signaling between
legume and rhizobium. This leads to reduced crop yields due to reduced nitrogen fix-
ation. Root nodule development in these plants guards the world economy roughly
US10billion every year through artificial nitrogen fertilizer [10]. According to the
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United States Fish and Wildlife Service (USFWS) and United states Department of
Agriculture (USDA) estimation, US farmers face condensed crop cross-pollination
since the pesticides eradicate honeybee colonies [11].

Pesticide usage has been regulated in several countries through biodiversity action
plans due to their harmful effects on animals. For example, in England, increased
utilization of pesticides in farmland and gardens witnessed a decreased number of
chaffinches [12]. Food chain of species gets affected the most, since certain pesticides
bioaccumulate to toxic levels over time.

6.2 Pesticide Biomagnification and Consequences

Biomagnification is a cumulative rise in the concentrations of enduring substances
like metals and pesticides as they move up the food chain. Mercury, cadmium,
arsenic, and few pesticides such as polychlorinated biphenyls (PCBs) and DDT
are the major contributors [13]. The lower food chain organisms are prone to
the exposure of the toxins at a faster rate and when higher food chain organisms
consume them, the toxins get gathered [14]. Mechanism to sequester and defecate
metals is highly displayed by organisms that are subjected to greater levels of
exposure to metals. When organisms are imperiled to higher concentrations than
normal levels, it leads to difficulty in excretion of these metals and also portray
danger to the organism’s reproductive system [15].

Suedel and his co-group concluded that toxaphene, DDT, PCBs, dichlorodiphenyl-
dichloroethylene (DDE), and organic forms of arsenic and mercury will efficiently
bio-magnify in nature. The accomplishment of bird retrieval (bald eagles and
peregrine falcons) in North America was seen after imposing ban on DDT usage
in agriculture which proves the effect of biomagnification [16-18]. Herbicides,
fungicides, pesticides, and inorganic fertilizers will infiltrate into the soil and run off
in to rivers, ponds, and lakes through rains or natural calamities [19]. The industrial
effluents and agricultural wastes also have a major impact on biomagnifications [20].

In agricultural lands, the used pesticides which consist of toxic chemicals and
heavy metals will be captivated by zooplankton and plants. Once these are swal-
lowed by consumers, the chemicals are circulated into the body tissues leading to
hazardous health disorders. Algal blooms are caused by eutrophication which is due
to the excessive use of organic substances such as manures and biosolids in the fields.
They contain carbon, nitrogen, and phosphorous which act as causative agents in the
depletion of the aquatic animal’s oxygen leading to their death [2].

Pesticide’s toxicity is decided based on its dose and how long the chemical is
applied. Primary exposure of these pesticides to wildlife animals causes problems
during their nesting and nursing of young ones. Pesticides will reduce the insect pop-
ulation leading to destruction of food chain thus harming the entire vegetation [15].

6.3 Il Effects of Biomagnification

In current years, the ingestion of seafood has been associated with few types of
cancer. This is due to the accretion of mercury and certain polycyclic aromatic
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hydrocarbons in the tissues. Moreover, mercury is identified to display antagonistic
effects [21] such as deterioration in the nervous system, impaired vision, gait,
hearing and speech, leading to involuntary muscle actions and deterioration of
mucosa and skin. Consumption of plants or aquatic animals with heavy metals
and toxic substances is a major reason for the consequences of different kinds of
cancers, respiratory illnesses, kidney failure, brain impairment, heart diseases, and
birth defects [22]. The addition of metals in the tissues of aquatic organisms will
have an ill effect on their growth and reproduction.

Accumulation of material that leads to biomagnification can interrupt the usual
food chain that is vital for the existence of all categories of animals in the ecosystem.
This may have a long-lasting consequence which might not be observed in short
period [23, 24]. India reported its first case of poisoning owing to pesticides from
Kerala in 1958. Over 100 people died subsequently after the intake of wheat flour
which was contaminated with parathion, a pesticide [11].

Also, production workers, sprayers, formulators, loaders, mixers, and farm work-
ers are at major risk of diseases due to maximum pesticide exposure. Throughout
the formulation and manufacture, workers are at amplified risk as they manage
numerous toxic chemicals to produce pesticides which include toxic solvents, raw
materials, and inert carriers [11].

6.4 Bioremediation

Bioremediation is the process where genetically modified or naturally occurring
microorganisms or plants [19] are used to degrade hazardous molecules from eco-
logical samples including water and soil. Hence, the bioremediation process plays an
important role as an eco-friendly procedure. Pesticides are involved in the destruc-
tion of the typical features of soil and also spread into the water, thus damaging the
marine environment. Hence, they have to be decontaminated off the polluted areas.

Bioremediation can be performed by two methodologies, “in situ” and “ex situ.” To
endure microbial activity when the climate is too cold or the soil is too compressed
for the nutrients to dispense, requirement of ex situ is most recommended. However,
ex situ is cost-consuming as the process requires clearing of the soil on the ground
and exhuming. Microbes exploit the contaminants which include solvents, oil, and
pesticides as their source of energy. Process of utilization of these contaminants leads
to water and harmless gases like carbon dioxide. However, if the conditions like tem-
perature and nutrients are not supportive enough, the bioremediation facilitation
will slow down. Hence, to improve the process substances like molasses, vegetable
oil can be added as amendments and fasten the cleanup. The added substances aid in
optimization for microbes to thrive in the surroundings and thus gear up the process
of bioremediation [19].

The Burkholderia, Pseudomonas, Azotobacter, Flavobacterium, and Arthobacter
are the bacterial strains that aid in degradation of pesticides. When the in-house
microbes cannot involve successfully in the degradation of pesticide, additional
strains of bacteria or fungi need to be provided to facilitate the degradation.
Favorable conditions like pH, temperature, nutrients, and enzymes are of much

85



86

6 Bioremediation of Pesticides Containing Soil and Water

important for the degradation process that involves microbes. But, the anionic

moieties in the pesticides hinder the degradation. Concentration of contaminants,

soil density, and size of the contaminated area will act as the deciding factors for the

duration of the bioremediation which might vary from few months to several years.
Advantages of bioremediation comprise of:

o Transfer of contaminants to a different environment does not occur since complete
breakdown of impurities to nontoxic compounds is achievable [15].

o In comparison to other removal/degradation techniques, the equipments involved
are extremely minimal, thus making it cost-effective.

o Either of the techniques, in situ or ex situ approaches, can be conducted based on
the parameters.

o Bioremediation is more of a natural process that is publicly accepted and the cost
involved per unit volume of ground water or soil is low.

Disadvantages of bioremediation comprise of:

o Toxic byproducts can be obtained in case of partial degradation of the process
involving organic pollutants.

o Precise parameters like temperature and pH are mandatory for the microbial
activity to sustain and carry out the sensitive process which involves toxins.

e Volatile organic compounds (VOCs) are difficult to regulate during ex situ
methods.

o In comparison with other techniques, it is time-consuming.

e Uncertain performance regulations are observed since there is no distinct level of
“clean” site.

6.5 Methods Used in Bioremediation Process

Bioremediation is a novel method to overcome the problem of contamination of soil
and water due to various kinds of contaminants. During the intrinsic bioremedia-
tion where microbes that already exist is not adequate to degrade the quantity of
pesticides used, it requires a processed bioremediation method where new natural
or engineered microbes are added for the effective action [1]. The mechanism usu-
ally utilizes microorganisms like fungi, bacteria, actinomycetes, and cyanobacteria
to degrade or eradicate noxious pollutants [19]. These microorganisms are naturally
appearing and they assimilate the contaminants from the surrounding environment,
leading to a province which is nearly contaminant-free. Usually, the pesticides are
absorbed within the organism [25], while organic constituents are digested. Meth-
ods involved in bioremediation are natural, as they promote the growth and repro-
duction of these organisms that can successfully eradicate precise contaminants by
converting them to nontoxic byproducts. Notably, bioremediation can also be com-
bined with an extensive range of long-established chemical and physical methods to
augment their ability [26].
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6.5.1 In Situ Method

6.5.1.1 Bioaugmentation

The process involves an addition of either indigenous or exogenous microorganisms
to contaminated locations [27]. It is favorable for the soils that are bioremediated, but
yet have risks, because microbes that are naturally occurring could not do their part
of work due to the unfavorable environmental factors (temperature, pH, salinity,
etc.) or the changes occur in the microbial population due to mutation. To apply
bioaugmentation method, there are few conditions which depend on site size and
availability of certain microbes.

6.5.1.2 Bioventing

This method comprises of utilizing native microorganisms for the biodegrada-
tion of organic pesticide content absorbed into the soil at the unsaturated zone.
Vacuum-enhanced soil vapor extraction method is used where pressure alterations
in the subsurface display an influx of oxygen supply which is required for aerobic
degradation of impurities. In the case of volatile contaminants, extraction of
soil vapor is carried out by the process of adsorption on activated carbon and
biodegradation within a biofilter [28].

6.5.1.3 Biosparging

It is a stimulation and exploitation of novel microorganisms for the biodegradation
of organic toxins in water-logged soil. To enhance the microbial activity by increas-
ing the oxygen dissolution, air is injected into the saturated region present beneath
the water table through the boreholes which will significantly upsurges the aerobic
biodegradation of pesticides. Moreover, it is also used to remove petroleum products
[29, 30]. An imperative feature for the effective elimination of contaminants is soil
porosity.

6.5.1.4 Biostimulation

It is the modification of natural habitat for the stimulation of the existing bacterial
population to carry out bioremediation process. Addition of phosphorus, oxygen,
carbon, and nitrogen will stimulate indigenous microbes in the soil which act as
rate-limiting nutrients and electron acceptors. The advantage of this method is that
the bioremediation will take place by natural native microbes [31]. Alternatively,
bioremediation of halogenated pesticide contaminants in anaerobic condition can
be stimulated by electron donors, thus indigenous microbes use the halogenated
contaminants as electron acceptors.

6.5.2 Ex Situ Methods

6.5.2.1 Composting

Soil will be treated with aerobic thermophilic microorganisms for the degradation
of pesticides. Periodic moistening and mixing are done to promote microbial activity
and to diminish the toxicity of metallic residues, pesticides, waste, and byproducts.
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Composting is a natural process that occurs in soil where organic waste components
are degraded by the microorganisms. During artificial ways of composting, temper-
atures are kept higher in soil which results in amplified solubility of contaminants
and display greater metabolic endeavor. Co-metabolism of organic contaminants can
exist at higher levels of substrate in the compost. Mechanical treatment of unwanted
nondegradable materials such as metals, plastic, stones, and glass makes it easy for
the biological treatment to take place. Nature of organic contaminants, compost-
ing standards, protocols, microbial population, and incubation period act as major
factors which will impact the total operation of the compost methodology [32].

6.5.2.2 Land farming

It is an overhead ground remediation skill which is also called as land treatment.
This method comprises spreading of contaminated soil in slender layers up to 0.4 m
thickness on terrain surface and accelerating aerobic microbial activity in the soil by
adding nutrients and aeration. It demands a large treatment area as the soil is spread
into thin layers. To increase the degradation process, oxygen supply and mixing
(plowing, milling, and harrowing) at regular intervals of time are done.

6.5.2.3 Biopiles

It is the combination of composting and land farming. Here, evacuated soils are
combined with soil amendments and positioned on treatment areas. They are
bioremediated by obligated aeration and thereby completely convert toxins into
carbon dioxide and water. The mentioned system comprehends aeration system,
treatment bed, nutrient or irrigation organization and leachate assembly. The soil
piles are up to 20 ft and enclosed by plastic to avoid the runoff, volatilization, and
evaporation. Biopiles offer a favorable atmosphere for the indigenous anaerobic
and aerobic microbes.

6.5.2.4 Bioreactors

Here polluted soil is treated in slurry or solid status. The principle of solid-state appa-
ratus is systematic mechanical decomposition of the soil by the intensive mixing
and enabling of mechanisms in the locked system. This makes sure that the toxins,
microorganisms, water, and nutrients are in lasting contact. The slurry state biore-
actors may be elucidated as contaminant system and apparatus is used to produce a
three-phase (solid, liquid, and gas) mixing. As compared to in situ or solid-state sys-
tems, the rate of biodegradation is superior in the slurry bioreactor scheme because
the environment is manageable and foreseeable. The contaminated soil requires pre-
treatment by soil washing and physical extraction before feeding into the bioreactor.

6.6 Bioremediation Process Using Biological Mediators

6.6.1 Bacterial Remediation

Biodegradation of pesticides (including micro-pollutants) comprises the oxidation of
parent compound which forms carbon dioxide and water [33]. During the process,
the contaminants provide energy and carbon for the growth and multiplication of
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microorganisms. Biodegradation involves various steps depending on the contam-
inant and each step was initiated by specific enzymes which present in bacterial
cells. Biodegradation of contaminants by either internal or external enzymes will
break at any phase if a suitable enzyme is absent. Lack of specific enzymes is one
of the reasons for the accumulation of byproducts of contaminants. Hence, specific
enzyme-bearing microorganisms are introduced into the soil and water to improve
the activity of biodegradation. Indigenous bacterial cultures are capable of metab-
olizing contaminants. Biodegradation can be through either aerobic or anaerobic
mechanisms [34]. Several pesticide-degrading genes were identified on the plasmids
of soil bacteria, which are known as catabolic plasmids. They are found in the species
of Flavobacterium, Pseudomonas, Rhodococcus, and Alcaligenes which can degrade
pesticide contaminants.

6.6.2 Fungal Remediation

Fungi produce a variety of extracellular enzymes and fungal species possess high
capacity to degrade pesticides. Branching and filamentous fungal growth will per-
mit for effective colonization and examination of contaminated soil. White-rot fungi
are filament-like creatures and propose advantages over bacteria as they are better
oxidizers. They are strong organisms and are mostly extra tolerant to high concen-
trations of polluting chemicals than bacteria. Additional fungi that can be used in
bioremediation are zygomycetes, e.g. mycorrhizal and mucoraceous fungi. Anaero-
bic aquatic fungi can also be used for bioremediation [26].

6.6.3 Phytoremediation

It is the method which uses the living plants and their allied microorganisms
for in situ elimination and degradation of contaminants present in soil, ground
water, and surface water. Plants can accumulate and metabolize organic pollutants
(phytodegradation) or stimulate rhizospheric microorganisms (phytostimulation).
Phytoremediation is a less cost-consuming, eco-friendly, and easier for the remedi-
ation of adulterated soil and water using plants. Plants used will have an exclusive
and careful uptake capability of roots, with the translocation, bioaccumulation,
and degradation of contaminant. Plant-dependent soil remediation systems are
biological, solar-driven, and capable of self-extending uptake network systems
which enhance the underground ecosystem for productive use. Plant possesses a
favorable microenvironment in the root zone that leads to contaminant degradation.

In the soil, plant-associated bacteria are endophytic (nonpathogenic) and rhizo-
spheric. Endophytic bacteria effortlessly occur in the interior tissues of plants which
promote plant growth and degrade soil contaminants. Rhizospheric bacteria have
a capacity to degrade various agrochemicals due to enhanced microbial activity.
Advancements in recombinant DNA technology have created transgenic plants that
exhibit better-quality tolerance and catabolic activity against contaminants present
in the soil [35].
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6.7 Factors Affecting Bioremediation

Microbial degradation of pesticides depends on various factors which can be divided
into external and internal factors. For the complete degradation of pesticide con-
taminants, physico-chemical parameters such as pH, temperature, water potential,
substrate availability, oxygen, etc., should be at optimum level as these parameters
influence the biodegradation efficiency.

6.7.1 Soil Type and Soil Moisture

Pesticide contaminants adhere to soil particles (absorption/adsorption) and
microorganisms are incapable of using them for degradation. Soil moisture is
considered one of the important factors for microbial functioning which helps
significantly during pesticide degradation, on the other hand, under dry soils
condition the degradation rate will be slow. Water will act as a solvent for pesticide
to move it around and enables pesticide biodegradation. The degradation rate
mostly rises with water levels. Moisture range between 50% and 80% was found to
be optimal for the biodegradation [36].

6.7.2 Oxygen and Nutrients

Availability of molecular oxygen is one of the further most vital factors constraining
the rate of biodegradation. For the aerobic degradation of pesticide by microorgan-
isms, oxygen supply can be limited by unfavorable soil porosity. Henceforth, mass
transmission from gaseous phase to aqueous phase will be hindered. In water, sub-
dued solubility of oxygen is the restrictive factor. Additionally, while implement-
ing bioremediation methods, development and activity of microorganisms must be
quickened. Biostimulation engages in the addition of oxygen and nutrition. Nutri-
ents are elementary building chunks for the life of microorganisms which lead to
production of enzymes and such enzymes have the capacity to degrade the pesti-
cides. Macro and micronutrients are essential for the growth of microorganism and
degradation of pesticides [37].

6.7.3 Temperature and pH

Temperature disturbs the adsorption by fluctuating the solubility and hydrolysis
of pesticides. As adsorption mechanisms are exothermic, it is expected that it will
decrease with increase in temperature along with increased solubility of pesticides.
Microbial activity will be intensified as there is an upsurge in temperature. The
highest growth and activity of microbes will happen in soils at 25-35 °C. Further-
more, soil pH is also a chief factor that affects the biodegradation of pesticides. The
biodegradation of compounds will be done by certain enzymes produced by the
microbes. The enzyme secreting bacteria will have optimum pH between 6.5 and
7.5 and enzymes are also pH-dependent. Soil pH will also stimulate the pesticide
adsorption. It also influences the absorption of pesticide fragments on organic and
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clay surface. Considering the susceptibility of pesticides to acid or base catalyzed
hydrolysis, the soil pH also affects it [37].

6.7.4 Organic Matter

By offering nutrients for cell growth, organic compounds will also regulate the pes-
ticide movement by adsorption process, thus biodegradation is affected. Soil organic
compounds will aid in the biodegradation of pesticides. A decreased microbial degra-
dation by stimulating pesticide adsorption is observed. When organic materials are
added to swamp soils, they help in the rise of the bacterial degradation of pesticides.
Reports claim to have degraded linuron by microbial activity in non-sterilized soils
and it was purely by the addition of organic matter [26].

6.8 Future Perspectives

As compared to different remediation techniques, i.e. thermal disposition, incin-
eration, etc., a brighter future is seen for bioremediation for the degradation
of pesticides [38]. A study conducted to understand the degeneration of target
compounds in the provinces claimed that the tactics do not stretch the measure of
the biological status or functioning of the degrader microbes. The further creation
of toxic arbitrates can prevent the process or increase the risk of grade in soil.
Such a backdrop happens among the developments in laboratory research. Lack
of information to know the complete mechanism of contaminant degradation rate
and lack of selected study centers and lack of technology demonstrations act as
major backdrops. To rush the development of innovative techniques which are fast,
reliable, and cost-effective is urgently needed. Development of accessible, expanded,
and well-documented databases in the field of bioremediation is required [28].
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7.1 Introduction

The continued increase in anthropogenic activities has led to pollution in almost
all the domains of the ecosystem, which has affected all the living creatures on the
planet earth. With increasing pressure on the dependencies on the plastic and its
products, the available disposal capacities have become insufficient to meet needs.
Plastics are a group of materials that are either synthetic or naturally occurring.
The malleable nature of plastic makes this most desired material when it comes to
applicability. Chemically, it is a polymer composed of repeating units joined via poly-
merization to form long extensions that form the macro form of plastic. The range
of application of plastics has widened to so many fields that it is nearly impossi-
ble to count them. Being such a useful material has attributed to its overutilization
and mismanagement. The mismanaged and overused plastic can be seen piled up
in the environment affecting all forms of life. Today, plastic pollution has increased
to the extent that this polymer has started integrating into the food chain of many
organisms, including plants.

The global plastic production data is quite astonishing. The oceans are dumped
with roughly 8 million metric tonnes of plastic each year. Currently, 150 million mea-
sured tonnes of plastic waste are being circulated in our marine ecosystem (http://
www.oceanconservancy.org/tarsh-free-seas/plastics-in-the-ocean  (accessed 8
September 2020)), making it one of the worst affected. The problem of marine
pollution persisted for a long and escalated when globalization and industrialization
took place. The marine environments, including flora and fauna, have long been
struggling with plastics in the marine waters. As the dependence of humans on
plastics is increasing, this has led to the ultimate impact on marine life.

The oceanic currents allow the convergence of plastic material to accumulate over-
time at the major vortices forming a huge mass of floating plastic over the surface of
the water. All forms of plastic that end up in the ocean are hazardous to marine life
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forms as it has a number of effects ranging from disturbing their food chain to chok-
ing them to death. In addition to the existing problem of macroplastics, which is dis-
cussed, the emergence of micro- and nanoplastics is also posing an emerging threat.

Plastics are now an integral part of the marine ecosystem, but their interaction
with various physical, chemical, and biological processes results in their breaking
up into smaller fragments giving rise to micro- and nanoplastics. The only option
we are left with to manage such issues is bioremediation.

7.2 Plastic Pollution: A Threat to the Marine Ecosystem

More than a dozen species have succumbed to the poison of plastic. This deadly
polymer is taking a heavy toll on the diversity of aquatic life. Around 800 species
are affected worldwide by marine debris, all of which are anthropogenic in origin,
and the plastic litter accounts for 80% of this debris (http://www.pewtrusts.org/
en/research-and-analysis/articles/2018/09/24/plastic- pollution-affects-sea-life-
throughout-the-ocean (accessed 12 September 2020)). Humans, on the other hand,
are also exposed to plastic pollution as a significant fraction of the population
imparts seafood as a part of their daily diet. The incorporation of plastic into the
food chain has exposed nearly all life forms of life, including birds, wildlife, marine
forms, and humans, to the effects of plastic pollution (Figure 7.1).

The presence of plastic disrupts the natural balance and ambiance if the marine
ecosystem by interfering with entire biogeocycles causing all marine life forms to
suffer. Various reports suggest the ingestion of plastic by fishes and other marine
organisms not only cause digestive problems but also may lead to life-threatening
issues such as a blockage in the gut and ulcers in the lining of the gut. Birds, too, got
trapped by the attractive look of the floating plastic debris which chokes them, and
they end up dying due to suffocation. Around 44% of the seabirds, cetaceans, and
sea turtles have been documented to have ingested plastic in one form or another
(http://www.marineinsight.com/environment/how-is-plastic-ruining-the-ocean
(accessed 12 September 2020)).

Disposal of plastic into the water bodies comes with many toxic and hazardous
compounds such as additives, flames retardants, plasticizers, colors, etc. These com-
pounds, when degraded by natural forces in water, consume oxygen resulting in
lowering the concentration of dissolved oxygen in that vary environment. A lower
level of oxygen has a severe impact on marine animals, especially whales, dolphins,
and penguins.

7.3 Micro- and Nanoplastics

The recalcitrant nature of plastics enables them to persist in the environment for
a very long time. This property causes the plastic to fragment naturally, resulting
in mesoplastics (5-40 mm), microplastics (1-5000 pm), and nanoplastics (0.1 pm or
less). The microplastic contamination has emerged as a newer form of pollution
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4 Weathering ?

Nanoplastic

Figure 7.1 Effect of micro- and nanoplastics on marine life.

which has an increasingly damaging impact on the ecosystem. Microplastics have
been reported from the water surface of open ocean to estuaries, subtidal segments,
and deep oceans. There have been reports of microplastic in considerable concen-
tration in Arctic sea ice.

The major characteristics of micro- and nanoplastics are

1. Being smaller in size, they can travel farther and faster in the environment.

2. They are efficient sorbents of other pollutants and often release sorbates to the
surroundings - for example, heavy metals, persistent organic pollutants, antibi-
otics, etc. The chemicals hence released leads to direct toxic effects on aquatic
fauna at the tissue, cellular, and molecular level.

3. Being micro- and nano-sized, they can move through various trophic levels and
gets incorporated into the food chain.

4. They also can migrate through tissues.

The existence of micro- and nanoplastics can now be considered as ubiquitous as
their widespread distribution, starting from open oceans to marine life from where
it travels up the trophic levels to human beings and other landforms. Hence, they
have invaded a wide variety of life forms and the ecosystem.

7.3.1 Microplastics

Microplastics can be broadly classified as primary and secondary. Primary
microplastics constitute plastic particles that are directly released into the envi-
ronment as microsized pellets, beads, etc. These include waste scrapings from
various production industries and wearing and tearing from day-to-day opera-
tions. Secondary microplastics, on the other hand, are the microplastics that are
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formed over the course of time in the environment by physical, chemical, and
biological forces of nature. These include mechanical stresses, UV, oxidation, and
biodegradation.

7.3.1.1 Toxicity of Microplastics

Large surface area to volume ratio of microplastics results in the release of their
constituents chemicals into the surrounding water, which includes UV stabilizers,
flame retardants, plasticizers, and colors, etc. Chemicals such as flame retardants
(polybrominated diphenyl ether [PBDE]) were found in Puffinus tenuirostris, and
plasticizer (mono-2-ethylhexyl phthalate [MEHP]) was detected in muscle tissue of
Cetorhinus maximus (basking shark) [1].

The toxicity of microplastics on the marine ecosystem has been studied since the
late 1980s and early 1990s. Various studies since then were conducted to establish the
toxicity level of microplastics in the marine environment. For instance, a study done
on the marine model organism Mytilus edulis by Browne et al. (2013) determined
the effect of fluorescent polystyrene (PS) microspheres on the uptake, transloca-
tion, and cell viability [2]. The major findings of this study came out to be that the
short-term exposure of microplastics did not cause a considerable effect on cells.
Still, long-term exposure has certainly affected various biological functions, includ-
ing cell viability. A study by Graham and Thompson (2009) on Thyonella gemmata,
Holothuria floridana, and Cucumaria frondosa established that microplastics could
transfer between various trophic levels in the food chain and food web [3].

1. Uptake of microplastics by marine animals:

There are some unique features of microplastics owing to which marine organ-

isms easily take them up. Few of which are as follows:

a) Due to the attractive appearance of microplastics, lower organisms such as
phytoplankton, zooplankton, etc., prey upon them, mistaking it being food and
transfer them to higher trophic levels

b) The low density of microplastics is prone to be eaten by filter feeders and sus-
pension feeders. On the other hand, high-density microplastics are eaten away
by marine animals during sinking through the water column.

c) Attractive colors may be deceived as natural prey by vision predatory marine
animals.

d) The probability of preying upon microplastics is entirely dependent on the
enrichment with them in the marine ecosystem.

2. Microplastics in the body of marine life forms:

Microplastics persist inside the digestive tract for a long when ingested. Studies

have shown their presence inside gills, intestines, digestive tubules, and stomach

of many animals such as the mussel M. edulis and pelagic fish Platycephalus

indicus [4]. Different kinds of experiments performed, such as acid tissue

digestion, fluorescence methods, labeled microplastics, showed the persistence

of microplastics inside the body of marine animals.

3. Impact of microplastics on marine animals:

a) Microplastics can cause ventricular overloading, resulting in blockage in the
digestive tracts of birds and ultimately lead to their death. Microplastics also
cause malnutrition in animals such as turtles where the structural feature of
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esophageal papillae inhibits regurgitation and may end up in its accumulation.
An increased concentration of microplastics in the vicinity may cause cyto-
toxicity, decreased feeding, and decreased phagocytic and increased lysozyme
activity in lower marine invertebrates.

b) The ingested microplastics accumulating inside the body may block fluid pas-
sage across the body, thus rendering internal organs inflamed and damaged.
The long-term accumulation of microplastics may start leaching of additives,
plasticizers, flame retardants, which may be fatally toxic.

7.3.2 Nanoplastics

Nanoplastics exhibit enhanced toxicity in comparison with microplastics. Even
the short-term exposure of nanoplastics has been reported to cause assimilation
and deposition inside the body. Polystyrene nanoplastics cause embryotoxicity and
abnormal gene expression in the sea urchin Paracentrotus lividus [5]. Carboxy-
lated and amino-modified nanoplastics adversely affect feeding, motility, and cell
viability.

Various studies have shown that the trophic transfer of nanoplastics is one of the
major routes of pollutant exposure. It has also been concluded to confer behavioral
modifications and metabolic issues in large marine animals. The behavioral changes
are the result of the invasion of the brain by nanoplastics.

7.4 Microbes Involved in the Degradation of Plastic
and Related Polymers

Plastic degradation in the marine environment can occur in multiple ways like abi-
otic and biotic processes or biological processes like microbial degradation using
various microbial entities. The natural phenomenon of degradation is a prolonged
process. The natural weathering effects here account for the degradation of plastic.
Microbes, on the other hand, aid in the biodegradation of plastic polymer in a speedy
and environment-friendly manner. The basic principle behind this process is that
the microorganisms directly utilize plastic as a source of carbon and energy for their
growth and multiplication, consuming it in the process. The degradation of plas-
tic occurs by an enormous genus of bacteria by both aerobic and anaerobic modes,
and fungi by anaerobic mode only. Aerobic bacteria utilize as a terminal electron
acceptor and mineralize plastics and other polymers to CO, and H,O. Anaerobic
microorganisms (including bacteria and fungi) may use iron, sulfate manganese,
and nitrate as a terminal electron acceptor to degrade organic hydrocarbons into
simpler molecules like methane, for example (Table 7.1).

7.4.1 Biodegradation of Plastic

Different microbial entities employ a specific mechanism by which they can degrade
various forms of plastic. Recent studies revealed that polyethylene (PE), polyethy-
lene terephthalate (PET), and polystyrene (PS), along with polypropylene (PP) con-
stitute a significant portion of plastic debris in the marine system.
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Table 7.1 Microorganisms involved in the bioremediation of different types of plastic.

Sr.no. Type of plastic Organism References

1. Polyethylene Rhodococcus ruber [6]
Penicillium simplicissimum [7]
Brevibacillus borstelensis [8]
Streptomyces Sp.
Zalerion maritimum [9]

2. Polyhydroxy alkanoic Pseudomonas stutzeri [10]

acid (PHA) Alcaligenes faecalis [11]

Streptomyces sp. [12]

Basidiomycetes, deuteromycetes [13]
(Penicillium, Aspergillus),

ascomycetes
3. Polycaprolactone Alcaligenes faecalis [13]
(PCL) Clostridium botulinum [10]
Fusarium [14]
Pseudomonas sp. [15]
Moritella sp. [16]
Shewanella [16]
4, Polylactic acid (PLA) Bacillus brevis [17]
Fusarium moniliforme [14]
Penicillium roqueforti [10]
5. Polyurethane (PU) Fusarium solani, Aureobasidium [18]
pullulans sp.
Pseudomonas chlororaphis [19]
6. Polyvinyl chloride Pseudomonas putida [20]
(PVC)
Polystyrene Rhodococcus ruber [21]
8. Polyethylene Bacillus cereus [22]
terephthalate (PET) Bacillus gottheilli
9. Polypropylene (PP)  Bacillus sp. [23]

Rhodococcus sp.

7.4.1.1 Polyethylene (PE)

Polyethylene, also known as daily use plastic, could be largely seen floating at the
sea surface. It is the most difficult form of polymer to degrade because of its linear
long carbon chain (family: polyolefins), which is very stable and contains balanced
charges for the destabilization of local charge enzymatic oxidation via monooxyge-
nases and dioxygenases, which leads to the formation of alcohol and peroxyl group.
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The oxidation of reactions makes a polymer more hydrophilic and susceptible to
enzymatic attack, further leading to the complete mineralization of the polymer.

7.4.1.2 Polyethylene Terephthalate (PET)

There are very few bacterial isolates known to be involved in the degradation of
PET, which generally includes Ideonella sakaiensis [24], Pseudomonas mendocina
[25], and Thermobifida fusca [26] along with some fungal communities which
include fusarium species and Humicola insolens [27]. The enzyme PET hydrolase
(the best-studied enzyme for PET degradation) has relatively lower turnover rates.
The enzymes involved in the PET degradation contain a C-terminal disulfide bond,
which helps in the attachment of organism with the hydrophobic surface.

Mechanism:

MHETase

PET e, mono(2 — hydroxyethyl)terephthalate terephthalic acid + ethylene glycol

Terephthalic acid is then internalized by a TPA transporter protein.

TPA — 1, 2 — dioxygenase (TPADO)
1,2 — dihydroxy — 3, 5 — cyclohexadiene — 1,4 — dicarboxylate dehydrogenase (DCDDH)
Terephthalic acid protochatechuic acid

. . PCA-3,4—dioxygenase (PCA34) . .
Protochatechuic acid 4-carboxy-2-hydroxymuconic acid
(hemiacetal form)

. . dehydrogenase . . .
4 — carboxy — 2 — hydroxymuconic acid ————— 2 — pyrone — 4, 6 — dicarboxylic acid

Finally, 2-pyrone-4,6-dicarboxylic acid enters TCA cycle.

7.4.1.3 Polystyrene (PS)

This high molecular weight, highly hydrophobic polymer, supports only partial
degradation. To date, no enzyme is reported to degrade polystyrene completely.
However, black-rot fungi Gloeophyllum Striatum and Gloeophyllum trabeum were
reported to employ hydroquinone-driven Fenton reaction to attack polystyrol
moiety. The degradation pathway involved mainly the oxidation of the styrene side
chain:

styrene monooxygenase . styrene oxide
Styrene Styrene epoxide ———

ield
Phenylacetaldehyde — Phenylacetic acid R Phenylacetyl Co — A

Phenyacetyl Co-A enters TCA cycle, where the final products are acetyl Co-A and
succinyl Co-A.

7.5 Enzymes Responsible for Biodegradation

See Table 7.2.
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Table 7.2 Plastic-degrading enzyme with source.

Sr.no. Type of plastic Enzyme Source of enzyme References
1. Polyethylene (PE) Laccase Rhodococcus ruber [28]
Alkane hydroxylase Pseudomonas sp. E4  [29]
strain
2. Polyethylene Cutinase [30]
terephthalate (PET) Lipase
Carboxylesterase
PETase Ideonella sakaiensis  [24]
3. Polyurethane (PU) PueB Lipase Pseudomonas [31]
chlororaphis
Cutinase Thermobifida [32]
4. Polyamide Cyclic dimer hydroxylase [33]
6-Aminohexanoate Arthrobacter sp.
aminotransferase
Semialdehyde
dehydrogenase
Manganese-dependent White-rot fungus [34]
peroxidase

7.6 Mechanism of Biodegradation

7.6.1 Formation of Biofilm

The foremost step toward the biodegradation of plastic is the attachment of microbial
cells to the surface of the polymer, forming a film. There are various factors which
may affect the formation of a biofilm as follows:

1. Biotic factor: biotic factors include nutritional source and formation of the film.

2. Abiotic factor: abiotic factors include the topography of polymer, presence of
oxygen, chemical characteristics such as temperature, pH, salinity, chemical char-
acteristics, and hydrophobicity, and surface roughness.

Various forces act on the microbial cells which initiate the process. One of which
being nutritional deficiency, which leaves plastic as only nutrient sources and hence
facilitates the adherence of the cell. The adherence was the initial physical interac-
tion between the cells and the substrate, which cause an irreversible attachment of
the cell. These attachment forces are responsible and determine the properties of
biofilm hence form.

The formation of an initial layer of biofilm over the surface of the polymer is very
crucial and deciding step. This layer determines the degradation efficiency. Chem-
ical properties of biofilm, such as surface modification of the polymer structure of
biofilm, all of these factors have an ultimate impact on the growth of subsequent



7.6 Mechanism of Biodegradation

layers of the cells, its rate of growth, and the production of suitable metabolites
responsible for degradation. Any variation in the properties mentioned above has
a direct impact on the degradation efficiency. Some examples of biofilm-forming
microbes include Rhodococcus ruber (mushroom-like structures) and Alcanivorax
borkumensis, which pioneers in the degradation of low-density polyethylene by the
formation of thick biofilm [35].

7.6.2 Biodeterioration

The next stage in the process of biodegradation after surface colonization and biofilm
formation is biodeterioration. This stage is augmented by the release of exopolysac-
charides (EPSs), a characteristic feature of biofilm-forming microorganisms. The
EPSreleased in large quantities have the microorganisms to stick to the surface more
tightly hence forming a more robust biofilm. The EPS, along with enzymes (exo- and
endo-enzymes), have a significant impact on biodeterioration.

7.6.3 Biofragmentation

This stage largely includes the breaking up of polymer chains to oligomers, dimers,
and monomers. The step mostly utilizes enzymes that distort the basic polymer
geometry holding the polymer chain together, easing microbial attack. Microor-
ganisms can directly utilize the resulting oligomer and monomer units as a carbon
source, contributing to the production of biomass.

The initial attack occurs on the terminal moieties causing a sequential reduction
in the molecular weight. The enzymes involved in the fragmentation of polymer
belong to class oxidoreductases and hydrolases.

Hydrolases work by mainly acting on the carboxylic linkages specifically.
Examples of hydrolases include esterases, lipases, and cutinases. The presence of
three amino acids (aspartate, serine, and histidine) residues in the active site is a
characteristic of hydrolases, and these three amino acids aid in the production of
nucleophilic alkoxide group (-O), which attacks the ester bond-forming alcohol
and acyl-enzyme complex.

Oxidoreductases, on the other hand, add oxygen atoms to alcohol and peroxide
groups, which are easier to fragment and consume.

Two factors which affect the oxidation of plastic structure are

1. Length and exposure and type of additive used
2. Type of microbial species involved in the process

7.6.4 Assimilation

Biodegradation of plastic is an electron transfer process. The driving force for this
process is mainly channeled through the oxidation of molecules that were obtained
from chain fragmentation. Major products that are the result of enzymatic attack
are amides, alcohols, and organic acids. These compounds are easily assimilated
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by microorganisms through the cell membrane and enter the central metabolic
pathway.

The electrons released from the substrate are finally consumed by a terminal elec-
tron acceptor, which in the case of aerobic microbes, is oxygen, and for anaerobic
microorganisms is nitrates and sulfates. For traveling down various metabolic routes
to terminal electron acceptors, electrons gain energy from oxidation via p-oxidation.

Degradation of plastic is generally a surface phenomenon where the oxidative and
hydrolytic enzymes act on to eject out electrons and other simpler sources of carbon,
which can be assimilated by microorganisms into their metabolic pathway, where
they contribute toward the growth.

7.6.5 Mineralization

The conversion of all complex forms of polymer moieties into simpler molecules
such as carbon dioxide, water, and oxygen, etc., constitute mineralization. This is the
final step in the degradation of plastic, and the final product obtained is primarily
the microbial biomass.

7.7 Biotechnology in Plastic Bioremediation

Biotechnology has been a boon to the field of biological and environmental science.
Its use in the field of bioremediation of plastic has led to various outcomes which
have benefitted the environment. The solution based on biotechnology may either be
stand-alone, or they may complement the existing technologies. The term “biodegra-
dation” presumes a nearly stand-alone method, but in nature, both abiotic and biotic
factors contribute equally to complete degradation of the polymer under consid-
eration. Moreover, abiotic degradation processes occur much before the microbial
attack; hence, abiotic factors largely determine how the plastic will be biodegraded.
The main drawback of biodegradation of plastic is that it takes a longer time for an
initial attack on the polymer chain. This can be overcome either by pretreating the
polymer making it more susceptible to microbial attack or genetic modification of
organisms to enhance its inherent capability of biodegradation. The pretreatment
of the polymer may pose various problems, which are huge capital investment, the
involvement of hazardous chemicals, which pose an environmental risk.

Genetic engineering makes it possible to enhance and alter existing properties of
the degradative enzymes, to modify and cluster multiple genes coding for enzymes
into a single organism. These newer genes hence will produce proteins that will not
only be genetically diverse but also be functionally rich and ultimately give us a
pool of novel biocatalysts. For example, biosynthetic genes phbA (for 3-ketothiolase),
phbB (NADPH-dependent acetyl Co-A reductase), and phbC (PHB synthase) have
been cloned to produce PHA (polyhydroxy alkanoic acid) and PHB (poly(3-hydroxy
butyric acid)). These genes are clustered in a single operon and have been expressed
in Escherichia coli and Pseudomonas sp. [36].
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Pseudomonas putida (an oil-degrading bacterium), the first organism to be engi-
neered for novel catabolic efficiency, degrades different hydrocarbons. Pseudomonas
sp. are a metabolically diverse group of bacteria which are also active degrader of var-
ious types of the plastic polymer. An important aspect of genetic engineering is the
careful and detailed characterization of genes responsible for the production and
regulation of desired enzymes. To determine the flow of genes and genetic informa-
tion between microbial communities, 1*C stable isotopic markers are utilized. The
13C-DNA gets stably incorporated as normal 2C-DNA and can be traced out. Once
characterized, one can genetically modify the desired microorganism for the degra-
dation of plastic waste. The technique, although it seems very simple, it comes with
various technical and ethical difficulties.

The bioremediation of plastic is mainly involved in finding and reporting of
microbial diversity and the biotransformation pathway. Deciphering metabolic
pathways and networks of host cells capable of attacking plastic is an essential step.
It will further support the engineering of whole cells and engineering enzymes
capable of plastic mineralization. The basic aim is to enhance the biocatalyst nature
of enzymes. A prominent example being the enhanced expression of cutinase from
Thermobifida cellulosilytica toward PET via site-directed mutagenesis in E. coli
BL21-Gold expression vector [37].

Various modern techniques which are now being used for genetic engineering as
follows:

1. 16S rRNA sequencing, microarray profiling, and the NextGen high-throughput
metagenome sequencing give insights about the phylogeny and expression sys-
tems.

2. The Cre/lox recombinase system can be used to manipulate gene expression lev-
els by inserting specific genes at the recognition site.

3. Zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases
(TALENSs), which binds to the DNA site associated with the various catalytic
domain of enzymes, are also utilized to introduce new functions with reduced
error rates.

4. The most advanced and highly specific modern gene-editing tool is CRISPR-Cas
(clustered regularly interspaced short palindromic repeats). With this system, one
can insert programmed RNA to complementary DNA sequences and hence intro-
duce new genes at any location in the genome.

The complete understanding of genomics, proteomics, and metabolomics data
would provide an insight into the processes going on in any living system which
could be rewired to address the target. Here, computation biology comes into the
picture, which combines complex biological and engineering techniques to design
biological systems. It helps in digging out all the possible outcomes along with their
results and consequences via comparative algorithms that work at the back-end.
In silico studies, along with molecular modeling, have till now not been utilized in
the field of environmental remediation science. But the computational analysis will
prove to be the boon for research in this area and speed up the process to a greater
extent.
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7.8 Future Perspectives: Development of More Refined
Bioremediation Technologies as a Step Toward Zero
Waste Strategy

The plastic has entered all domains of the ecosystem. There is a need the hour to
develop as many methods as possible to degrade the plastic polymer, so that the
environment runs free of this deadly pollutant. As it is known from studies that there
exists a small pint of enzymes that are available that can degrade synthetic plastic.
The significant drawback here lies in the initial attack on the high molecular weight
chain of the highly robust and stable polymer.

The current old school techniques of cultivation of organisms seem inefficient in
searching for a method that could degrade plastic at a much faster pace. On the other
hand, various modern techniques such as metagenomic analysis, gene-mining, and
dark matter proteins offer promising results and solve this growing problem. Various
biotechnological interventions in the field of molecular engineering have shortened
the path between genes and pathways. The accessibility to different online databases
makes it possible to correlate the pathway and functions of key proteins, and cellular
metabolism provides an insight to all naturally existing capabilities. In silico comput-
ing has immensely helped predict and understand the metabolic pathways and the
working mechanism that organisms follow during degradation. Genome mapping
and protein engineering seem to play a vital role in designing proteins and enzymes,
which may simplify the task of cleaving plastic debris.

There is an important need to standardize the existing findings/protocols on plas-
tic degradation. As commercial plastic, which results in plastic waste, it consists of
not only plastic alone but also certain additives, plasticizers, and colors, etc., which
make the actual process of biodegradation difficult and complicated. Keeping in
mind the biodegradation of existing plastic debris, one area should also be consid-
ered in the production of environment-friendly polymer (biopolymer), which could
be easily degraded naturally. The production of the existing biopolymer needs to be
paced up and should replace synthetic polymer for practical applications.

Various research groups are looking for a solution that may reverse the dogma
where biodegradation of long-chain polymers to their monomeric units can profi-
ciently be achieved. Through integrated approaches and interdisciplinary work done
in a well-organized and disciplined manner, it is very much likely to curb plastic
pollution on a few more decades to come.
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8.1 Introduction

The major contributing factors for solid waste (SW) management are population
explosion, migration to urban areas, industrialization, urbanization, and indis-
criminate disposal of SW. The first two main contributors will result in a surge
of megacity population that mandates strategizing a solid waste management
(SWM) plan [1]. The major steps toward this shall include collection of solid waste,
transportation to spot locations, and processing and disposal of the waste through
technologies (biological or chemical).

Indian SWM rules (2000) were drafted by the Ministry of Environment and Forest,
providing all the necessary guidelines for efficient collection, processing, and dis-
posal of the solid waste. Even though the present SWM system appears competent
enough, deeming the last few decades (changing waste characteristics and volume)
fewer modifications in the process might prove vital. These modified SWM practices
may promote source material reduction, recycling, energy recovery, and waste sta-
bilization prior to landfilling. However, it might differ and depend on the country,
state, rural-urban setup, and government authorities [2].

8.2 C(Classification of Solid Waste

According to the statistics, the last decade has witnessed a sharp increase in the
quantity of solid waste generation. This is the unavoidable outcome of expansion,
production, and consumption activities practiced in any economy, clearly reflecting
the improvement in socioeconomic status. The rapid expansion of urban, agricul-
tural, and industrial sectors results in population increase that adds up to the SW
problems, thereby polluting environment and faster depletion of resources. The
quantity of waste generated in any country/state/society mainly depends on the
population and lifestyle of the inhabitants. Thus, waste reduction and management
becomes a social responsibility and appropriate management of solid waste will
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eventually moderate the harmful impact of SW on environment and human health.
The solid waste mainly constitutes of heterogeneous as well as homogeneous wastes
discarded from residential, industrial, and agricultural areas. It may be categorized
in the following three ways:

o Onthebasis of source of origin: municipal solid waste (MSW), agro waste (AW),
industrial waste, bio-medical, e-waste)

e On the basis of nature of waste: organic and inorganic material

o On the basis of toxicity: hazardous and non-hazardous

The MSW comprises of food waste (FW), rubbish from residences, commercial,
institutional, industrial, construction, demolition, and sanitation waste. It also
includes recyclables like paper (3-6%), plastic, glass, and metal (each less than 1%);
toxic substances such as paints, pesticides, used batteries, and unused medicines.
The organic and inorganic fractions encompass kitchen refuse, packaging material,
fruit and vegetable waste, clothes, used bottles, paper, cans, batteries, etc., which
generally do not carry any value to the primary user [3, 4].

The monitoring and management of solid waste is a grave concern for developed as
well as developing economies, posing a bigger challenge for municipal authorities.
Further, various processes and techniques that are employed for effective manage-
ment of such waste must include monitoring, gathering, transportation, processing,
recycling/recovery, and appropriate discarding of final residue.

8.3 Role of Microbes in Composting

Composting is considered as a significant approach for treatment and disposal of
solid wastes, but with a question of time and efforts required toward processing and
degradation. The solution to this lies with the organic composition of the waste as
they possess enormous amount of cellulose, hemicellulose, sugar components, and
lignin. Composting refers to biological hydrolysis of solid waste (organic fraction)
into a stable and sanitized residue called humus [5]. It is an aerobic process wherein
microbes implicate the waste decomposition by consuming carbon and nitrogen as
energy sources. A sufficient percentage of oxygen (15-20%) and water is directly cor-
related with an efficacious microbial succession [6]. This is essentially required to
ensure a spontaneous rise in temperature to eliminate the pathogens, ultimately gen-
erating a good product in the form of soil-enriching compost.

The process of composting can be divided in to three phases: (i) an initial
mesophilic phase, where mesophilic bacteria and fungi degrade the simpler
compounds such as sugars, amino acids, etc., at a temperature of around 45°C;
(ii) thermophilic phase, where thermophilic bacteria and fungi degrade complex
compounds like fats, cellulose, hemicellulose, and lignin at a temperature of around
60°C; and (iii) cooling phase materializes products (humic-like substances) with
limited microbial activity, decreased temperature, and a declined organic matter
degradation. A gradual and effectual microbial succession is critical for composting
wherein growth of nonspecific microbes extensively affects the waste degradation
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rate and compost quality. The waste composition, nutritive supplements, and
environmental setup (ambient or trial) support the type of bacteria and fungi that
emerge during composting [7]. Furthermore, additives in form of microbes will alter
the breakdown process of cellulose, hemicellulose, and lignin during composting.
These microbes release substrate-based hydrolytic enzymes to split up the complex
compounds to produce water-soluble metabolites. In addition, assessment and
monitoring (physiological profiling) of microbial succession within composting can
denote the scale of compost maturity.

Suitable microbial addition during composting of solid waste (organic) is known to
accelerate the degradation process, thus enriching the nutrient composition of the
resulting compost. Microbial additives will speed up the process through nutrient
transformation and production of extra-cellular enzymes (lignocellulases, proteases,
etc.). When added to a compost mixture, effective microbes will influence the tem-
perature, ammonia balance, and production of volatile organic compounds (VOCs)
and nitrogen-sulfur compounds [8, 9]. Hence, microbial inoculation will serve as
a positive stimulation in composting and aims to achieve maximum efficiency. The
same has been illustrated in the Figure 8.1.

Several studies in the past have revealed microbial addition as a positive approach
toward solid waste treatment resulting in enhanced rate of waste degradation
[10, 11]. These microbes can be isolated from various sources such as soil, cow
dung, straw, or waste mixture depending on the requirement [12]. While in some
conditions, a pre-derived mature compost may be applied to waste mixture, in
other conditions either a single bacterial or fungal strain or a viable consortium
of effective microbes (mixed culture) might be substantial enough [10, 13]. Few
examples of potent microbes are Bacillus spp., Cellulomonas, Pseudomonas,

Solid ; Oxygen Time Microbial
olld waste iti
Organic additives
material . -
water o> E(')’::fh:s(:
microbes 2

Compost

Figure 8.1 Process flow of a SW composting with microbial additives.
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Thermoactinomycetes, Aspergillus sp., white-rot fungi, Trichoderma sp., etc. [14].
These microbial additives will deal with the organic portion of the waste by secret-
ing degradative—oxidative enzymes. The enzymes will shorten the initial lag time
and generate a phenomenal rise in temperature that justify the accelerated rate of
waste composting. However, not all the microbial strains have the ability to secrete
enzymes, good enough for solid waste biodegradation. They significantly affect the
physical, chemical as well as biological parameters (pH, C/N ratio, color, humic
substances, pathogenic activity, and germination index) within the waste matrix
which are indirectly related to the compost quality. Monitoring the temperature,
ammonia emissions, C/N ratio, etc., can effectively present a clear picture about the
quality of the generated compost [8]. In addition, reduction in composting time,
C/N ratio, and organic content will clearly indicate good enriched compost. Some
investigations discussing the impact of microbial addition on the degradation of
various solid wastes (MSW, FW, and AW) have been summarized in Table 8.1.

8.4 Effect of Microbial Consortia on Solid Waste
Composting

While exploring the synergistic action of potent microbes in a consortium on com-
posting of solid waste, a boost in the waste degradation rate and reduction in the
composting time was evident. To support this, a MSW composting experiment was
performed, where feedstock material was inoculated with a mixed microbial culture
of Phanerochaete chrysosporium, Trichoderma viride, and Pseudomonas aeruginosa.
Here, decrease in the composting period was observed [14]. In another investigation
on passive bin composting of MSW, an inoculum of Bacillus subtilis, Bacillus amy-
loliquefaciens, Bacillus nakamurai, and Bacillus velezensis was added. Here, rapid
degradation of organic substrates was confirmed with maximum humification
[35, 36]. A study recorded enhanced mineralization rate when MSW was
co-composted using mixed cultures of bacteria and fungi (Bacillus Casei, Can-
dida rugopelliculosa, Lactobacillus buchneri, and white-rot fungi Trichoderma)
[37]. Following the same approach, transformations in carbon content and C/N
ratio were brought in MSW composting due to the addition of fungal consortium
[38]. Among three aerated composting bioreactors having Aspergillus niger or old
compost or control as additive, maximum decrease in C/N ratio was observed in the
first one (63.37% or 59.6% or 46%, respectively). Operation time was also reduced
in the first case (18 days). Checking the effect of potent microbial consortium
(8% inoculum) on waste mineralization represented a stable pH, C/N ratio (30),
temperature (27 °C), and carbon dioxide formation (5.28 d/1) [18].

Experimental conditions were modified and an extreme rise in the waste degra-
dation rate was noticed, when microbial additives were inoculated at multiple
stages (initial and second stage) of MSW composting [19]. This can be attributed
to improved microbial diversity and lesser competition between additives and
indigenous microbes [22] with repressed foul odor and better polymerization or
humification of waste. Inoculation of fungal consortia during MSW composting
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Table 8.1 Composting studies with microbial addition to various solid waste (MSW, FW, and

AW).
Compost
feedstock Additives Results References
Municipal Mixed culture (bacteria and Improved humification and [15]
solid waste fungi) process efficiency
Trichoderma viride, Aspergillus ~ pH, temperature, TOC, TKN, [16]

Agricultural
waste

niger, and Aspergillus flavus

Cellulolytic consortium of
clostridia

Bacteria

Aspergillus niger

Microbial inoculums originated
from sludge and MSW

Psychrotrophic bacteria

White-rot fungi (Phanerochaete
chrysosporium, Trametes
versicolor, and Fomes
fomentarius)

MI (cellulolytic and
lignocellulolytic)

Lactic acid bacterium
Pediococcus acidilactici

Thermophilic lignocellulolytic
fungi

Trichoderma

Microbe culture

Cellulolytic thermophilic
actinomycetes

Lactic acid bacteria, yeast and
phototrophic bacteria

Mesophilic yeast Pichia
kudriavzevii

Efficient microbes (EM)

Phanerochaete chrysosporium

Bacillus subtilis and haetomium
thermophilum

C/N ratio, germination index,
degradation, and maturity

Improved anaerobic digestion of [17]
cellulosic biomass

Higher mineralization, stabilized [18]
C/N ratio

Stabilized C/N, process time [19]

Higher enzyme activity, C:N [20]
ratio, and compost maturity

Stable temperature, moisture [13]
content, pH, C/N, nitrogen, and
enhanced compost stability

Accelerated degradation, C/N, [21]
pH, electrical conductivity, and a
better degree of maturity

Better compost quality, C/N ratio, [22]
temperature, odor, enzymatic
activities, and humification

Enhanced organic matter [23]
degradation

Stable compost maturity [24]
Stable C:N ratio, increased [25]

nitrogen (N), phosphorus (P),
and potassium (K), enhanced soil

properties

Accelerated degradation [26]
Increased humic substances [27]
Increase in humic substances, [10]
matured compost

Accelerating the composting [6]
process

Enhanced humification [28]

Better C/N ratio, temperature, [29]
and organic matter

Accelerated degradation of [30]
proteinaceous and degree of
humification

(Continued)
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Table 8.1 (Continued)

Compost
feedstock Additives Results References
Bacillus licheniformis 2D55 Increase in CMCase and FPase  [31]
production

Consortia of beneficial microbes Achieved value-added compost  [32]
like N-fixers, P-solubilizers, or for direct application for crop

K-mobilizers and biocontrol production.
agents.
Actinomycetes Increase in nitrogen content and [33]

a drop in carbon and organic
matter in compost.

Trichoderma species and Increased cellulase activity by [34]
cellulase degrader mixed culture consortia and 50% reduction of
coded as AMB1 hemicelluloses content in rice

straw.

decreased the C/N ratio in four treatment piles 1-4 from 36.12 to 17.12, 31.43 to
17.52, 31.49 to 19.47, and 34.54 to 26.18, respectively, on the 35th day of composting
[28]. However, lignocellulosic microbes when inoculated during waste composting
were not as effective as expected in small-scale composting.

A modified drum composting conducted to verify the effect of microbial additives
and natural air circulation on FW resulted in a mature compost after 60 days [10].
Microbial inoculation to FW fairly paced up the degradation process and achieved a
fairly higher temperature with an early maturity. An enhanced degradation rate, bet-
ter humification, and reduction in odors were shown with the addition of microbiota
to the organics. In another study, when an inoculum of thermo-tolerant lipolytic
microbes was added to FW, results indicated better decomposition of organic matter
in lesser time suggesting good composting. A 60-day FW composting under opti-
mized pH and temperature, wherein a consortium of Pseudomonas sp., T. viride,
and Trichoderma sp. was added, showed an accelerated degradation rate. Further-
more, waste volume reduction with total decolorization of fruit waste was observed
in the microbe-amended composting with fine good grade compost. FW (rabbit food
and cooked rice) when composted with acid-degrading yeast (mesophilic) at pre-
set temperature for different time periods developed a well-stabilized compost. An
improved conversion rate of FW into compost was further observed as a result of
inoculated effective microbes at day 45 of composting [10]. To sum up, FW and
MSW degradation through vital microbial additives is highly significant and rele-
vant, especially in terms of reduced process time and other benefits like no foul odor
and pathogen-free compost.

Regarding AW, cocktail of AW and microbes turned out to be a better alternative
for waste composting and it was efficient with cellulase production. It was found
that a concoction of untreated sugarcane bagasse and pretreated rice husk inoc-
ulated with Bacillus licheniformis 2D55 showed enhanced degradation which is



References

remarkable. A good carboxy methyl cellulase (3.7- and 1.4-fold) and FPase (2.5- and
11.5-fold) production was observed in the compost obtained from concoction [39].
A mixed culture proved to be better option for rice straw degradation than single
strain, owing to better activation of enzyme production. When three fungal cultures
were used as inoculant to degrade rice straw, 50% of the hemicellulose content
in rice straw was successfully degraded. The highest cellulase activity (1.5 U/ml)
was noted for the mixed culture consortium compared to individual fungal strains,
suggesting application of mixed cultures is an effective strategy for composting [31].
A study carried out on the bioconversion of agro-residue into compost by fortifying
the residue with individual or a consortium of beneficial decomposers. For this
study, N-fixers, P-solubilizers, or K-mobilizers along with biocontrol agents were
used as fortifiers. The compost thus derived was enriched with humic acid, amino
acids, mineral nutrients, and phyto-hormones [34].

8.5 Benefits of Microbe-Amended Compost

The intensive agricultural practices currently in use cause severe deterioration of soil
health and cause damage to the environment. Biological compost derived through
an integrated on-farm production can work as magic to remediate them. This can
support farmers by providing value-added compost for direct application in the field
as a soil conditioner. When compost is added as an organic amendment, it basically
enriches the quantitative soil parameters (biomass, enzymatic activities, porosity,
water-holding capacity, and nitrogen content). It not only improves soil quality but
also increases the soil microbiota that eventually responsible for the plant health.
In addition, application of bio-manure generated from SW (FW, MSW, and AW)
composting is reported as an economical method for in situ removal of metalloids,
pesticide immobilization, and getting rid of budding pollutants [32].

Though the current waste management system is good and effective, it has its
own implications. Composting with effective microbial additives (general or waste
specific) is rendered as an economic and eco-friendly way out. The ease of isola-
tion from source and application to the composting process makes it an appropriate
solution for the existing waste treatment and disposal issue. Herein, a prominent
role can be played by the government in solid waste collection, segregation, treat-
ment, and disposal by implementing a centralized Solid Waste Management System
(SWMS).
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9.1 Introduction

Biodegradation is a biologically catalyzed mechanism where, before transferring to
the environment, the carbon-based material goes through a transition from complex
modules into smaller substances. This process is often accomplished with the assis-
tance of living organisms like bacteria, fungi, and protozoa. Such organisms perform
the task of breaking the matter up into new objects. In certain contexts, however,
biodegradation is frequently used to designate most of the biologically induced alter-
ation in the substrate. It is therefore very important to understand the processes of
biodegradation very clearly and the microorganisms that carry out the entire process.

Due to the remarkable lightness, durability, and low-cost properties, plastics
have been widely used as a substitute material for paper, wood, and metal for
various applications over the last 50 years. Use of plastic materials in every area
of life and development has been growing every year. Composition wise, plastics
are high-molecular-weight compounds of natural or synthetic origin. From 1950
to 2019, the overall amount of plastics production was 8100 Mt. worldwide, with
an increase of around 230% during this time. In 2013 alone, 56 Mt. of polyethylene
terephthalate (PET) was produced [1]. Plastic materials have been an environmental
catastrophe and one of the most persistent pollutants due to their wide variety of
use as well as challenging degradation properties. Plastic wastes are one of the
chief environmental pollutants. They enter all habitats and ecotypes, when they
get released into the environment. The world’s capacity to deal with them is being
overwhelmed by the growing production of disposable plastic goods. This pollution
can harm and affect human, wildlife, and wildlife habitat adversely. Moreover,
plastic contamination can damage soil, rivers, and oceans. Plastic pollution at sea
is a global problem and has a concentration of about 580000 plastic parts/km? in
everywhere and the entire ocean [2]. Animals living inside the sea and outside of
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it are suffering from various hazardous plastic wastes, either trapped inside the
plastic frames or by consuming the leftover materials. The easily devourable, small
pieces of plastics lead to malnutrition, obstruction of the small intestines, or slow
intoxication of chemical products leached from plastics. Gases like furans and
dioxins are produced due to burning of plastics and result in ozone layer depletion.
Besides, dioxin adversely affects human health. According to a report published by
the Center for International Environmental Law [3], annual emissions of carbon
dioxide from the production and ignition of plastics will double from 850 Mt./year
by 2030.

The methods which are used to treat plastics have some drawbacks. If plastics are
buried in the soil, it destroys the building holding potential of that soil, rendering
it too soft. In fact, numerous toxic compounds and/or gases resulting from the
incineration of plastics may cause a disturbing contamination of the environment.
The biodegradation of plastics by microorganisms, apart from these processes, has
proved to be an environmentally safe form of reducing and degrading waste plastics.
While recycling and reprocessing is the most preferred process yet, biodegradation
is beneficial and efficient for plastics with defined applications. A variety of
microorganisms have been discovered that are capable of degrading various plastic
materials. Microorganisms are more widespread in nature that may make a signifi-
cant contribution to the biodegradation of plastics. The application of biodegradable
plastics is increasing mainly in the packaging sector, as well as in the agriculture
and health industries. However, biodegradation is not commonly used in plastics
industries. Complex chemical structure of plastics and lack of optimization condi-
tions for plastics degradation may be the causes of less commercial applications. In
order to replace non-biodegradable plastics from different sectors, provision must
be made for a proper and effective waste management system. However, a waste
control procedure, training in waste management, and as well as establishing a suit-
able industrial biodegradation techniques also required. The use of biodegradable
plastics will certainly provide environmental protection accordingly.

9.2 Definition and Classification of Plastics

9.2.1 Definition of Plastic

The word “plastic” refers to the capacity to bend or deform without breaking. The
term “plastic” originated from Greek word “plastikos” and means any material
that may be designed in any manner. It is a kind of synthetic or semi-synthetic
organic polymer with the presence of carbon and hydrogen. It is usually derived
from petrochemicals and can occur in both natural and synthetic forms [4]. This
plastic nature makes the material amenable to be molded, pressed, and extruded
into different forms. These forms included films, threads, sheets, tubes, bottles,
boxes, etc. It is projected that almost 40% of plastics are manufactured for various
packaging purposes in the world. Plastics are light in weight, have good electrical
strength and corrosive resistance, as well as possess excellent electric insulating
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properties. Plastics are economically beneficial compared to other materials and
can be made in both opaque and translucent forms.

9.2.2 C(lassification

9.2.2.1 Based on Biodegradability

Biodegradable plastics are those plastics that are decomposed by the surrounding
environment after a period of time. The biodegradation of plastics can be accom-
plished by allowing the molecular structure of plastic films to be metabolized by
microorganisms in the atmosphere to produce a material that is inert and less toxic
to humans. They may come in the form of either bioplastics or petroleum-based
plastic products. Bioplastics are plastics made from recycled raw materials.
Biodegradability and microbial assimilation are the basis for the use of bio- and
fossil-based polymers in biodegradable plastics. Biodegradation process includes
enzymatic and non-enzymatic hydrolysis. Depending on the presence or absence of
oxygen, biodegradation results in the production of H,O, biomass, energy, CO,, and
methane [5].

Bio-based degradable plastics can be derived from renewable sources. From
an ecological point of view, biodegradable polymers are advantageous in some
commercial processes due to their ability to be degraded biologically. Cellulose,
starch, and many more starch-based degradable plastics such as co-polymers
are consumed directly by microorganisms. Several microorganisms such as
Aspergillus fumigatus, Variovorax paradoxus, Comamonas sp., Acidovorax facilis,
and Paucimonas lemoignei can be isolated from the environment such as soil. These
microorganisms can degrade the bio-based polymers both under both aerobic and
anaerobic conditions [6]. Biodegradable fossil-based plastics are used for a variety
of purposes, particularly for packaging purposes (Figure 9.1).

4' Biodegradable |—

l Bio-based | I Fossil-based
Starch-based PBS
polymers PEA
PLA .
PHA

PBSA .
' Cellulose-based
polymers .

Figure 9.1 Classification of plastics (based on biodegradability).

125



126

9 Biodegradation of Plastics by Microorganisms

9.2.2.2 Based on Structure and Thermal Properties

Thermoplastics Thermoplastic materials are those materials that may be cooled
and heated several times without altering their chemical or mechanical properties.
Polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC), polystyrene
(PS), and polytetrafluoroethylene (PTFE) are some examples of common plastic
polymers. Their molecular range varies from 20 000 to 500 000 amu. These polymers
can be used for a variety of possible applications, such as wire and lighting systems,
matrix for natural or synthetic fibers. Thermoplastics may melt before going to the
gaseous state and are soluble in certain solvents. Most thermoplastic materials give
high strength, resistance to shrinkage, and stress-free bendability. Thermoplastics
may be extracted, processed, and synthesized by chemical processing from plants
in vast quantities.

Thermosetting Plastics Thermosetting or heat convertible plastics are substances
which cannot be reshaped by heat or pressure once they are in their final state.
They differ from the thermoplastic in the way that they are more resistant to
temperature and breakage. Due to the permanent chemical structure and oddly
related arrangement, these plastics cannot be recyclable. Thermosetting plastics are
preferred for many applications in the building materials, due to their long-term
characteristics. Common examples include vulcanized rubber, fiberglass, polyester
resins, polyurethane (PU), melamine, epoxy resin, and bake lite.

9.2.2.3 Characteristics of Different Biodegradable Plastics

Polyhydroxy-Alkanoates (PHA) Polyhydroxy-alkanoates (PHA) polymers are thermo-
plastic. They are easily biodegradable, non-toxic, and produced naturally by bacterial
fermentation of lipids and sugars. Production of PHA is encouraged by the avail-
ability of carbohydrates during the bacterial growth phase. It can be preserved in
microorganisms and weigh as much as 80% of the organism’s dry weight. The rate
of microbial degradation and the nature of end products depend on the soil, envi-
ronmental conditions, and the nature of PHA. Microorganisms are able to degrade
and utilize it for their carbon and energy requirement under restricted energy and
carbon sources. Some representative bacteria found responsible for the biodegrada-
tion of this kind of plastics that include Bacillus, Nocardiopsis, and Cupriavidus [7].
Again, a variety of fungal genera (Mycobacterium and Micromycetes) are recognized
to incorporate PHA by using aerobic and anaerobic mechanisms. It is less sticky
when melted than conventional polymers. They are soluble in halogenated solvents
such as chloroform, dichloromethane, or dichloroethane, but insoluble in water. It
is resistant to hydrolytic degradation. Despite having good resistance to ultraviolet
(UV), it shows low resistance to acids and bases. PHA polymers are used in med-
ical sector, packaging, and pharmaceutical industries due to their biocompatibility
and biodegradability. Disposable medical equipment, food packaging materials, and
some paints are also widely used PHA products.

Polylactide (PLA) 1t is biodegradable in nature and thermoplastic aliphatic polyester.
It can be obtained from renewable sources such as corn starches, sugarcane,
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tapioca roots, etc. Polylactide (PLA) has characteristics comparable to PE, PP,
or PS. It is likely to be a substitute for low-density polyethylene and high-density
polyethylene (LDPE and HDPE), PS, and PET [8]. It can be produced when corn or
other carbohydrates are converted chemically into dextrose. Dextrose is fermented
into lactic acid and then polycondensed into monomers of lactic acid. There are
different stereo-chemical compositions of PLA, namely, 1-, p, and 1r,p-lactide.
They have melting temperatures of 170-180 and 55°C for the optical pure - and
p-lactide and the amorphous 1,p-lactide, respectively [5]. It has use in the food
industry to package sensitive food items. This is also used in medical implants, drug
distribution system, tissue engineering etc. due to its capability to be integrated into
human and animal bodies.

Starch-Based Polymers These polymers are complex mixtures of starch and
biodegradable plastics. Some examples include polybutylene succinate, polylactic
acid, polybutylene adipate terephthalate (PBAT), polycaprolactone (PCL), and poly-
hydroxyalkanoates. Thermoplastic starch (TPS) is formed by the action of thermal
and mechanical energy [5]. Low water vapor barrier with reduced mechanical
properties, brittleness, and bad process ability are some of the drawbacks [5]. On the
other hand, applications include bottle manufacturing, food packaging, disposable
table ware, cutlery, and coffee machine capsules.

Polyethylene Succinate (PES) Polyethylene succinate (PES) is a thermoplastic
polyester which is made by co-polymerization of succinic anhydride and ethylene
oxide. An additional type of production is ethylene glycol and succinic acid poly-
condensation [9]. A bacterial strain called Pseudomonas sp. AKS2 is documented
to degrade this polymer in an efficient manner. In contrast to diversity of PCL
degrading microorganisms, the distribution of microbes that degrades PES is
restricted. Another PES-degrading thermophilic strain named Bacillus sp. TT96
has been isolated from the soil. Moreover, the genera Bacillus and Paenibacillus
phylogenetically have many mesophilic microbes that are isolated with the intrinsic
ability to degrade PES [10]. Plastics industries use PES to manufacture films for
livestock, in the form of paper coating material, and for shopping bags.

Polycaprolactone (PCL) PCL is a fossil-based biodegradable, bio-compatible, and
non-toxic polymer. It is partially crystalline and has a low melting point and
a glass transition temperature of 60 and -60°C, respectively [5]. It is made by
e-caprolactone with ring-opening polymerization [5]. Microbial lipases and
esterases can degrade this. The causative bacteria for PCL biodegradation can
widely be found in the atmosphere. Aspergillus sp. ST-01, a fungal strain, has been
found to degrade PCL into a wide variety of produces such as butyric, caproic,
succinic, and valeric acids [11]. It is also an industrial polymer. It has a wide range
of applications in hot-melting glue and laminating bags. It is also found in model
making, prototyping, and molds making for reproduction. Due to its low melting
point and high biodegradability, pure PCL is mostly used in clinical applications.
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Polyvinyl Alcohol (PVOH) 1t is a biodegradable vinyl polymer. The degrading microor-
ganisms require selective enrichment to successfully mineralize polyvinyl alcohol
(PVOH) or PVOH blends. Water solubility depends on the hydrolysis ratio. It is com-
monly used as coatings (e.g. carbon dioxide barrier of PET), adhesives parts, and
additive in the production of paper and board.

9.3 Biodegradation of Plastics

9.3.1 General Outline

Biodegradation is the process where the constituent polymer gets converted into
several compounds by the action of the enzyme secreted by microorganisms.
Commonly used enzymes are lipases, proteinase k and dehydrogenases [12].
Biodegradable plastics typically decompose in the natural environment. Both
synthetic and natural plastic materials can be biologically degraded by bacteria,
fungi, and actinomycetes. These microorganisms turn the polymeric materials into
their metabolic products by chemical degradation (e.g. H,O, CO,, CH,, biomass,
etc.). The process of biodegradation proceeds dynamically under conditions such as
soil and its properties. Soil pH, oxygen, moisture, temperature, and light are factors
that affect the optimal growth of microorganisms. The degradation characteristics
and the rate are strongly dependent on soil pH, oxygen, moisture, temperature, and
light. They consume various substances as a source of food in order to eliminate its
original form [6]. Plastics with high molecular weight are usually hard to degrade.
Different characteristics of plastic materials such as morphology, mobility, presence
of functional group, molecular weight, additives, and cross-linking usually control
the degradation process [12]. Amorphous plastics are easily biodegradable than
crystalline polymers. Moreover, plastics having high melting point also make them
less biodegradable. Chemical and physical properties are important as they play a
significant role in the biodegradation of plastics. As for example, plastics having
side chain are less biologically degradable than those without side chains.

However, the biodegradation of plastic is a steady process. Primarily, it begins by
environmental factors, like temperature, pH, and UV rays. Biodegradation of plastics
involves following steps:

(a) Attachment of microorganisms on to the polymeric surface area.

(b) Growth and development of microorganisms (by using the polymer as a carbon
source), and

(c) Final degradation of plastic material.

Microorganisms can be attached to the surface of plastic until it is hydrophilic.
Once attached to the surface, microorganisms proliferate by using plastic as a carbon
source. Initially, enzymes (extracellular) secreted by microorganisms cause the main
chain to cleave. This leads to the generation of low-molecular-weight fragments,
i.e. monomers, dimes, or oligomers. Once transformed into their monomers, they
begin to transform into a mineralized form. In the case of large polymers, it creates
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Figure 9.2 Reaction pathways of polymer biodegradation. Source: Gu [14].

problem to pass through the cellular membrane. As a result, depolymerization takes
place to create smaller monomers and later, the microorganisms absorb it [12].
These low-molecular-weight compounds are further used by microbes as a source
of energy and carbon. Small oligomers can also spread to the microorganism which
adapted in the internal environment [13]. The reaction pathways are demonstrated
in Figure 9.2.

The following two distinct methods affect the working mechanisms of microor-
ganisms during degradation of different plastics. (i) Direct action method: in this
process, metabolites formed during the degradation of plastics act as a nutrient for
the growth and development of microorganisms. (ii) Indirect action: where the
metabolic substances of the microbes cause further deterioration.

9.3.2 Biodegradation Phases and End Products

Abiotic and biotic are the main two classes of biodegradation. Abiotic biodegradation
includes hydrolysis and photolysis. Instead, biotic biodegradation is the microbial
degradation. Furthermore, based on organic material, biotic degradation may be fur-
ther classified into aerobic and anaerobic degradation [15].

9.3.2.1 Aerobic Biodegradation
Aerobic biodegradation is also known as aerobic respiration. It is a significant con-
stituent of the natural reduction of pollutants in the so many hazardous wastes.
Usually, this biodegradation reaction occurs in the presence of oxygen due to the
microbial breakdown of organic contaminants. The final products of this process
are water, minerals, biomass, carbon dioxide, and salt [15]. The presence of oxygen,
the causative organisms, surrounding environment, and the chemistry of the system
are categorized by oxidative conditions.

In the cellular respiration process, aerobic bacteria use oxygen to obtain energy
by the oxidation of sugars and fats. There is no production of pungent gases in the
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aerobic digestion, unlike the anaerobic digestion stage. The aerobic biodegradation
process helps improve the environment of human beings and animals, thereby con-
trolling the pathogens. Comparatively better and more complete digestion of solid
wastes can be obtained through aerobic processes with a reduction of more than 50%
accumulation in most cases.

9.3.2.2 Anaerobic Biodegradation

In the anaerobic biodegradation, organic contaminants are quickly biodegraded
by microorganisms, under anaerobic conditions. This process produces methane,
water, CO,, minerals, and salt [15]. Anaerobic degradation occurs in a situation
when there is a dominance of anaerobic microbes over the aerobic ones. Several
anaerobic bacteria use sulfate, iron, nitrate, manganese, and CO, as their electron
acceptors, thus breaking down the organic compounds to smaller complexes. The
anaerobic process is widely known for the biodegradable waste treatment and
treatment of wastewater sludge because it helps to reduce the mass and volume of
input.

Various bacteria, including acetic acid and methane forming bacteria, are engaged
in the anaerobic degradation of plastics. These acetic acid and methane forming bac-
teria feed upon the primary feed stock that undergoes several progressions changing
it into intermediate molecules containing hydrogen, sugar, and acetic acid before
being transformed into biogas at the end. To date, scientist found four major chemi-
cal and biological stages of anaerobic degradation, namely, hydrolysis, acidogenesis,
acetogenesis, and methanogenesis.

9.3.3 Mechanism of Microbial Degradation of Plastic

Microorganisms have different enzymes that enable plastic to be used as a substrate.
For this purpose, they are best suited or eco-friendly degradation of plastics. Microor-
ganisms break down polymers bond through redox enzymes. The nature of enzymes
and their catalytic activity vary depending on the microbial species and strains. Dif-
ferent types of microbial enzymes can degrade different types of polymers. As for
example, Bacillus spp. and Brevibacillus spp., both can produce protease, which can
degrade various polymers [16]. Fungus contains laccase that can degrade lignin and
also oxidize aromatic and non-aromatic compounds. Microbial enzymes control the
biodegradation of polymers in an efficient and eco-friendly way.

Biological degradation of plastics waste product depends on so many factors.
They include molecular weight, surface area, functional groups, hydrophilicity,
hydrophobicity, chemical structure, crystallinity, and melting point of plastics.
Molecular weight of polymers also influences the digestibility cycle of plastic.
If the molecular weight of the polymer is higher, the degradation potential is
lesser, due to reduction in solubility and degradation rate. There are four key
steps involved in the microbial digestion of polymers namely, bio-deterioration,
assimilation, bio-fragmentation, and mineralization. They are briefly described
in Figure 9.3. The phase of degradation can be altered by the superficial degrada-
tion. Bio-deterioration largely affects the superficial degradation process. Growth
of microbial biofilms causes severe physical and chemical degradation on the
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Figure 9.3 Mechanism for the biodegradation of plastics. Source: Jaiswal et al. [17].

polymers. The formation of microbial biofilms depends on the structure and com-
position of polymers. Upon completion of bio-deterioration, microbial degradation
is known as biofragmentation, where microbial enzymes include their catalytic
action on polymers.

Bacteria contain oxygenases (mono-oxygenases and di-oxygenases), which
have potential to break down and degrade the polymers. They also bind oxygen
molecules to a long carbon chain and produce less recalcitrant, less environmental
damaging alcohol and peroxyl products. In addition, lipases and esterases as well
as amide group endopeptidases catalyze the mechanism of carboxylic group’s
transformation. Brevibacillus borstelensis, Rhodococcus ruber, Pseudomonas chloro-
raphis, Pseudomonas putida AJ, Thermomonospora fusca, Alcaligenes faecalis,
and Clostridium sp., etc. are some microorganisms found to degrade polymers.
The ultimate results of microbial polymer degradation are mineralization and
assimilation. Plastic monomers formed by biofragmentation which is essential to
cross the microbial cell membranes. Few of these monomers which are not able
to penetrate through cell membrane generally stay outside of the membrane and
do not get assimilated. In the cells, plastic monomers are oxidized by catabolic
pathways and energy produced generates a new biomass of a cell. The assimilation
cycle requires atom incorporation into the microbial cell for complete degradation.

9.3.4 Factors Affecting Biodegradation of Plastics

Biodegradation of polymers is affected by several factors. These include the charac-
teristics and exposure conditions of plastics, such as flexibility, mobility, molecular
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weight, functional groups, and co-polymers present in plastic structure, as well
as extra additives and plasticizers. Hydrophilic biodegradation is faster than the
hydrophobic degradation. This hydrophobicity is facilitated by the availability of
functional groups. Again, amorphous and soft plastics with lower molecular weight
and density degrade faster than the higher ones. Biodegradation process of plastics
is also affected by the occurrence of easily breakable bonds including ester or amide
bonds.

Exposure conditions can also be characterized into abiotic and biotic factors. The
foremost chain scission from photodegradation decreases the average molecular
weight of the polymer. Microorganisms and moisture get better accessibility to the
polymer chain through the reduction in molecular weight. Abiotic factors including
moisture, pH, and temperature can influence the rate of hydrolysis during the degra-
dation process. The increase in moisture content and temperature thus increases
the levels of hydrolysis reactions and microbial growth. As microorganisms require
moisture for their growth, survival, and multiplication, the rate of degradation of
polymer is higher in the presence of moisture. Availability of moisture enhances
the rate of hydrolysis by producing further chain scission reactions [4]. A change
in the pH (acidic or basic condition) modifies the rate of hydrolysis reactions.
Degradation of plastic products alters the pH followed by the polymer degradation
rate and microbial growth. Equally, enzymatic degradability is inversely affected by
the melting point of the polymer as also the temperature of degradation [4].

Different enzymes have specific active sites and are capable of biodegrading
polymers. As for example, polyesters with straight chain, assimilated from di-acid
monomers containing 6-12 carbons, degraded rapidly by enzymes formed by
Aspergillus flavus and Aspergillus niger as compared to any other polyesters with
straight chain monomer [18]. From the biodegradability perspective, molecular
weight plays an important role in determining certain properties of polymers. The
increase in the molecular weight decreases the degradability [4]. Bio-surfactants are
enabling to biodegrade polymers because they contained certain functional groups.
Bio-surfactants are known as amphiphilic compounds, formed on living surfaces
and very active under high salinity, pH, and temperature.

Environmental factors influencing the degradation of plastics include, in partic-
ular, UV light, temperature, humidity, and the incidence of chemicals. Two dimen-
sions influence the microbial degradation of plastics on the influence of the external
environment. At the same time, the growth and metabolism of associated organ-
isms, particularly biomass and the degradation process of microbes, can be affected
and influenced by the environment. On the other hand, aging and damage to plas-
tics can occur due to the external oxidation environment, which also accelerates the
degradation and utilization of plastics by microorganisms.

9.3.5 Microorganisms Involved in the Biodegradation Process

Microorganisms have different enzymes that enable them to utilize environmental
pollutants as their energy source. Their tiny nature helps them to encounter waste
and contaminants quickly. Thus, they are ideal for the removal of contaminants.
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Most plastics are generally polyesters that are normally catalyzed by microbial
enzymes such as cutinases or esterases. A particular set of enzymes is involved
in the degradation of different plastic materials. There are a number of enzymes
found to be involved in plastics degradation process. In the PLA degradation
processes, protease enzyme mainly targets PLA and depolymerase is responsible
for the first degradation of long-chain polymer. After that, serine proteases, i.e.
protease K and trypsin, further degraded it to low-molecular-weight compounds.
Research revealed that the proteases (the PLA degrading enzyme) may found in
Amycolatopsis, Saccharothrix, and Pseudonocardia, etc. However, these proteases
can degrade PLA only [19].

On the other hand, cutinases have the ability to degrade PCL, PLA, and PET, etc.
and similarly, lipases may degrade PCL, PLA, and polybutylene succinate (PBS), etc.
It is noticeable that a variety of microbial enzymes can degrade plastics. However, a
single plastic material can be degraded by different enzymes. Furthermore, a wide
variety of plastics may be degraded by plenty of bacteria. Besides bacteria, fungi
also use and adhere to plastic materials by decreasing hydrophobicity and forming
a number of chemical bonds. These chemical bonds include carboxyl, carbonyl, and
functional groups of ester. Some fungus such as Penicillium funiculosum, A. fumiga-
tus, and Pseudomonas fluorescens can degrade 10 or more types of plastics. However,
more than 30 species of microorganisms are reported to degrade PE, PU, and PHB.
On the other hand, PCL and PLA can be degraded by over 20 types of microbes [19].

9.3.6 Enzymes Involved in the Plastic Biodegradation

Each living cell, including the microorganisms, contains diverse enzymes that
vary with different species or strains of same species. Thus, the process of plastic
biodegradation involves different enzymes. Several studies report on the use of
enzyme extracted from microorganisms in the process of degradation of plastics.
Table 9.1 displays the examples including that of lignin-degrading enzymes such as
laccase, manganese-depending peroxide and hydrolyase such as urease, protease,
and lipase.

Until now, only 79 established microbial enzymes have been recognized to act as
degrading agent for plastics. Very few researchers have studied the potential mecha-
nism of this degrading activity of the microbial enzymes. Most of them suggest that
the bond cleavage step during hydrolysis process is the main mechanism for degra-
dation of polymers by microbial enzymes. Some studies also indicated mechanism of
affection of microbial enzymes to the polymer surfaces, and mechanism of entrance
of large molecules of polymers to the active site of enzymes [27].

However, increase in chain flexibility of polymers might increase the rate of
hydrolysis of PBAT by lipase form Rhizopus oryzae, and cutinase form Fusarium
solani. Enzyme with higher available active sites has higher hydrolysis tendency
against PBAT [27]. A research demonstrated that combination of cutinases
and a polymer binding segment might heighten the hydrolysis the polyester
poly(1,4-butylene adipate), which recognized as better binding between enzymes
and polymers [28].
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Table 9.1 Different types of microbial enzymes responsible for the degradation of different types of plastics.

Characteristics

Types of plastics Recycling

Type of polymer

Microorganisms involved

Enzymes involved

References

PET Yes

LDPE Yes

HDPE Yes

PVC Yes

PS Yes

PP Yes

Others Partial

Polyethylene monomer

Polyethylene monomer

Polyethylene monomer

Vinyl chloride monomer

Styrene monomer

Propylene monomer

Ethylene monomers,
nylon

Ideonella sakaiensis 201-F6

Acinetobacter sp. 351,
Pseudomonas sp. AKS2,
Pseudomonas stutzeri,
Brevibacillus, Aspergillus,
Pseudomonas sp. E4, Aspergillus
Jjaponicas, Aspergillus terreus,
Streptomyces setnoii, Streptomyces
badius, Streptomyces viridosporus

Klebsiella pneumonia CHO01,
Bacillus sp. BCBT21,
Pseudomonas putida S3A,
Arthrobacter sp., Aspergillus
flavus, Comamonas acidovorans,
Rhodococcus, Penicillium
oxalicum NS4

Staphylococcus, Klebsiella,
Micrococcus, Pseudomonas
putida AJ, Chaetomium

Actinomycetes, Pseudomonas sp.

Brevibacillus, Rhodococcus,
Bacillus, Aneurinibacillus,
Rhizopus oryzae, Phanerochaete
chrysosporium

Pseudomonas sp.

PETase, MHETase, a- or
B-hydrolase, lipase

Hydrolase

Cutinase, lipase

Catalase, peroxidase,
laccases

Alkene mono-oxygenase,

Esterase

Lipase

Nylon hydrolase

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Source: Jaiswal et al. [17].
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9.3.6.1 Cutinases (EC 3.1.1.74)

Cutinases can hydrolyze the cutin, which is an aliphatic polyester originated from
plant cuticle. This type of polyester hydrolases is from the superfamily of o/p
hydrolases. They are very much active against several polyester plastics. Lipases
and cutinases both display traid composed of Ser-His-Asp. Owing to its lack of
usual lipase lid structure, the active site of cutinases is exposed to the solvent.
Based on origin, structure, and homology, this cutinase enzyme can be divided
into two groups, i.e. (i) fungal origin and (ii) bacterial origin [29]. Cutinases from
fungus are using for the hydrolysis and structure modification of PET films and
fiber [29]. However, cutinases extracted from Thermomyces insolens performed
higher activity against low crystalline PET due to the thermal stability very close to
the glass transition temperature (70 °C) of PET [29]. Cutinases and its homologues
from bacteria (Thermobifida species) show PET hydrolyzing character. However,
cutinases from Thermomonospora curvata, Saccharomonospora viridis, Ideonella
sakaiensis, and as well as its metagenome isolated from plant compost also show
PET hydrolyzing character [30].

9.3.6.2 Lipases (EC 3.1.1.3)

Lipases are similar to cutinases, from the superfamily of o/p hydrolases, and both
display traid composed of Ser-His-Asp. Microbial lipases have the ability to hydrolyze
aliphatic polyester or aliphatic-aromatic co-polyesters. Lipases from Thermomyces
lanuginosus degraded PET and poly (trimethylene terephthalate) [29, 31]. Lipases
demonstrated lower hydrolytic activity against PET, comparing to cutinases. This
might be due to its lid structure covering the buried hydrophobic catalytic center,
and it prohibits the contact of aromatic polymeric substrates to the active site of the
enzymes [31]. Lipases from T. lanuginosus [31] and Candida antarctica [32] can also
degrade low-molecular-weight PET degradation products. Combination of lipases
from C. antarctica and cutinases from T. insolens improved the production of tereph-
thalic acid resulted from hydrolysis of PET [32].

9.3.6.3 Carboxylesterases (EC 3.1.1.1)

PET oligomers and their analogues can be degraded by carboxylesterases isolated
from Bacillus licheniformis, Bacillus subtilis, and Thermobifida fusca [33]. Car-
boxylesterases Tfca isolated from T. fusca can release water products from
high-crystalline PET fibers. Combination of carboxylesterase with polyester hydro-
lase exhibits inhibitory activity against low-molecular-weight degradation products
of PET because of their higher activity against PET oligomers [33].

9.3.6.4 Proteases

Research revealed that proteases isolated from Pseudomonas chlororaphis and P. flu-
orescens can degrade polyester PU [34]. Proteases such as papain are very active
against PU and may hydrolyze amide and urethane bonds. The porcine pancreatic
elastase can release degradation of products from polyester and polyester PU due to
the breakdown of hydrolyzable ester, urethane, and urea bonds in the soft segment
domains of the polymer.
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9.3.6.5 Lignin Modifying Enzymes

Lignin modifying enzymes such as laccases (EC 1.10.3.2), manganese peroxidases
(MnP, EC 1.11.1.133), and lignin peroxidases (Lip, EC 1.11.1.14) are known to
degrade lignin, a complex cross-linked aromatic polymer of phenypropanoid units
[35]. These enzymes are responsible for the biodegradation of PE. In the presence
of iron, laccase, a thermo-stable enzyme isolated from R. ruber C208 can degrade
UV-irradiated PE films both in culture supernatants and in cell free extract. The key
mechanism involved in this process includes the increasing of carbonyl groups and
decreasing of molecular weight within the amorphous component of PE films. Sim-
ilarly, laccase isolated from Trametes versicolor can degrade high-molecular-weight
PE membrane, in the presence of 1-hydroxybenzotriazole, which oxidized
non-phenolic substrates by the enzyme. However, high-molecular-weight PE also
degraded by a combination of MnP from white-rot fungi (Phaerochaete chrysospo-
rium ME-446) and MnP isolated from IZU-154 [36]. This high-molecular-weight PE
also degraded by cell free supernatant from P. chrysosporium MTCC-787 containing
both extracellular LiP and MnP, respectively. The combination of Lip and MnP
enzymes permitted the degradation of 70% of the pre-oxidized high molecular
weight of PE with 15 days of reaction.

9.4 Current Trends and Future Prospects

There is an emerging trend in the use of environmental-friendly bio-based and
fossil-based biodegradable plastics. The proper use of biodegradable plastics
in the form of sustainable waste management approaches should be prac-
ticed worldwide. A recent research suggested that hydrolysis of PET and its
mono-2-hydroxyethyl-terepthalic acid to ethylene glycol and terephthalic acid is
occurred by two enzymes isolated from I. sakaiensis, 201-F6 strain [19]. Research
also illustrated that Pantoea spp. and Enterobacter spp. have the ability to degrade
LDPE [37]. Tan et al. [38] found some microbes convert the organic styrene (an
industrial waste material from plastic processing) into PHA. They also recognized
that P. putida NBUS12 is an efficient and effective styrene degrading bacterium.
Achromobacter xylosoxidans, a recently characterize bacteria, was found to affect
the structure of HDPE. Similarly, a thermophilic bacterium, named, Anoxybacillus
rupiensis Ir3 (JQ912241), was isolated from soil in Iraq, which confirmed a good
capacity and efficiency to utilize aromatic compounds as carbon sources followed by
degradation [39]. Extensive research is therefore required worldwide to improve the
process of degradation of bio-based and fossil-based plastics in order to recognize
their potential eco-friendly applications and waste management plans.

Innovative and eco-friendly biodegradable plastics should be used in the pack-
aging, agriculture, and heath industry which is the simplest strategy to resolve the
plastic-related problem throughout the world. Bio- and fossil-based biodegradable
polymers should be exploited more proficiently and effectively to degrade in
the cells, eco-friendly, or under optimized facilities. At present, however, only
non-biodegradable petroleum products are utilized for the processing of plastics,



List of Abbreviations

which can pose a major risk to the environment. As a result, the demand of
environment-friendly polymers and plastics is increasing day by day in the certain
application such as in the manufacturing of food packaging, packaging stuff, and
disposal medical items. The use of bio-based, fossil-based, and biodegradable
plastics in the agricultural sectors, fishery materials (fishing nets), bio-absorbable
plastics in therapeutics, surgical frameworks, and sterile goods need to be increased
for better future of the world. In addition, biodegradable plastics must be used
where the diffusion into the environment is imminent or where it is difficult to
remove the garbage. However, proper management and arrangement of the plastic
waste and littering control of polymers is very much essential for this world. For
the next generation, biodegradable plastics should be used to build a sustainable
world for specifications. Moreover, this plastic must be biodegradable and recycled
in a balanced way to make it reusable. Researches from different area namely,
biomass, process engineers, chemists, and microbiologist should make proper use
of their expertise, strength either individually or work together to make the society
sustainable by producing eco-friendly materials.

List of Abbreviations

CH, Methane

Co, Carbon dioxide

etc. et cetera

e.g. Exempli gratia

H,0 Water

HDPE High-density polyethylene
LDPE Low-density polyethylene
Mt. Million tonne

Sp. Species

Spp. Several species

PBAT polybutylene adipate terephthalate
PCL Polycaprolactone

PE Polyethylene

PES Polyethylene succinate
PET Polyethylene terephthalate
PHA Polyhydroxyalkanoates
PHB Polyhydroxybutyrate

PLA Polylactide

PP Polypropylene

PS Polystyrene

PTFE Polytetrafluoroethylene
PU Polyurethane

PVC Polyvinyl chloride

PVOH Polyvinyl alcohol

Ser-His-Asp

Serine-Histidine-Aspartate
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uv Ultraviolet light
% Percentage
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B Beta
0°C Degree Celsius
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