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Preface

The human population is increasing rapidly, and people are migrating from villages
to urban areas for their livelihood. In third-world countries, around 2.1 billion of the
populace will be residing in cities by 2030. The fact itself says that the population is
burgeoning at an alarming rate, coupled with climate change and food security
issues, which compels us to adopt an intensive farming system to supply the food
requirements. The soil is a nonrenewable resource, and its formation takes thousands
of years. It may be considered that the native inherent capacity of this versatile and
worthy natural resource may get exhausted to fulfill the daily food demands of a
rapidly increasing population.

In the coming era, new technological interventions or cropping systems have to
adapt to meet increasing food demands, out of which intensive cultivation is one of
them. The intensive cultivation will accelerate the nutrient depletion rate from the
soil, leading to depletion of native fertility status, which will emerge in deficiency or
lack of soil organic carbon. As in many countries, the shortage of macro- or
micronutrients occurs in soil up to a threat level, more attention should be paid to
managing soil fertility and recycling the soil wastes generated in urban areas to
overcome this problem.

In today’s era, sewage sludge may be a source of fertilizers that could improve
soil fertility and productivity due to an array of nutrients and organic matter. Still, the
presence of heavy metals in sewage sludge is a matter of concern. In agriculture, its
proper utilization makes it suitable to fulfill the nutritional requirement for plants and
the best option to manage the waste generated through various anthropogenic
activities.

This book encloses the possible current knowledge and global scenario of sewage
sludge for possible sustainable management. It compiles the different aspects of
analytical methods, bioleaching approach, beneficial microbes for sustainable treat-
ment of sewage sludge, biological and thermo-chemical treatment technologies,
nutrient recovery technologies, biostabilization, health risk assessment, detoxifica-
tion, socioeconomic aspects, sustainable use in restoring soil fertility, municipal
waste management, and future possibilities for safe utilization. This new book could
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be handy with a bundle of scientific knowledge for faculty members, researchers,
students, and policymakers associated with waste management.
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Sewage Sludge Management )
for Environmental Sustainability: e
An Introduction

Jussara Borges Regitano, Mayra Maniero Rodrigues,
Guilherme Lucio Martins, Jilio Flavio Osti, Douglas Gomes Viana, and
Adijailton José de Souza

1 Introduction

Urban areas represent about 3% of the entire terrestrial surface but are home to more
than 55% of the world population; and the tendency of greater people concentration
in large urban centers will still increase in the coming decades (Edmondson et al.
2012; United Nations 2019). It should result in two-thirds of the world’s population,
i.e., 7 billion people, living in metropolitan areas by 2050 (Ritchie and Roser 2018).
This social phenomenon intensifies the need to maintain efficient and sustainable
water and sewage treatment systems to guarantee adequate water supply in large
urban centers and to avoid contamination of the natural ecosystems (Buonocore et al.
2018).

However, the current diagnosis of the world population concerning access to
sanitation services showed that only 45% have access to bathrooms with the
collection, treatment, and adequate sewage transport (Safely managed); 29% make
use of improved non-collective facilities that include a piped sewer system and the
sewage is maintained in pits, septic tanks, and/or composting toilets (Basic); 8%
make use of collective or shared sanitary facilities (Limited); 9% make use of latrines
or buckets (Unimproved); and 9% still eliminate feces in the open, allowing con-
tamination of water bodies and increase in the incidence of diseases (Open defeca-
tion) (Fig. 1) (WHO 2020).
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Fig. 1 Diagnosis of world sanitation access in the year of 2017. Adapted from WHO (2020)

Sewage sludge (SS) is the solid, semi-solid, or liquid residue generated during the
treatment of domestic sewage in wastewater treatment plants (WWTPs), whose
correct destination is one of the biggest challenges for sanitation services globally
(Zhen et al. 2017; Raheem et al. 2018) since the worldwide 7.6 billion people excreta
must be disposed of in some way. The generation of SS increases as public policies
and investments are directed to enhance access to sanitation services, which also
dictate sewage collection amounts as well as adequation of the adopted treatments
and the final disposal strategy. It is evident that poor and populous regions as well as
those having bad gross income distribution, such as Asia, Africa, and Latin America,
among others, collect less sewage and thus produce proportionally much less SS
than Europe, USA, and Canada (Table 1). Therefore, when these countries have
sanitation systems, it does not necessarily reflect on adequate or even sufficient SS
management. The scarcity or even the lack of updated data on SS generation in
several countries makes it difficult to understand and identify the challenges asso-
ciated with the management of this material.

Sewage sludge composition will depend mainly on the seasonal effects, adopted
treatments’ system, as well as its source (domestic, industrial, or a mix of both) (Tao
et al. 2012; Nascimento et al. 2020). Generically, SS is composed by a complex
mixture of organic components, such as proteins, lipids, carbohydrates, phenolic
compounds, lignin, and cellulose (Zhang et al. 2018). After drying, on average, the
SS presents 50-70% of organic matter (OM), 3—4% of nitrogen (N), and 0.5-2.5% of
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Table 1 Generation of municipal sewage sludge (SS) in certain countries

Country/Region Population (million) Amounts of SS (thousands of dry metric tons)
European Union 446 8910

China 1440 6000"

United States 330 6510

Iran 83 650

Canada 36 550

Brazil 211 372

Adapted from: Mateo-Sagasta et al. (2015), "Source: Zhang et al. (2016)

phosphorus (P), as well as other micronutrients to plants, such as Zn and Cu (Rorat
et al. 2019). SS has high microbial diversity, but Proteobacteria, Bacteroidetes, and
Firmicutes are often the dominant phyla whereas Clostridium, Treponema,
Propionibacterium, Syntrophus, and Desulfobulbus are often the dominant genera
(Nascimento et al. 2018).

SS is essentially an organic residue, containing high microbial biomass as well as
high organic matter, N, P, and Zn contents, among others. If properly treated and
applied to land, it can improve soil’s quality thus improving the productivity of
agricultural crops and revegetation of disturbed ecosystems, such as mining tailing
areas. Worldwide, SS is treated and applied to soils as either disposal or a recycling
method. Although mineral fertilizers, based on fossil fuels, can properly supply
nutrients to plants, tropical countries are highly dependent and not auto sufficient on
these highly cost commodities, turning the use of SS for soil fertilization even more
interesting since allows its reuse as well as the recycling of nutrients in the
environment.

However, SS also has high amounts of potentially toxic elements in its compo-
sition, such as Cd, Cr, Cu, Co, Fe, Hg, Ni, Pb, organic pollutants, and emerging
contaminants (Tyagi and Lo 2013; Ciesdlik et al. 2015), besides a vast array of
pathogens inherent to its origin, mostly human excreta. Infected people may excrete
enteric pathogens, such as Coliforms, Enteric viruses, Giardia, and Cryptosporidium
for months, but their peaks are under seasonal influence. Of particular interest, are
the emerging pathogens such as the virus involved in the severe acute respiratory
syndrome (SARS virus). The COVID-19, caused by SARS-CoV-2, has infected
more than 130 million people since 2019 and caused >three million deaths (WHO
2021). The presence of viral particles in human excreta and wastewaters alerts about
the possibility of new outbreaks or disease expansion due to virus mutation, thus
urging adoption of appropriate strategies to properly collect, treat, and dispose
wastewaters and SSs, mainly in socioeconomically vulnerable countries (Dhama
et al. 2021; Donde et al. 2021). Their incorrect management can cause human and
animal health problems (Sharma et al. 2017).

A broad overview of SS treatments, reuse, and disposal strategies is fundamental
to guaranteed maintenance of ecosystem sustainability since it allows the adoption of
public policies aiming at social well-being and environment preservation. Currently,
SSs are mostly landfilled or amended to soils, but they are also incinerated or used in
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Fig. 2 Overview of major topics addressed in the book

construction (Kacprzak et al. 2017). All these disposal strategies have advantages
and disadvantages. This book will touch on all these aspects but will emphasize
newer treatment and disposal approaches, as summarized in Fig. 2. It will also
address legislation, analytical methods, and risk assessment topics to properly
reach its intent that is to review current science on SS management to assure
environmental sustainability.

2 Brief history of Sanitation Services and Related Health
Issues

The need to implement actions to treat wastes generated by society began nearly
10,000 years ago when humans left nomad life and began to settle in agricultural
regions. Historically, the first primitive sanitation systems were settled in Ancient
Mesopotamia (3500-2500 BC), using drainage channels to transfer domestic wastes
from latrines to pits (Lofrano and Brown 2010). People of that region, which
includes part of Iraq, Syria, Iran, and Turkey, were the first to face health problems
related to the proliferation of parasitic diseases, such as Schistosomiasis, transmitted
by water, soil, and food contaminated by not treating the sewage (McMahon 2015).
Seven Cholera pandemics are also part of human history, responsible for thousands
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of deaths over 200 years (Deen et al. 2020), also directly associated with consump-
tion of contaminated water and food, poor hygiene, and poor sanitation services
(Taylor et al. 2015). Currently, it is estimated that 21,000-143,000 deaths are caused
by cholera in the world, mainly in developing countries (Ali et al. 2015).

Several infectious diseases associated with poor sanitation persist in the twenty-
first century, such as Schistosomiasis and Ascaris lumbricoides. Diarrhea is respon-
sible for most deaths, ~1.4 million deaths annually of mainly children under 5 years
old (Hughes and Koplan 2005; Freeman et al. 2017; Priiss-Ustiin et al. 2019). The
most alarming scenarios happen in countries like Chad and Madagascar, in which
diarrhea kills >300 per 100,000 children, quite different from numbers seen in
European countries (<1 per 100,000) (Troeger et al. 2018). Investments targeting
access to adequate water supply and sanitation services can reduce diarrhea cases by
more than a third (Bartram and Cairncross 2010). Other pathogens are found in the
SS, such as Salmonella spp., Shigella spp., Escherichia coli, Clostridium perfrigens,
Campylobacter spp., Yersinia enterocolitica (Arthurson 2008; Rorat et al. 2019).
The major contamination routes are related to accidental ingestion of soil applied
SS-residues and consumption of poorly sanitized fresh foods (Van Frankenhuyzen
et al. 2013). Land workers may also be contaminated during SS-application, but its
risk lessen over time (Brooks et al. 2012). Complaints regarding health problems
related to SS exposure are common (Keil et al. 2011; Viau et al. 2011).

The number of diseases triggered by multi-resistant bacteria has grown consid-
erably in recent years (Nicolas et al. 2019), resulting in ~700,000 deaths annually
(de Oliveira et al. 2020). The Discovery of new antibiotics is quite rare in the last
decades, thus increasing infection risks associated with bacteria resistant to multiple
antibiotics (Tacconelli et al. 2018). Antibiotic resistance is promoted by antimicro-
bial resistance genes (ARGs) that encode several defense mechanisms against toxic
effects of the antimicrobials (Sui et al. 2016). SS is an important source of ARGs’
dissemination through its application to soils (Bondarczuk et al. 2016). About
40-90% of the administered antibiotics are not metabolized in the body, thus
being excreted in the feces, and ending up in the sewer network; from which
~T70% is sorbed to the SS (Sun et al. 2019).

SS has high N and P contents, mostly in the organic forms. However, organic-N is
readily mineralized to ammonium (NH,") and then to nitrate (NO5 ). Nitrate is very
soluble in water and its excess amounts are leached to groundwaters and may even
reach aquifers and cause methemoglobinemia, also known as blue baby, in young
infants (Knobeloch et al. 2000; Fan et al. 2014). In addition, SS is applied based on
the needs of N by the crops, which is much higher than that of P. Therefore, excess of
P can accumulate in the soils after years of SS application leading to eutrophication
of surface water resources. P is transported mainly via runoff, attached to fine soil
particles (Hua and Zhu 2020).

Depending on its source and adopted treatments, SS may have high hazardous
trace element contents, mostly known as heavy metals (Chanaka Udayanga et al.
2018). The most concerning ones are Zn, Cu, Cd, Ni, Pb, Hg, Mo, and As. Their
contents in the SS will depend on the amounts of industrial wastes imputed into the
municipal sewage system. Therefore, SS application without criteria can accumulate
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these elements in the soils since they do not degrade, and then be up taken by crops
or transported to water resources offering risks to human and animal health (Duan
et al. 2017). However, only 4 out of 19 sludges from WWTPs from Sao Paulo, the
most populated state from Brazil, presented concerning contents of either Zn or Ni,
but these elements are nutrients to plants (Nascimento et al. 2020). When performed
at appropriate loading rates, farmland application of the SS often results in far less
pollution than its landfilling. Currently, there is no large-scale technology used for
the removal of such elements from the SS (Geng et al. 2020), but there are
technologies to reduce metal inputs into the sewage (Pepper et al. 2006). In addition,
metal contamination can be diluted when SS is used as the organic matrix in the
manufacture of organomineral fertilizers (Kominko et al. 2017). SS having high Zn,
Cu, and Ni should be regarded for this purpose since these elements are
micronutrients to plants (Nascimento et al. 2020).

Organic toxic substances, such as polycyclic aromatic hydrocarbons (PAHs),
pesticides, dioxins, flame retardants, plasticizers, and surfactants are often found in
the SS (Poulsen and Bester 2010; Ozcan et al. 2013) and concerns are gaining
grounds in recent years (Regkouzas and Diamadopoulos 2019) since many of them
can cause mutagenic effects, endocrine and reproductive system dysfunctions,
immunological impairment, and developmental defects (Venegas et al. 2021). Not
all of them are easily degraded, many are persistent and mobile in the environment
(Cadkova et al. 2020). Biological stabilization treatments fail to effectively degrade
all types of xenobiotic molecules present in the SS, many times showing absent or
only partial degradation (Poulsen and Bester 2010; Gonzalez-Gil et al. 2016).

The past allows us to understand the importance of maintaining and expanding
basic sanitation services around the world, even more, when facing a highly glob-
alized and interconnected society such as ours. Despite technological and scientific
advances, ~2.4 billion people still do not have access to basic sanitation services,
such as sewage collection and treatment, mainly in economically vulnerable coun-
tries such as those in Sub-Saharan Africa, Asia, and Latin America (Freeman et al.
2017; Morgan et al. 2017).

3 Sewage Sludge Treatments and Associations
with Microbial Population

SS presents a great microbial diversity (Aida et al. 2015). The high organic load
stimulates the development of a saprobic microbiota that is important in its treatment
(Rorat et al. 2019). However, the presence of human and animal pathogens, as well
as heavy metals and organic pollutants, raises concerns about its health safety, thus
requesting further treatments especially when the land application is intended (Rorat
et al. 2019). SS-land application increased as an important disposal strategy since
ocean damping and landfilling started to be restricted, mainly in developed countries.
The SS is called biosolid when it is treated to meet land-application standards; and



Sewage Sludge Management for Environmental Sustainability: An Introduction 7

> Disposal
| Treatments ]
Alkaline
solubilization
Aerobic digestion Landfill
e Biosolids g
Anaerorobic e
Sew
o ::: [::> digestion Incineration E
I Compostng Construction 4,-5'
Heat d g
Eying Land application “ -
Air drying Low
Bioleaching
Others

Fig. 3 Sewage sludge treatments and disposal techniques as well as its environmental costs

there are two classes of biosolids: (i) Class A: treated to reduce pathogens below
detection levels and can be used without site restrictions, and (ii) Class B: treated to
reduce pathogens, but still have them at detectable levels and, therefore, its use is site
restricted (Part 503 rule, EPA 1993). Therefore, the row SS must endure further
treatments before its reuse or disposal (Fig. 3).

Alkaline stabilization (liming) refers to the addition of lime to rise sludge-pH to
>12 for at least 2 h, thus eliminating odors and inhibiting pathogenic bacteria and
virus, but not parasites. Heat treatment involves temperatures up to 260 °C for
30 min, under pressure, thus dewatering the sludge and killing pathogens and
parasites (Pepper et al. 20006). Biotic treatments, such as aerobic and anaerobic
digestions and composting, involve the participation of microorganisms to reduce
pathogens and toxic substances in the SS (Kelessidis and Stasinakis 2012;
Nascimento et al. 2018). Treatment systems naturally select the best-adapted micro-
organisms to the conditions (Lloret et al. 2016; Goberna et al. 2018). In other words,
factors such as pH, presence of organic pollutants and heavy metals, and type of
biological treatment dictate sludge microbial community, either in terms of diversity
or structure, or both (Nascimento et al. 2018). Moreover, the presence of toxic
compounds in industrial sludges tends to decrease microbial community diversity
compared with those of domestic origin (Ibarbalz et al. 2013). For aerobic SS, the
most abundant bacterial phyla are Proteobacteria and Bacteroidetes, but
Acidobacteria, Firmicutes, Chloroflexi, Planctomycetes, Verrucomicrobia, and
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Actinobacteria are also quite frequent (Xia et al. 2018; Nascimento et al. 2018). For
anaerobic SS, the most abundant phyla are Proteobacteria, Firmicutes,
Bacteroidetes, and Chloroflexi, but methanogenesis is promoted exclusively by
archaea from the phylum Euryarchaeota (Luo et al. 2009; Guo et al. 2015; Fykse
et al. 2016). In this case, biogas production is attractive since contributes to
biodigesters’ operational and maintenance costs (Li et al. 2017). Nevertheless,
taxon composition variations are usually greater at lower taxonomic categories,
such as order and genera (Hu et al. 2012; Nascimento et al. 2018).

The major aim of biological stabilization is to attenuate or eliminate pathogens.
Beneficial microorganisms can contribute to pathogens reduction. In composting,
high temperatures are reached during the thermophilic phase due to microbial
oxidation of organic matter (Liu et al. 2018), which can reduce pathogenic bacteria
(Khalil et al. 2011; Moretti et al. 2015). In anaerobic digesters, pH is reduced
whereas volatile fatty acids are produced by the action of the microorganisms,
which can contribute to pathogens inactivation (Zhao and Liu 2019). Competition
for nutrients as well as antagonism among sludge microbial communities may also
reduce pathogens (Arthurson 2008; Scaglia et al. 2014). Biological treatments are
also capable to either attenuate or eliminate organic pollutants present in the SS
(Semblante et al. 2015; Dubey et al. 2021), such as pharmaceutical and personal care
products (Pérez-Lemus et al. 2019), since these molecules can be degraded by
specific microbial groups (Lii et al. 2021) that are capable to use them as C source
and energy for growth and reproduction (Margot et al. 2015).

Microorganisms also open opportunities for eliminating SS-hazardous trace
elements, through bioleaching. Specific microorganisms, such as A. ferrooxidans
and A. thiooxidans, are used to oxidize reduced sulfur (S) compounds to sulfuric
acid. SS acidification enhances solubilization of several metals, such as Zn, Cu, Cr,
Cd, Pb, Mn, and Ni (Camargo et al. 2016), which can then be extracted by leaching
(Gu et al. 2017; Gu and Bai 2018). This technology is not routinely used but ratifies
the role of beneficial microorganisms on sewage sludge management (Zhou et al.
2013).

3.1 Impact of the SS on Soil Microbiota

Soil application of the SS alters its microbial community in the short-term by mixing
microbes from the sludge and the soil (Wolters et al. 2018). However, the structure
of the soil microbial communities tends to return to their initial state over the months
after its application, even if changes are still noticeable (Cytryn et al. 2011; Wolters
et al. 2018). In the long run, successive application of sludge can alter the soil
microbiota through changes in soil attributes, such as pH reduction that favors Gram-
positive bacteria (Borjesson et al. 2014). Although the soil type dictates its microbial
structure, the accumulation of heavy metals, such as Zn and Cu, can also alter soil
microbial structure (Macdonald et al. 2011) and reduce its microbial biomass
(Charlton et al. 2016) in long term. Moreover, distinct SS stabilization processes,
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such as composting and anaerobic digestion, can produce substrates with different
impacts on soil microbiota (Mattana et al. 2014; Lloret et al. 2016).

SS amendment to soils tends to stimulate soil microbial activity and enhances
microbial biomass, which may contribute to pathogens suppression by competition
between beneficial and pathogenic microorganisms (Heck et al. 2019). Additionally,
volatile fatty acids are released during microbial decomposition of the SS, which can
be toxic to pathogens (Pinto et al. 2013). However, depending on the pathogen, the
SS amendment may either suppress or even stimulate the infection (Bettiol and
Ghini 2011; Ghini et al. 2016). Thus, more research is needed to show the microbial
factors associated with the SS that promote pathogen suppression (De Corato 2020).

4 Methodological Aspects

The use of SS in agriculture can cause a series of changes in soil behavior, whether
due to the presence of organic matter, hazardous trace elements, organic pollutants,
or exogenous microorganisms. A wide variety of methodologies can be used to
evaluate the chemical and biological attributes of the SS and to help predict its
impacts on the environment. However, different methodologies may provide differ-
ent results. Therefore, each country or region often has its guidelines and method-
ologies, and they also set their own threshold values for all concerning contaminants
that can adversely impact public health. It is important because establishes quality
indicators for the generated SS since it may impact soil microbiota and its functions,
nutrients recycling, and environmental contamination. SS characterization will indi-
cate further treatment needs, better disposal strategy as well as management prac-
tices, and most relevantly will support local legislation (Fig. 4).

For example, the United States Environmental Protection Agency (US-EPA)
guides specific methodologies that must be used for determining concentrations of
macronutrients (P, K, Ca, Mg, S) and micronutrients (Fe, Zn, Cu, Mn, Ni, B, Mo), as
well as potentially toxic trace elements (Al, Ba, Cr, Pb, As, Se and Cd) and strongly
recommends studies for organic contaminants (pesticides, pharmaceuticals, surfac-
tants, hormones, polyaromatic hydrocarbons, polychlorinated biphenyl, solvents,
plasticizers, and volatile compounds) (Hu et al. 2020; Mosko et al. 2021). The
inorganic elements are extracted by acid digestion and the macro and micronutrients
are usually analyzed either by spectrophotometry (P) or atomic absorption spectro-
photometry (K, Ca, Mg, Fe, Zn, Cu), or others, while hazardous trace elements are
analyzed either by assisted microwave extraction or atomic emission spectrometry
with inductively coupled plasma (ICP-AES). The choice is made according to the
analyzed element and the available technology (US-EPA 2000, 2007; Schiitte et al.
2015; Guedes et al. 2015). The use of optical techniques, such as X-ray diffraction
(XRD) and X-ray fluorescence (XRF), is less common but allows to evaluate the SS
attributes as well as element speciation that will dictate its toxicity and risks to the
environment (Uysal and Kuru 2013; Wilfert et al. 2018).
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Fig. 4 Sewage sludge characterization methods and their implications accessing environmental
quality

The methods to evaluate SS biological attributes have been gaining more rele-
vance in the last years due to their spread and subsequent cost reductions. The
microbiota composition seems to work as an indicator of SS quality providing
answers to environmental changes that occur after its amendment (Zhang et al.
2010; Wolinska and Stepniewsk 2012). For example, basal soil respiration and
carbon from microbial biomass provide information on the population and activity
of soil microbial population (Vance et al. 1987; Menyailo et al. 2003). These
methods are based on C and other elements biogeochemical cycles, regulated in
large part by the activity of microbial enzymes (Siebielec et al. 2018; Melo et al.
2018). Therefore, enzymatic activities play a key role in assessing soil quality by
showing its activity and functionality, as well as the cycling of nutrients (Pavan
Fernandes et al. 2005; Silva et al. 2019). In soil-plant system, the enzymatic analyses
show that SS amendments may enhance energy supply to plants, organic matter
degradation, and nutrients recycling (mainly N, P, and S), thus resulting in more
resilient environments having greater endurance against biotic and abiotic stresses
(Wyrwicka and Urbaniak 2016; Siebielec et al. 2018; Ma et al. 2019) (Table 2).

The functionality of soil can be assessed by the microorganism’s activity resulted
from its gene expression, i.e., the transcription of its DNA into RNA. The use of
molecular techniques allows for an evaluation of predominant microbial groups and
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Table 2 Sewage Sludge (SS) amendments and their effects on soil-plant systems evaluated
through the activity of certain specific enzymes

Enzyme Effects on soil-plant system References
Amylase Higher polysaccharides and xenobiotics Pavan Fernandes et al. (2005),
degradation, Melo et al. (2018)
Increased soil activity.
Cellulase Higher cellulose, hemicellulose, and lignin Melo et al. (2018), Ma et al.
degradation at low SS application. (2019)
Invertase Increased complex sugars hydrolysis to Hu et al. (2011), Melo et al.
assimilable forms by plants and soil (2018)
microorganisms.
Catalase Greater protection against oxidative stress, Xue and Huang (2013),
Higher soil microbial activity. Wyrwicka and Urbaniak
(2016)
Dehydrogenase | Higher microbial activity due to oxidizing Siebielec et al. (2018), Hamdi
organic compounds et al. (2019)
Protease Enhanced biological mineralization of Xue and Huang (2013), Hamdi
N-organic compounds et al. (2019)
Urease Higher N-mineralization Pavan Fernandes et al. (2005),
Arif et al. (2018), Ma et al.
(2019)
Phosphatase Higher P-mineralization Arif et al. (2018), Siebielec
et al. (2018)
Arylsulfatase Transformation of S-organic to plant and Garcia-Sanchez et al. (2016),
microbes assimilable forms Ma et al. (2019)

their soil functions at highly accurate levels, with large information on DNAs,
RNAs, and proteins (Delgado-Baquerizo et al. 2016; Newcomb et al. 2017; Saleem
et al. 2019), as summarized in Table 3. In other words, it is important to assess soil
biodiversity to understand the predominant organisms, what they do and how they
behave. The genomic methods provide a broad but specific view on how microbes
respond to changes in soil management while the proteomic and transcriptomic
methods allow identifying functions performed by bacteria and fungi by evaluating
their proteins and RNA molecules (Biswas and Sarkar 2018). Proteins mediate the
most important functions that occur in the community, so proteomics is the best
technique for assessing the impacts of the SS application (Xu and Geelen 2018;
Rutgersson et al. 2020). Finally, antibiotic and metal resistance genes (ARGs and
MRGs, respectively) may disseminate in soils after SS amendments, but it may be
better evaluated by real-time PCR (qPCR) than genomics (Rutgersson et al. 2020).
For gPCR, one or more genes can be used for each evaluated function (Stalder et al.
2014; Pal et al. 2015).

However, classic approaches based on culture medium are still important to
complement DNA analyzes in SS-amended soils (Van Frankenhuyzen et al. 2013;
Xie et al. 2016). For example, they can be used to assess the persistence of ARGs and
MRGs groups (Li and Zhang 2010; Wang et al. 2015; Zhang et al. 2018).
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Table 3 Main molecular techniques, their specific targets, and evaluated effects

Methods Targets Evaluated effects References
Fingerprint 16S rDNA (Archaea Changes in microbial structure | Biswas and Sarkar
and amplicon | Bacteria); ITS (fungi); | and diversity. (2018), Paul et al.
sequencing 18S rDNA (protists) (2018), Guo et al.
(2020)
Fingerprint 16 s tDNA; ITS; func- | Abundance of bacteria and Van
qPCR tional genes (amoA; fungi. Frankenhuyzen
mcrA; tetG etc.) Specific functions, et al. (2013), Xie
Presence of pathogens, etc. et al. (2016)
Metagenomics | Study of the collective | Structural: study structure of Franzosa et al.

genome of the total
microbiota of a given
habitat.

uncultivated microbial popula-
tion,

Functional: aims to identify
genes that encode a function of
interest.

(2015), Alves et al.
(2018)

Metabolomics

Microbial metabolism
(functions performed
by microbial
processes)

Presence of microbial metabo-
lites and activity level (lignin
degradation, methanogenesis,
sulfate reduction, etc.).

Beale et al. (2016),
Rutgersson et al.
(2020)

Proteomics

Proteins

Proteins involved in specific
functions, such as solubiliza-
tion of organic P.

Bastida et al.
(2019)

5 Legislation

Effective means are needed to regulate the use and reuse of SSs. Legislation that
establishes acceptable limits for toxic pollutants is fundamental to warranty SS safe
use in agriculture (Tables 4 and 5) or even prevent SS recycle in soils, directing it to
other purposes (Fig. 4). The presence of hazardous trace elements and certain toxic
organic compounds depends on industrial discharges handled by WWTPs and can
be at least to a certain extent controlled, but pharmaceuticals and personal care
products are directly eliminated in the domestic sewer requesting proper SS
management.

Although certain hazardous trace elements are considered micronutrients to
plants, they are persistent in the environment and at high contents can cause damage
to ecosystems, thus turning their monitoring fundamental (Collivignarelli et al.
2019b). Even after its recent update, Brazil has one of the most restrictive and strict
legislation in the world regarding allowed threshold values for these elements and
their application conditions (Table 4), ignoring the country’s vast diversity of soils
and climates and making the use of SS unfeasible in many cases (Bittencourt 2018).
Brazil is a huge farming country offering great opportunities for SS-land application
in agriculture and forestry, or to recover degraded areas, but it is still minimally used.

Concerns with organic pollutants in the SS is growing, whose origin is diverse
and comes from plastics and derivatives, solvents, preservatives, medical drugs, and
personal care products, among others. It also involves dioxins, such as
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Table 4 Threshold values (mg kg™ ") for hazardous trace elements in sewage sludges aiming land
application according to European (EEC 278/1986), Brazilian (CONAMA 498/2020), and North
American (US EPA 40 CFR Part 503) legislations

Legislations’ threshold values (mg kg™')

Europe Brazil USA
EEC CONAMA US EPA 40 CFR
Trace elements 278/1986 498/2020 Part 503
As NR?* 41 75
Cd 20 to 40 39 85
Cr NR? 1000 NR*
Cr NR* NR* NR*
Cu 1000 to 1750 1500 4300
Fe NR? NR* NR?*
Hg 16 to 25 17 57
Mo NR? 50 75
Ni 300 to 400 420 420
Pb 750 to 1200 300 840
Se NR?* 36 100
Zn 2500 to 4000 2800 7500
“NR: Not regulated
Table 5 lThresholq valuc-?s Organic compounds
(mg kg ) for certain toxic ¢\ [pcB |AOX |LAS | NPE/PAH | PCDD/F
organic compounds in the
sewage sludges aiming land Germany |0.1° 400 - - 100
application in certain France 0.8 - - 2-5¢ -
European countries according  Italy 0.8 — — 6 25
to Directive 86/278/EEC Austria 0.2-1 500 _ 6 50—100
Sewden 0.4* - - 34 -
Portugal | 0.8 - 5000 |6 100
Denmark | 0.2% - 1300 | 3¢ -
Belgium |0.6-0.8" |- - 3-20 20

“For each congener; °Sum of seven congeners: PCB 28, 52,
101, 118, 138, 153, and 180; “Different values for different com-
pounds (fluoranthene-5, benzo(b)fluoranthene-2.5, benzo(a)-
pyrene-2); “Different values for the capacity of wastewater
treatment plants (WWTPs) (expressed in population equivalent);
PCB polychlorinated biphenyls, AOX absorbable organic halo-
gens, LAS linear alkylbenzene sulfonates, NPE nonylphenol
ethoxylates, PAH polycyclic aromatic hydrocarbons, PCDD/F
polychlorinated dibenzo-p-dioxins and furan. Adapted from:
Collivignarelli et al. (2019a)

polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs)
(Rigby et al. 2021), which tend to be persistent in the environment (not biodegraded)
and can cause serious ecological harms even at low concentrations (Zuloaga et al.
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2012). They are regulated just in certain richer and more criterion’s countries, mostly
in Europe (Table 5).

6 Sewage Sludge Disposal Techniques

SS disposal strategy varies considerably among the most populous nations in the
world. For example, ~60% of the SS generated in the USA is land applied, mostly as
Class B biosolid; the remaining are either sent to landfills or incinerated. In African
countries, except for South Africa, SS is disposed of mainly in landfills or directly
dumped into the environment without prior treatment. In Japan, ~70% of the SS is
incinerated whereas the rest is sent to landfills. In China, land application is also the
most frequent destination (Shaddel et al. 2019). European countries are directing
efforts to reduce landfilling to 50%, sending the remaining material to the land
application (Collivignarelli et al. 2019a). SS disposal varies according to socioeco-
nomic and environmental criteria that are specific to each country or region, and all
of them have distinct environmental costs (Fig. 3) as well as advantages and
disadvantages (Table 6).

Table 6 Main disposal strategies for sewage sludges and their advantages and disadvantages

Disposal
strategies Advantages Disadvantages
Landfilling It may be cheap and easy. Despite considered “easy and cheap”,
modern landfills are expensive because
of regulations and location,
Risk of water and soil contamination by
the leachate rich in hazardous trace ele-
ments and organic pollutants,
High greenhouse gas emissions,
Requires large areas,
Preclude nutrient recycling.
Land Improves physical, chemical, and Although not likely, may cause soil and
application biological attributes of the soils, water contamination with hazardous
Allows nutrients recycling, mainly N, | trace elements and other organic pollut-
P, and micronutrients, such as B, Cu, | ants,
Mn, and Zn, High transport and application costs.
Inputs organic matter,
Reduces pressure for new landfills.
Incineration | Reduces SS volumes, High cost,
Generates heat and energy, Requires use of fossil fuels,
Reduces pressure for new landfills, Emission of polluting gases,
Eliminates pathogens. Ashes must be reused or sent to landfills.
Construction | Reuses SS that is unsuitable for agri- | Raw SS generates fewer resistant mate-
culture, as bricks, tiles, or other rials,
building materials, SS must be dried before incineration and
Either raw SS or its ashes can be used. | ash production.

Sources: LeBlanc et al. (2009), Swierczek et al. (2018), Chung et al. (2020)
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Landfilling is discouraged in several countries but is still the main SS destination
worldwide (Urban and Isaac 2018) and should be replaced by more sustainable
disposal alternatives. However, ~40% of the world SS are still dumped in the open or
landfills (Kaza and Yao 2018). Incinerated-SS ashes must be disposed of in landfills
due to their high contents of hazardous trace elements resulted from their industrial
origin; therefore, their use in agriculture is forbidden. Land application aims to align
safe disposal with nutrients recycle, thus improving soil fertility. In Brazil, biosolid
amendments to soil improved several crop yields, such as cotton (Samaras et al.
2008), coffee (Tezotto et al. 2012; Martins et al. 2015), sugar cane (Franco et al.
2008; Nogueira et al. 2013), sunflower (Figueiredo Lobo and Grassi Filho 2009;
Nascimento et al. 2013), castor bean (Chiaradia et al. 2009), corn (Yada et al. 2020),
soybeans (dos Santos Ferreira et al. 2018), wood production (Abreu-Junior et al.
2020), among others. To mitigate adverse effects on agroecosystems, SSs are often
composted and, more recently, may also be used as the organic matrix in the
manufacture of organomineral fertilizers. Composting reduces organic loads,
unpleasant odors (Maulini-Duran et al. 2013), pathogens (Kulikowska 2016), and
organic pollutants (including ARGs and emergent pollutants) as well as heavy metal
contents (Wang et al. 2017; Giagnoni et al. 2020; Guo et al. 2020). The manufacture
of SS-based organomineral fertilizers seems to be a viable and safe alternative for SS
disposal in agriculture because they are applied at much smaller rates than the SS in
natura, thus decreasing the spread of hazardous substances in the environment. It
turns feasible to transport over long distances; eases field application (Magela et al.
2019); attenuates seasonal effects on sludge composition, thus allowing to adjust
application rates to crop needs and soil fertility (Deeks et al. 2013); slows nutrients
release to plants (Kominko et al. 2017); and decreases leaching and runoff of
contaminants and nutrients to water resources (Savci 2012).

SS incineration generates high amounts of ashes that are composed of Si, Al, Ca,
Fe, P, and, to a lesser extent, Hg, Cd, Sb, As, and Pb (Donatello and Cheeseman
2013), often sent to landfills or reused in construction materials. This thermal
method is adopted mainly in Germany, Slovenia, Austria, Belgium, and Netherlands
(Stunda-Zujeva et al. 2018), but the world’s largest incineration plant is located in
Hong Kong, China (Swann et al. 2017). SS ashes have been increasingly explored in
construction materials, such as ecological cement, bricks, tiles, and ceramic mate-
rials. This way, hazardous persistent trace elements are immobilized within the
manufactured material, making their use sustainable and safe (Martinez-Garcia
et al. 2012; Chang et al. 2020). China allocates ~16% of its SS to manufacture
construction materials (Wei et al. 2020).
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7 SS-Nutrient Recovery Technologies and Their
Biostimulant Action

Adoption of technologies to recover nutrients from the SS has been attracting more
and more attention due to the availability of new technologies, landfill restrictions,
and growing demands of nutrients to crops, especially P. The world is highly
dependent on mineral fertilizers, mainly the P-fertilizers, as nutrient sources for
food production, however, it is estimated that the largest P-mine in the USA will be
depleted in just 20 years and that world reserves are limited to about 60 to 250 years.
Its higher demand and limited supply caused an abrupt increase in the cost of rock
phosphate and may even affect geopolitical balance when nations start competing for
the remaining reserves, such as happen for petroleum. In the short term, it seems that
the only way out is to recycle as much phosphate as possible and this invariably will
involve creating plants for processing human and livestock wastes, such as SSs due
to their high nutrient contents, mainly N and P. Tropical countries are highly
dependent on imported mineral fertilizers but produces high amounts of municipal
organic wastes that should be better intended, either reused or recycled. Modern
agriculture is highly dependent on nutrients and mineral fertilizers, turning the
production system more expensive and unsustainable (Tyagi and Lo 2013; Raheem
et al. 2018). Therefore, the adoption of technologies to recover nutrients is becoming
mandatory in modern and environmentally friendly agriculture.

Currently, there are several types of technologies adopted to recover P from the
SS based either on its direct use or of its ashes (Cordell et al. 2011). Despite their
benefits, often associated with water quality and food as well as environmental
security, P-recover technologies still have a lot of space to improve since little P is
recovered, especially when facing their high implementing costs (Table 7) (Mayer
et al. 2016). Another major limitation is that recovered P can be in unavailable forms,
i.e., in forms having low solubility or not assimilable by plants, such as hydroxyap-
atite and struvite (Table 7). Anyway, SS is likely the organic residue with the greatest
appeal for P recycle in a sustainable manner due to its global production scale
(Havukainen et al. 2016; Cieslik and Konieczka 2017). The available technologies
for P removal from SS as well as their benefits and limitations are summarized in
Table 7.

SS can be used to produce biostimulants that can improve metabolic and enzy-
matic systems of the plants, mainly in the initial growth stages, thus increasing crop
yields (Xu and Geelen 2018; Fels et al. 2019). SS-biostimulants are rich in humic
and fulvic acids, hydrolyzed proteins, and inorganic elements, as well as beneficial
bacteria and fungi (du Jardin 2015). Humic substances can also be extracted from
composted CC and favor root growth and crops productivity due to the increases in
rhizosphere microbial activity and soil organic fraction (Pascual et al. 2010);
whereas hydrolyzed proteins precipitate the heavy metals within the SS, releasing
peptides and amino acids that have great action as plant stimulants (Colla et al. 2015;
Tejada et al. 2016).
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Table 7 Available technologies for P recovery as well as product composition, advantages, and

limitations
Methods of | Product P
P-recovery | composition contents | Advantages | Limitations References
Direct SS Raw sewage 0.5-0.7% | Low costs. | Expansive transport, | Tyagi and
use sludge Heavy metals accu- | Lo (2013),
mulation, Spread of | Alvarenga
pathogens and other | et al. (2015)
pollutants.
Acid Hydroxy- 2.6-4.0% |Low Cd High investments Shi et al.
leachates apatite content, costs, Pathogen con- | (2014),
High P tamination, High Zheng et al.
content. chemical (2020)
consumption.
Alkaline Struvite 11-26% | High P con- | Low water solubil- Kataki et al.
leachates tent, ity, (2016),
Low metal | High chemical Munir et al.
contents. consumption. (2017)
Incineration | Sewage sludge 9-15% |Low mass, |Low P availability, | Kriiger and
ashes High P con- | High operational Adam
tent, cost, (2014),
Less High metals Kirchmann
pollutants. concentration. et al. (2017)
Composting | Sewage sludge |2.8-3.6% | Low-cost Low P availability. Alvarenga
compost method, et al. (2015)
High P
residual,
OM
benefits.
Aerobic/ Biogas/dry 1.0-1.5% | High nutri- | High operational Borowski
Anaerobic sludge ent, Costs. and Szopa
digestion Pathogen (2007),
inactivation. Tomei et al.
(2011)
Enhanced Polyphosphate | 5.6-7.3% | Rapid P High operational Angela et al.
biological sludge recovery, costs. (2011),
P-removal High P Roldan et al.
content. (2020)

8 Future Perspectives

The increasing generation of SS has risen the interest of modern society since it is
often related to the outbreak of transmissible diseases, especially after its association
to the most recent pandemic experienced in human history caused by the SARS-
CoV?2 virus. Therefore, the SS needs sustainable management before its disposal in
the environment. Several nations are experiencing great technological advances in
SS sustainable management, but access to quality water and basic sanitation services
are far from becoming reality for many more economically vulnerable countries,
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such as those in Africa, Latin America, and Asia. However, public policies that
guarantee access to these services tend to be intensified in the coming years. For
example, a new Sanitation Legal Framework was recently settled in Brazil to
warranty the universalization of the sanitation services. The expectation is that
more accessible technologies and social pressure for decent water supply and
effluent treatment will bring new advances to these vulnerable countries.

The improvement of consolidated techniques, such as composting, as well as the
adoption of simple practices, such as its use in the manufacture of organic mineral
fertilizers, have the potential to reduce the dependence of many countries on mineral
fertilizers, thus turning their agriculture a viable activity. The expansion of new
eco-friendly technologies dedicated to the recovery of nutrients (mainly P) and the
production of biostimulants in association with new biological treatment approaches
are also expected. However, SS management often rises public concerns about risks
of environmental contamination by hazardous trace elements and toxic organic
compounds, whose analytical protocols and threshold values are well established
for land application in most countries. Several studies in the last decades have been
changing the perception of the advantages of using high-quality SS in agriculture
based on its low contamination risks, especially when compared to landfilling. Based
on that, some countries are even revising their tables with higher acceptable values
for potentially toxic elements, but SS must be previously treated to avoid the spread
of less regulated emerging contaminants, such as antibiotics and their resistance
genes in the environment. Finally, the use of other SS potentialities, such as for
energy generation or the manufacture of construction materials, besides land appli-
cation, will be essential to sustain and conserve the environment.

9 Conclusions and Recommendations

When handled correctly, the SS has several uses. Its use in civil construction, electric
and thermal energy generation plants, and agriculture as soil fertilizers will be
intensified in the coming decades to avoid landfilling and contamination of water
resources. Land application of high-quality SS is still the most promising disposal
strategy since it reduces mineral fertilizer needs and improves soil quality by
supplying organic matter and stimulating its microbiota, thus expanding basic
sanitation services through efficient public policies targeted to the reality of each
region. Therefore, the reuse of the SS must be aligned with new technologies and
associated with sustainable management practices, avoiding landfilling as a major
disposal option. In other words, SS has to start being seen as a high-value product
instead of just a waste.
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Ecological and Health Risk Assessment )
in Sewage Irrigated Heavy Metal ekl
Contaminated Soils

Anandkumar Naorem, Boris Huirem, and Shiva Kumar Udayana

1 Introduction

1.1 Heavy Metal Contamination Due to Sewage Irrigation

The soil system is structured by several factors including both natural and anthro-
pogenic activities. The present agricultural era has been facing several soil-related
constraints such as low soil fertility. In addition to supplementing soil nutrients, it is
also essential to avoid the loading of toxic elements in the soil. It is ascribed due to
the transfer of these toxic elements to our human body through the food chain. A
large growing body of literature has been continuously studying soil contamination
as one of the most crucial environmental problems on a global scale (Rostami et al.
2020). These contaminants when transmitted through the food chain can jeopardize
human health through direct and/or indirect pathways (Mohammadi et al. 2019).
Heavy metals (hereafter HM) are recognized as one of these contaminants through
industrial effluents, use of pesticides and fertilizers, sewage irrigation etc. (Nagajyoti
et al. 2010). Owing to its high resistance towards decomposition, HMs are classified
under ‘persistent environmental pollutants’. One of the main sources of HM entry in
the soil is long-term sewage irrigation, which is commonly followed in several parts

A. Naorem (D<)
ICAR-Central Arid Zone Research Institute, RRS-Bhuj, India
e-mail: Anandkumar.naorem@icar.gov.in

B. Huirem
Department of Food Engineering, Bidhan Chandra Krishi Viswavidyalaya, Mohanpur, West
Bengal, India

S. K. Udayana
MS Swaminathan School of Agriculture, Centurion University of Technology and
Management, Paralakhemundi, Gajapati, Odisha, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 29
V. D. Rajput et al. (eds.), Sustainable Management and Utilization of Sewage
Sludge, https://doi.org/10.1007/978-3-030-85226-9_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85226-9_2&domain=pdf
mailto:Anandkumar.naorem@icar.gov.in
https://doi.org/10.1007/978-3-030-85226-9_2#DOI

30 A. Naorem et al.

of the country. Sewage irrigation is commonly practiced due to some obvious
reasons:

(1) non-availability of good quality irrigation water;
(ii) shortage of irrigation water;
(iii) nutrients contained in sewage water.

Along with the plant nutrients, a large amount of HMs is delivered into the soil
system through sewage irrigation. The soil system interacts with HMs depending on
the chemical properties of both soil and HMs. The plant available HMs are taken up
by the plants and get translocated in different parts of the plant. The question here
often arises on where it is stored maximum in the edible part of the plant? Even
though the HMs are accumulated in the edible part of the plant, it is not less harmful
to the environment. For example, even if no or less concentration of HM is
accumulated in rice grains, feeding rice straw to animals or using it further for
mushroom cultivation indirectly transfer the HM load to human beings. Therefore,
the priority must be to restrict the entry of the HMs inside the plant cells. Through the
food chain, the HMs get bioaccumulated and disturbs the body functioning and
negatively affects several human organs. Understanding the contamination levels of
these HMs in soil and plant is the first step in remediation of HM contaminated sites.
Calculating the ecological indices from these levels depict how much the environ-
ment is contaminated and whether remediation is needed for safe cultivation of
crops. One of the main goals in human nutrition is to stop consumption of HM rich
foods. Therefore, it is equally essential to calculate some indices that reflect the safe
levels of pollution and whether the pollutant level is carcinogenic or
non-carcinogenic risk to human health.

1.2 Quality Analysis of Sewage Water for Agricultural Use

Although sewage water contains ample amount of essential nutrients, it also delivers
certain contaminants. Proper analysis of the sewage water quality is a must to
understand the characteristics of sewage water. Generally, sewage water contains
high amount of water with small concentrations of dissolved and/or suspended
solids. The sewage quality used for irrigation can be interpreted through various
levels of quality variables shown in Fig. 1. The most common parameter used in
sewage quality analysis is TDS (total dissolved solids). 450-2000 mg/1 refers to
slight-moderate degree of restriction on use as irrigant, below which is safe and
greater than this range refers to severe restriction. In addition to it, for sewage water
to be classified under safe irrigant, it must contain safe levels of trace elements,
otherwise could negatively affect crop production (Fig. 2).
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Fig. 1 Interpretations of values of sewage quality parameters according to FAO guidelines; The
value depicts the degree of restriction of use as irrigant. The lollipop range refers to slight to
moderate degree of restriction, above which refers to severe degree while below this range indicates
no restriction; B Boron concentration, HCO; Bicarbonate, CI chloride, SAR Sodium adsorption
ratio, EC electrical conductivity

2 Ecological and Human Health Risk Assessment

Several health implications are still reported due to exposure to HMs such as
cardiovascular diseases, bone deformation, infertility, neurotoxicity and blindness
(Rafiee et al. 2020). Excessive accumulation of cadmium (Cd) in the kidney affects
the urinary tract. Some HMs, for example, cadmium, mercury (Hg) and metalloids
such as arsenic (As) are dangerous to humans even in a very meager amount (Gupta
et al. 2018). Having mentioned its toxicity, some of the HMs are essential for the
growth and functioning of living organisms (Chabukdhara et al. 2017). For example,
copper (Cu) is an important micronutrient essential for normal plant growth and
development. It is also a cofactor of several enzymes. Cu also takes a crucial role in
photosynthesis, development of reproductive organs and respiration. However, it is
essential in trace amounts for plants. Otherwise, a higher load of Cu in plant destroys
the structure and function of the plant cell membrane. Toxic amount of Cu also leads
to damage to the plant’s antioxidative system and chloroplast. Similarly, zinc (Zn) is
another essential plant micronutrient involved in plant physiological improvements.
On the other hand, excessive Zn in plant damages the plant root system and limits
plant growth. A high concentration of HMs also causes negative impacts on plant
growth and development. Lead (Pb) stress in plants results in to change in cell
membrane permeability, disturbs enzyme activities, negatively affects mitosis and
DNA damage.
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Fig. 2 Threshold levels of trace elements (mg/l) found in sewage water above which is regarded as
contaminant in sewage water

Therefore, to control and prevent HMs entry into the human body and our food, it
is the prime step to assess the concentrations of these HMs in soil, plant and the
human body. Spatial distribution and contamination levels of each HMs are identi-
fied to promote public health (Hu et al. 2013). Risk assessments (hereafter RA) are
carried out to understand the magnitude of injury from high HM concentration in a
system. In other words, RA is a scientific tool that can be applied in environmental
legislation. RA is a process that estimates the possible probability of event occur-
rence (here soil contamination) and its related magnitude of adverse health impacts
due to exposure to the contaminated soil over a specified period. RA involves
estimation of contamination level of HM in air, soil, sediments, water, plants and
human bodies and determination of the possible negative effects on living organ-
isms. First, the number of contaminants must be identified followed by their respec-
tive concentration. Secondly, the contamination levels of any areas are calculated
through several indices such as the Ecological Risk Index (RI). These indices aid in
assessing any region’s HM contamination status (Kamani et al. 2017). Zhou et al.
(2014) identified the sources of HMs found in cultivated soils and estimated the
Ecological Risk of the study region. Only the ecological risk of Cd and Hg were
found to be significant (Zhou et al. 2014). A human health risk assessment conducted
in Pakistan showed only Cd at a harmful level for human health (Khan et al. 2013).
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The chapter aims to provide a systematic compilation of ecological indices and risk
assessment indices related to HM contamination in soil and plants.

3 Ecological Monitoring Indices

There are two types of HM contamination related ecological indices: single
element and multi-element. Single element pollution indices depict how much an
element is concentrated in the study site as compared to a background value.
Examples of single element pollution indices are contamination factor, Index of
geo-accumulation and enrichment factor. Due to few limitations of single element
pollution indices, multi-element pollution indices were introduced to assess HM
contamination in soil and sediments. Some examples under this group comprise
contamination degree, pollution index, modified pollution index.

3.1 Heavy Metal Pollution Index

Hakanson (1980) introduced pollution index (PI) to determine the toxicity potential
of each of the HM pollution. PI was developed by adding an arbitrary weightage
value for each HM. The weightage range between 0—1 and its choice relies on the
importance of the HM parameter in estimating the contamination level. PI is
calculated by Eq. (1) in Table 5 (Mohan et al. 1996). The weights are inversely
proportional to the recommended values for each variable. The sub-index is calcu-
lated using Equation no. (2) in Table 6. HM pollution level can be interpreted
through PI (Fig. 1).

3.2 Geo-accumulation Index

Muller proposed geo-accumulation index (Igeo) to calculate the contamination
levels of HMs in soil samples relative to the concentration of the particular HM
during the pre-industrial era (Fig. 1). It reflects the geochemical index for HM
contamination. A coefficient of 1.5 is added to amplify the effect of any possible
change in Bn, owing to soil lithology and ground factor effects. Rostami et al. (2020)
investigated the contamination levels of HMs through pollution indices, Igeo as a
reference to estimate the extent of HM contamination. Except for Cd and As showed
negative Igeo. Wei and Yang (2010) found higher Igeo (>1) in the case of Hg and
Cd in agricultural soils. Igeo is calculated using the Equation no. (3) in Table 5.
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Fig. 3 Interpretations of values in different indices used to measure ecological risk of HM pollution
(left: pollution index, middle: geo-accumulation index, right: integrated pollution index)

3.3 Integrated Pollution Index

All the PIs of all HMs included in the study can be used to calculate its mean value
which is termed as Integrated Pollution Index (IPI). An IPI value of <1 depicts a low
HM pollution level, 1-2 represents moderate HM pollution. An IPI value of 2-5 and
>5 indicates high and extreme high HM pollution respectively (Fig. 3) (Chen et al.
2005). The IPT of collective HMs in a study site is calculated using Equation
no. (4) in Table 5.

3.4 Potential Ecological Risk Index

Hakanson (1980) proposed the Potential Ecological Risk Index (PERI) to estimate
biological toxicity. PERI comprehensively provides an estimate of environmental
risk to HM pollution. PERI was introduced to assess the ecological hazard index,
calculated by the ratio of HM content in soil or sediment to the maximum back-
ground value of the respective HM before industrialization. PERI indicates the
sensitivity of the living biota to toxic levels of HM and depicts the ill effects due
to contamination of several HMs. Based on PERI values, four levels of HM risk are
identified: high (>600), considerable (300-600), moderate (150-300) and low
(<150) (Fig. 4) (Maanan et al. 2015). The PERI is calculated using Equation
no. (5) in Table 5.
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Fig. 4 PERI levels indicating the biological toxicity in response to HM contamination

Table 1 Classes of HM pol-  ~(1as¢ HEI
lution based on HEI values
Low <10
Medium 10-20
High >20

3.5 Heavy Metal Evaluation Index

Heavy metal evaluation index (HEI) represents an overall quality of soil or water
samples concerning HM contamination (Edet and Offiong 2002) and is calculated
using Equation no. (6) in Table 5. Three classes of HM contamination based on HEI
values is shown in Table 1.

3.6 Ecological Risk Factor or Single Metal Ecological Risk

Ecological risk factor (E,) indicates the risk of an ecology due to HM contamination.
It addresses only one element at a time and therefore it is also referred to “single
metal ecological risk factor”. There are three classes of ecological risk based on E',
values (Fig. 5). E' is calculated using Equation no. (7) in Table 5.

Ecological risk factor includes the HM concentration in the sample along with the
toxic response factor (T} of each element (Table 2). T, is the toxicity level of each
HM in the environment.

3.7 Enrichment Factor

The enrichment factor (EF) of a HM in a soil sample is estimated to understand the
possible source of contamination. It is calculated by comparing the HM concentra-
tion in the sample to a predetermined concentration of a control sample element such
as Al, Fe and Mn. EF greater than 1 indicates the significant contribution of
anthropogenic activities in its contamination in soil (Fig. 6). EF is calculated using
Equation no. (8) in Table 5.
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Table 2 Toxic response fac-  "Toxic response factor (T)

tor of HMs and metalloids Element Tri Value
Mercury 40
Cadmium 30
Arsenic 10
Lead 5
Copper 5
Nickel 5
Chromium 2
Zinc 1
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Fig. 6 Levels of HM pollution based on EF values. With the increase of EF values, HM pollution
increases

3.8 Contamination Factor and Degree

Contamination factor (Cy) and contamination degree (Cy) represents general con-
tamination of an environment with a respective pollutant (Fig. 7). Cf is calculated by
the ratio of an HM concentration in a soil sample to the background value for the
respective HM. Cgq is the overall summation of all Cys of respective HMs. It is to be
noted that Cy4 might underestimate the levels of HM contamination and therefore
other indices must be calculated along with to confirm the levels of HM contami-
nation. Contamination factor (Cy) and contamination degree (C4) are calculated
using Equation no. (9) and Equation no. (10) respectively in Table 5.

3.9 Contamination Index

The contamination index (Cg;) calculates the extent of overall HM contamination of
soil samples by summing up the effects of several soil quality parameters (Prasanna
et al. 2012). There are three classes of Cg; based on its value, reflecting the level of
HM contamination (Table 3). It is calculated using Equation no. (11) in Table 5.

3.10 Heavy Metal Index

Multivariate statistical tools have been increasingly used in HM contamination
studies. It includes Principal component analysis (PCA) before classifying the
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Fig. 7 Interpretations of C¢ (left) and C, (right) values into HM contamination groups

Table 3 Three classes of Cai  Casses Contamination index values
(from lowest to highest)

Low <1

Medium >1-<3

High >3

contamination sites based on hierarchical cluster analysis (HCA). Through these
tools, it is easy to identify the contaminated sites based on the same possible
pollution sources. PCA applies weights on the water quality data whereas HCA
classifies the monitoring sites into clusters of similar characteristics. PCA aids in
data reduction. Heavy metal index (HMI) is computed using the weight assigned to
each water quality parameters. HMI is calculated using Equation no. (12) in Table 5.

3.11 Nemerow Pollution Index

Nemerow Pollution Index (NI) indicates the pollution levels of several HM in a
study site. This index includes the mean and maximum values of single factor
pollution index and identifies the HM with high contamination. NI has three five
classes of HM pollution (Table 4). NI is calculated using Eq. (13) in Table 5.
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Table 4 HM pollution levels Class Pollution degree NI
based on NI values 0 No pollution <05
1 Clean 0.5-0.7
2 Warm 0.7-1.0
3 Polluted 1.0-2.0
4 Medium pollution 2.0-3.0
5 Severe pollution >3.0

4 Heavy Metal Transfer Within Soil-Plant Continuum

4.1 Accumulation Factor or Bio-accumulation Factor

Accumulation factor (AF), also known as a bioaccumulation factor (BAF) is defined
as the ability of any plant grown in a HM contaminated site to take up the HM its
tissues. AF is calculated as the ratio of HM concentration in plant roots to the HM
concentration in the soil. The AF value of Cr in rice was 0.04 (Han et al. 2020). The
AF of Cr is generally affected by soil chemical properties. High soil pH affects
speciation of Cr. In normal soil pH, Cr is found as Cr (VI) form. Low soil pH favours
the accumulation of stable Cr (IIT) with low mobility and toxicity in soils. However,
a higher soil pH, especially alkaline soils, leads to the formation of Cr (IV). So,
higher soil pH in Cr-contaminated site can increase the AF by enhancing the
mobility of the element in the soil and easy uptake through plant roots. However,
plants can suffer from injury or root damage if more total Cr content is more than
75—-100 ppm. The AF value of Cd in rice was 3.158. AF of Cd is affected by soil pH
as Cd absorption by plants is negatively correlated with soil pH value. Cd mostly
exists in water-soluble form. Cd competes with H* ion in the plant root surface. In
higher soil pH, plant roots release positive ion-binding sites that facilitate Cd binding
and absorption (Zhang et al. 2007). The redox value (Eh) is also the main contributor
to Cd availability to plant roots. Eh is positively correlated with the water-soluble Cd
content in the soil and Cd absorbed by rice roots. The AF values of Pb were also
lower than AF of other heavy metals in rice, owing to lower mobility of Pb in soil
and lesser exchangeable forms of Pb in the soil. Pb is absorbed by plant roots
through heteroplastic and symplastic pathways. The heteroplastic pathway involves
absorption of dissolved Pb from the soil solution by the plant roots while the
symplastic method encompasses Pb absorption by plant roots through low-affinity
cation transporters, calcium channels, calmodulin etc. Cu seems to have higher AF
values than that of other HMs. AF is calculated using Equation no. (14) in Table 5.

4.2 Translocation Factor

Unlike AF, the translocation factor (TF) determines the plant ability to translocate
the HM within the plants. To calculate TF, HMs must enter the plant roots. TF is
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calculated as the ratio of HM concentration in plant shoot to HM concentration in
plant root (Singh et al. 2010). Han et al. (2020) determined Cr concentration in rice
plant, being accumulated highest in root > leaves> grain> stem> husk. The TF
values of Cd and Cr in rice were 0.1247 and 0.2940 respectively (Han et al. 2020). In
the case of Cd, Han et al. (2020) showed the highest accumulation in root followed
by leaves and stem. The highest Pb accumulation in rice was found to be in root
followed by stem and leaves. After the absorption of Pb through rice roots, it is
transported to different parts of the plants through two main pathways: transfer from
xylem parenchyma to vessels and movement in vessels. Most of the total Pb (>90%)
absorbed by plant roots stays in the root tissues and a meagre amount of this total
absorbed Pb gets transferred to above-ground plant parts through symplastic
methods. TF values on the type of plant species or type grown in HM contaminated
sites. For example, Chen et al. (2016) showed higher translocation of HMs in the
soil-rice system than soil-wheat. The plant type also differs in its choice of HM
uptake. Wheat could transfer more Zn, Cu and Cd from roots to grain while canola
limited the Cu and Cd uptake. TF is calculated using Equation no. (15) in Table 5.
Few other ecological indices such as pollution index, modified pollution index,
single factor pollution index and compound index can be used for further under-
standing of HM pollution in soil (Equation nos. 16-19 respectively in Table 5).

5 Human Health Risk Assessment Due to Heavy Metal Soil
Contamination

5.1 Average Daily Dose

The risk assessment methodology from US EPA indicates that as there are three
ways of human exposure to pollutants: ingestion, inhalation and dermal contact,
three types of ADD must be calculated. Siriwong (2006) calculated the magnitude,
duration and frequency of human exposure to HM contamination by using average
daily dose (ADD). ADD accounts for both the non-carcinogenic as well as carcino-
genic risks of human exposure to HM pollution. Based on it, the toxicity responses
were identified for each HMs (USEPA IRIS 2011; Wongsasuluk et al. 2014). ADD
is calculated using Equation nos. (1-3) given in Table 6.

5.2 Estimated Daily Intake of HM

Although HMs are found in trace amount in edible parts of plants frequent intake of
the harvested portion or by-products may increase the HM concentration in the
human body. Estimated daily intake (EDI) of HMs, therefore, depends on the
concentration of HM in plant parts and amount of consumption. The unit of EDI is
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presented as ug kg~ body weight day ' (Zhuang et al. 2009). EDI is calculated
using Equation no. (4) in Table 6.

5.3 Chronic Daily Intake

De Miguel et al. (2007) calculated CDI and found the highest CDI values in Fe
followed by Zn, Pb, Mn and Cu. The general threshold level of CDI is 1 x 107°
(USEPA IRIS 2011). Higher CDI values indicate an increase in HM concentration in
the sample. A drinking water sample with higher CDI may indicate contamination
due to run-off from agricultural fields that affects water quality. CDI is calculated
using Equation no. (5) in Table 6.

5.4 Non-Carcinogenic Risk Assessment
5.4.1 Hazard Quotient

After ADD is calculated from three possible pathways, a hazard quotient (HQ) is
calculated that highlights the non-carcinogenic effects of human exposure to HM
pollution and is calculated by using ADD and oral reference dose (RfD). The RfD
relative to ADD value will give an idea of adverse effects on human health. If ADD
is lower than RfD, there would not be any such adverse effects of HM contamination
on human health and vice-versa (US EPA 1993). If HQ <1, no adverse effects on
human health is predicted whereas HQ > 1 shows high risk on human health
(US EPA 1986) (Fig. 8). HQ is calculated using Equation no. (6) in Table 6.

5.4.2 Target Hazard Quotient

Chien et al. (2002) calculated target hazard quotient (THQ). If THQ <1, it is
interpreted as no risk to human health and if THQ > 1, some degree of human
health risk exists (Fig. 8). THQ is calculated using Equation no. (7) in Table 6.

5.4.3 Hazard Index

All the individual HQs of every heavy metal are summed up to calculate the hazard
index (HI). The ratio of HI to HQ can interpret the risk levels of HM exposure on
human health (Fig. 8). If the ratio > 1, it refers to an unacceptable risk of
non-carcinogenic effects whereas ratio < 1 depicts an acceptable risk level
(US EPA 2001). HI is calculated using Equation no. (8) in Table 6.
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Fig. 8 Risk assessment indices with 1 as the central point of interpretation

5.5 Carcinogenic Risk Assessment

The carcinogenic risk assessment involves the lifetime average daily dose (LADD)
to evaluate the carcinogenic risk of HM contamination. Like ADD, LADD is
calculated through three pathways: ingestion, inhalation and dermal contact (Equa-
tion nos. 9—11 in Table 6). The carcinogenic risk (CR) is calculated using Equation
no. 12 in Table 6 (Cui et al. 2018). The threshold value of CR is 1 x 107°. The safe
point lies between 10~* to 107° and exceeding 10~* shows high carcinogenic risks
and needs immediate intervention.

6 Conclusions

The chapter discusses all the heavy metal-related assessment indices used for
ecological monitoring and human health risk evaluation. It can be summarised as
given in following points:

e Heavy metal contamination in soil system and plant tissues due to continuous
sewage irrigation has been an old practice being followed in several countries.
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* Through food chain, these heavy metals get accumulated in human body, leading
to severe diseases and organ failure.

* There are several chemical analytical techniques to assess the heavy metal content
in soil and plant. The heavy metal concentration data are used to calculate several
indices.

* Such indices can express the heavy metal contamination level of any sites, thus
letting us to compare the pollution levels within a site or between sites.

* Risk assessment addresses the risk levels of heavy metal pollution to human
health through different pathways.

¢ Understanding of all the indices entices readers and policy makers to have an
overall idea on soil pollution and its associated human health risks.
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1 Introduction

A huge volume of sewage and sludge are produced as a result of the biological
wastewater treatment process. Sewage sludge is the final solid byproduct of the
wastewater treatment course. Rapid urbanization, rising population, systematic
wastewater disposal system has led to production of a large amount of sewage and
sludge (Ghavidel et al. 2017; Pathak et al. 2009; Wu et al. 2020). The amount of
sewage sludge production is also likely to upsurge with the developments of high
performance biological and chemical wastewater development processes (Kwarciak-
Koztowska 2019). As a huge amount of sewage and sludges are produced around the
globe (Table 1), hence its sustainable and ecologically safe management is very
crucial. The two commonly followed disposal strategies for municipal sewage
sludge management include reuse and final disposal (Grobelak et al. 2019). The
inconsistency in composition, contamination by pathogens and micropollutants, and
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Table 1 Sewage sludge Country Sewage sludge (dry) (Thousand metric ton)
product in different countries USA 6514

China 2966

Germany 2000

Japan 2000

Netherlands 1500

UK 1500

Italy 1000

Source: LeBlanc et al. (2008)

presence of high organics and water make it very difficult to manage this waste
(Westerhoff et al. 2015; Wisniowska 2019).

The land application is well thought-out as a suitable option of sludge disposal as
it adds organic matter to soil and helps in nutrient recycling (Gu and Wong 2004;
Henry and Frasad 2006; Dabrowska and Rosinska 2012). Moreover, it can also be
used for soil improvement as it can affect physicochemical and biological soil
properties (Ghavidel et al. 2017). Sewage sludge may be beneficially used as a
fertilizer after proper processing and decontamination. Further, it creates an opening
for the advantageous recycling of organic matter as well as nutrients, principally,
nitrogen and phosphorus. The sewage sludge also contains lots of micronutrient like
iron, zinc, manganese, copper etc. which are essential for growth and productivity of
plants. Their presence in appropriate amount will not be harmful to plants
(Ignatowicz 2017). However, contamination by poisonous metalsinclusive of Pb,
Cu, Cd, Ni, Cr and Zn is a restraining factor for use of these biosolids to the land
(Ban et al. 2018; Islam et al. 2015; Saha et al. 2017; Xu et al. 2017; Zou et al. 2013).
Sewage sludges are usually contaminated with heavy metals; thus, making it unfit
for direct application of arable field. Application of polluted sewage sludge with a
higher concentration of heavy metals may lead to heavy metal uptake by crop plant
and its subsequent entry into the human and animal food chain (Gu and Wong 2004).
When plant products are consumed which are contaminated with heavy metals it
causes many chronic diseases and metabolic disorder in human being
(Ozoreshampton et al. 2005). Considering this agricultural application of sewage
sludge should be carefully monitored to avoid any buildup of heavy metals and
pathogen in the agricultural field. Strict regulations regarding the agricultural appli-
cation of sludge only if they meet some quality standard can be very useful in this
regard. It will ensure both beneficial applications of sewage sludge applications
while ensuring no negative impact of the same.

Sewage from different sources like industrial wastewater, household and urban
runoffs add heavy metals to the sewage system. There is a noteworthy requirement
for state-of-the-art sludge treatment methodsfor removal ofpoisonous metals and
thus improvement in sludge digestibility to exploit the advantageous reuse potential
and minimize expensesincurred for transportation and disposal (Du 2015). The solid
phase of the sludge may contain tightly bound heavy metals. To make the sewage
sludge meet the standard of agricultural application, heavy metal removal is very
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important. Leaching of heavy metals have been studied employing chemical and
biological methods. The chemical methods targets leaching of heavy metals. In the
process of leaching, inorganic and organic acids are used (Jenkins et al. 1981;
Marchioretto et al. 2002; Veeken and Hamelers 1999). Though it could help in
dissolving some of the heavy metals, its efficacy varies based on the metals to be
dissolved and characteristics of the sludge (Ghavidel et al. 2017). Bioleaching of
sewage sludge has been found to be an environmentally safe and efficient method.
Bioleaching helps in transferring heavy metals from their solid state into liquid.
Metals can be recovered from the liquid phase and treated sludge can be used for
farming purpose (Marchenko et al. 2018).

Bioleaching causes improvement of the sludge dewaterability (Ban et al. 2018;
Liu et al. 2016; Song and Zhou 2008) However, the mechanism behind this is still
completely not completely understood. As sludge contains high amount of water,
hence dewatering is very vital to decrease the sludge bulk, easier transport and ease
in their further treatment or disposal (Wong and Gu 2004; Wu et al. 2020). As
bioleaching serves as an ecologically safe alternative to other processes that involves
use of harmful chemicals, hence its use can be promoted in the wastewater disposal
systems. The bio-oxidation of energy substance leads to bio-acidification which
helps in the sludge-borne metal elimination in the bioleaching process. It also
helps improving the dewaterability of sludge at a suitable pH level (Liu et al. 2012b).

Improper handling of sewage sludge or any other biowaste has serious negative
environmental implications. In addition to environmental pollution, it may also
affect human, plant and animal health (Ban et al. 2018). Many countries across the
globe have developed their guidelines and regulation regarding handling, managing
and disposing of the bio-waste (Bastian 1997). Though many technologies have
been developed for handling huge volume of sewage sludge still; it requires contin-
uous refinement and improvement. Finding a technology which is economically
cheap and viable, causes minimum or no damage to the environment and allows the
best possible reuse or recycling of sewage sludge will be very useful. The technology
should also meet the prescribed regulation of the respective country regarding
sewage sludge disposal. Many technologies have been found suitable in lab scale.
Their performance in industrial-scale must be tested for handling huge amounts of
sewage sludge.

Multiple factors have affected the bio-solid disposal decision making. Increase in
the volume of biosolids generated, availability of advanced and more efficient
equipment, as well as management practice, industrial pretreatment improving the
quality of biosolids, advances in biosolid research and development, rise in the cost
of land, labor and energy in urban areas, changing regulatory policy and growing
concern on ecosystem health among general public, are some of the key factors that
have influenced the processing and disposal strategy of biosolids in the past and are
also expected to influence the decision making in future (Bastian 1997).

As understanding the sewage sludge disposal and management improves through
advances in research and development; their large-scale adaptation can help to
address the negative environmental aspects of sewage sludge management and
disposal. Even in the intermediary stages of sewage sludge management such as
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Fig. 1 Factors affecting sewage sludge management decisions

sludge conditioning and dewatering, more eco-friendly techniques can be followed
to reduce the overall negative impact on the environment and improve efficiency.
Sludge bioleaching, a technique that has been highly successful in removing heavy
metals (Pathak et al. 2009; Camargo et al. 2016; Ghavidel et al. 2017; Mehrotra and
Sreekrishnan 2017; Sreekrishnan and Tyagi 1994), has been also found a way for
improvement of the dewaterability of sewage sludge (Pathak et al. 2009; Liu et al.
2012a). Moreover, the process is ecologically viable and economically cheaper, but,
the mechanism of bioleaching for improvement sludge dewaterability is still unclear.
In the chapter, the process of bioleaching, its process and mechanism and role in
improving the dewaterability of sludge have been discussed, based on available
literature and researches. Few areas have also been outlined in which further research
can be carried out on the aspect (Fig. 1).

2 Characteristics of Sewage Sludge

Sewage sludge is the by-product of the wastewater treatment process. Sludge
consists of inorganic and organic compounds. Sewage sludge is containing different
heavy metals such as (Bonfiglioli et al. 2014) and the heavy metal content varies
from 0.5 to 2.0% on the dry weight basis with a higher limit in exceptional cases may
even reach up to 6% (Pathak et al. 2009). Sludge contains heavy metals and makes it
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Table 2 Physico-chemical

- Parameters Value
properties of sewage sludge oH 5 g

Moisture (%) Up to 95
Total Solids (TS) (%) 0.83-12
Volatile solid (% of TS) 30-88
Nitrogen (% of TS) 1.5-6
Phosphorus (% of TS) 0.8-11
Potassium (% of TS) 0.4-3
Protein (% of TS) 15-41
Silica (% of TS) 10-20

Source: Pathak et al. (2009)

Table 3 Significance of different sludge parameters

Sludge parameter Groups Significance
Physical parameters Processability and Handleability can be known
Chemical parameters Nutrient/metal concentration etc.

Suitability for different use like agricultural application

Biological parameters Information on microbial activities, Organic matter content etc.
Presence of any specific pathogens
Safety evaluation for agricultural application

unsuitable for the direct applications to the agricultural field. Sewage sludge with a
high concentration of heavy metal, when used in the agricultural field, also has the
risk of entering into the food chain of human and animal. Some physical and
chemical properties of sewage sludge have been given in Tables 2 and 3.

The physicochemical properties of sewage sludge are very important for their
treatment. Solids concentration is a vital variable that can dictate the amount of
sludge to be treated. Organic content (volatile solids), nutrients content, pathogens
(may cause soil-borne disease or soil sickness), metals (may enter the food chain),
and toxic organics are few important sludge characteristics that decide the suitability
of sludge for beneficial use, then availability of nutrient elements such as N, P, and K
is an important parameter especially when the sludge is used as fertilizer or condi-
tioner in croplands. Trace elements in sludge refer to elements which in small
concentration can either be beneficial or detrimental for crops and animals
(Al-Malack et al. 2008). Wastewater sludge or biosolid characterization is very
essential as wide variation exists in their quality basedon the origin of the solids,
type of processing or treatments it has gone through and extent of aging. Sludge can
be conventionally characterized based on physical, chemical and biological param-
eters (Yan et al. 2009) (Table 3). It should be kept in mind that all parameters interact
with each other and also affect them to a different extent. However; these conven-
tional sludge characteristics can give some useful information especially about their
suitability for agricultural application and thus hold great significance (Table 4).
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3 Dewatering of Sewage Sludge

Sewage sludge, an inadvertently producedderivative of wastewater treatment pro-
cess andit may contain numerous harmful materials, heavy metals, organic pollutants
and pathogens (Pathak et al. 2009; Lema and Suarez 2017; Wu et al. 2020).
Municipal wastewater treatment may lead to the production of a large amount of
sewage sludge material. Rising urbanization and organized waste disposal system
from such urban areas has increased the sewage sludge production multifold. In fact,
high-income countries having good infrastructure and treatment technologies pro-
duce a large mass of wastewater sludge per person. In middle-income countries
having comparatively less developed disposal infrastructure and where wastewater is
collected and treatedin less volume because ofless produtionof per capita wastewater
sludge at the national level (LeBlanc et al. 2008). Disposal of such huge amount of
sewage sludge in an environmentally sustainable as well as economically viable way
is a big task that requires immediate attention. Improper sewage sludge disposal
leads to pollution risks.

As sewage sludges are very bulky hence, dewatering provides multiple advan-
tages such as minimizing sludge volume, facilitating transport, enhancing calorific
value and minimizing the creation of leachate at landfill sites (Mahmoud et al. 2011;
Wau et al. 2020). However, the hydrated colloidal structure of microbial aggregates
makes it difficult to dewater the sludge. The interaction between water and sludge
solid at varying strength depending on the way water is attached to sludge affects
dewaterability to a great extent. The organic phase in sludge keeps water
surroundedin a biopolymeric network and behaves in a different manner from the
wholesale water (Heukelekian and Weisburg 1956).

In the activated sludge process, the secondary settling tank produces a huge
quantity of waste activated sludge whose dewatering becomes very difficult (Neyens
and Baeyens 2003). Currently the technique of dewatering that includes the addition
of polymers followed by mechanical dewatering comprises of enough moisture that
makes the sludge bulky and difficult to transport. Moreover, low water content of the
sludge will make it easier for subsequent reutilization/recycling or disposal of sludge
cake (Liu et al. 2012a). Sludge cake with higher dry solid content is desirable as it
increases the energy proficiency of burning, reduces the obligation of a supplemental
bulking agent during conversion into compost and diminishes the quantity of
leachate in landfill site (Lo et al. 2001). For minimizing the cost of disposal, ease
of transportation and better utilization, producing dewatered sludge with high dry
solid percentage is of utmost importance. To achieve high dry solid percentage,
sludge conditioning is required. Sludge conditioning helps to alter sludge structure
and physical states of water in sludge; thus, allowing better dewatering of the sludge
so that high dry solid percentage can be achieved.

Sewage sludge conditioning is very essential for improvement of the
dewaterability of sludge before mechanical dewatering. The conditioning of sludge
is traditionally done by using organics or inorganic chemicals (Liu et al. 2012a).
Bioleaching is an efficient and economically viable alternative that uses the
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microbial method for removing sludge borne heavy metals and improving sludge
dewaterability. Sludge conditioning alters the structure of sludge and physical
conditions of water in the sludge. It changes the bound water in sludge to free
water, thus improves the dewaterability of sludge (Liu et al. 2012a).

Many conditioning techniques were developed in the past to better the sludge
dewaterability. Physical conditioning refers to technology involving non-chemical
conditioning reagents or energy inputs (freeze-thawing, heating, sonication or elec-
tric field and so on) while, chemical conditioning refers to altering the physicochem-
ical properties of sludge using chemicals (Wu et al. 2020) Physical and chemical
approaches were commonly used such as ultrasonic, microwave, hydrothermal and
chemical conditioning (Liu et al. 2012a). Use of microwave radiation disrupts the
sludge microbial cells subsequently releasing the bound water in sludge. Microwave
treatment also reduced the specific resistance to filtration (SRF) of conditioned
sewage sludge (Wojciechowska 2005). Contrasting results were with respect to the
effect of ultrasonic treatment on sludge dewatering. Na et al. (2007) reported
improved dewaterability of ultrasonic treated waste activated sludge while Wang
et al. (2006) showed reduced sludge dewaterability due to ultrasonic disintegration
(Liu et al. 2012a). Hydrothermal conditioning of sludge reduces the water content,
thus improving the dewaterability of sludge (Xun et al. 2009). In order to enhance
sludge dewaterability, Chemical conditioning can be done which uses the addition of
chemicals such as ferric chloride and calcium oxide to sludge (Chen and Wu 2009;
Krishnamurthy and Viraraghavan 2005; Liu et al. 2012a).

The physical and chemical methods followed for conditioning usually alter the
organic matter content and thermal value. Incorporation of a large number of
inorganic substances severely lessens the organic matter or thermal value of dry
sludge (Liu et al. 2012a). Considering this, anappropriate, cost-effective, environ-
mentally sustainable methodfor improvement of dewaterability of sewage sludge is
very essential. In this direction, bioleaching technology has been found as a suitable
technology. Bioleaching technique involves microbes such as A. thiooxidans and
A. ferrooxidans which successfully removes heavy metals and improves sludge
dewaterability (Liu and Zhou 2009).

As mentioned above, it is imperative to state that the conditioning of sludge is
very decisive for improving the dewaterability of sludge. Conditioning advances
sludge dewaterability. But conditioning concurrently alters extracellular proteins or
polysaccharides, releases nutrients like nitrogen and phosphorus and influences the
chemical speciation of heavy metals. Hence, the study on the impact of sludge
conditioning is important on consequent utilization and disposal processes
(Wu et al. 2020).

4 Dewaterability of Sewage Sludge

Multiple factors such as rheological property, particle size distribution, micromor-
phology and porosity, surface charge, and EPS affects the dewaterability of sludges
(Wu et al. 2020; Yan et al. 2009). The dewaterability is commonly indicated using
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indices like capillary suction time (CST) and Specific resistance of filtration (SRF).
As, relative portions of various fractions of water and binding strength of solid-water
are very crucial factors for dewaterability (Kopp and Dichtl 2001; Wu et al. 2020);
hence, an index integrating both was proposed by Wu et al. (2020) to evaluate the
sludge dewaterability.

Dewaterability can be subject to the different fractions of water in sewage sludge,
which are characterized by their strength with which they are physicallly bonded
with the solids (Kopp and Dichtl 2001). The water present in a sewage sludge
suspension can be grouped into different categories, such as interstitial water, free
water, surface water and intracellular water. Free water is not bound to particles,
whereas, water is bound by the capillary forces in the sludge flocs in case of
interstitial water. Surface water, on the other hand, is bound by the adhesion.
Intracellular water contains the water in cells and water of hydration. The free
water represents the largest fraction of sewage sludges. As the free water is not
adsorbed by sludge particle, are free to move and not influenced by capillary forces;
hence, this form of water can be separated by mechanical dewatering process (Kopp
and Dichtl 2001).

Particle size distribution is an important factor deciding sludge water
dewaterability. The sludge particles can be categorized into four: true colloidal
solid (0.001-1.0 pm), supracolloidal solid (1-10 pm), fragile settable solid (10 to
100 pm) and rigid settable solid (>100 pm). In the supracolloidal solid and true
colloidal solid, the particle fractions are very small size and have been found to
increase the filtration resistance and thus negatively affect the dewatering of sludge.
Although the true colloidal solid and supracolloidal solid account for a very small
fraction of the total solid concentration of sludge. The enhancement of supracolloidal
solid by 50% may lead to an upsurge in SRF by 100%. However, in the fragile and
rigid settable solids, the particle fraction having comparatively larger size, have less
effect on SRF of sludge (Shao et al. 2009; Wu et al. 2020). This suggests that particle
size distribution is vital that decides dewaterability of sludge.

The surface charge is vital in deciding sludge dewaterability. Surface charge
affects the sludge particle interactions which in turn influences thedistribution of
particle size and ease of solid-liquid separation (Christensen et al. 2009). Further, pH
also affects the dewaterability of sludge in multiple ways. Lowered pH damages the
integrity of microbial cells and reduces SRF; thus, influencing dewaterability (Jin
et al. 2004; Wu et al. 2020).

The metabolic products accumulating on the bacterial cell surface are known as
Extracellular polymeric substances (EPS). These act as a layer of protection or
deference for cells against any unfavourable and harsh environment. They also act
as carbon and energy sources during the time of starvation (Liu and Fang 2002) EPS
refers to “some compounds of high molecular weight distributed both outside of
cells and in the interior of microbial aggregates, accounting for 50 to 80 % wt of the
total organic fractions in sludge” (Wu et al. 2020). Biochemicals produced by
microorganisms, cellular materials or products are generated from cell lysis or
organic matter in the medium form EPS matrix (Liu and Fang 2002; More et al.
2014; Sheng et al. 2010). EPS is mainly composed of carbohydrate and protein.
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However small amounts of humic substance, uronic acid and DNA is also present
(Liu and Fang 2002; Wu et al. 2020). Extracellular proteins component in sludge
plays a more important role in dewaterability of sludge than humic substances and
polysaccharides (Houghton and Stephenson 2002; Shao et al. 2009; Wu et al. 2020;
Yuan et al. 2011; Zheng et al. 2016).

The content ratio of polysaccharides and protein also significantly affects the
hydrophilicity/hydrophobicity with surface charge of sludge flocs. However; the
humic substances and nucleic acid do not show any significant impact on sludge
dewaterability (Wu et al. 2020). Considering these facts, it is clear that EPS is one
very important parameter that decides the dewaterability of sludge.

5 Bioleaching

Bioleaching refers to the “solubilization of metals from solid substrates either
directly by the metabolism of leaching bacteria or indirectly by the products of
metabolism” (Rulkens et al. 1995). Bioleaching is an effective and environmentally
responsive procedure for treating of polluted sewage sludges. In addition to
improved dewaterability, bioleaching could remove 85% and 40% of copper and
chromium from sludge respectively (Liu et al. 2012b). Bioleaching has also been
found to improve sludge dewaterability as specified by the fact that SRF of
bioleaching sludge reduces significantly when compared to fresh sludge (Liu et al.
2012a). The dewatering of sludge may be improved by 4—ten-fold using bioleaching,
a microbial conditioning method (Gao et al. 2017). After completion of bioleaching
process, the moisture percentage of sludge cake reduces to around 60 during dia-
phragm filter press. In fact, bioleaching is considered as an eco-friendly and highly
efficient dewatering technique due to little or no addition of chemical flocculants to
the sludge (Liu et al. 2016).

The conventional sewage sludge treatment involves the use of organic or inor-
ganic flocculants such as PAM and FeCl; and mechanical dewatering, which pro-
duces dewatered sewage of 80% moisture content or higher (Liu et al. 2012a, b, Shi
et al. 2015). The dewatered sludge of high moisture content are too bulky to
transport, requires high energy during drying and incineration, and enhancesthe
cost of bulking agent for preparation of compost (Shi et al. 2015). Bioleaching is
an excellent alternative to physical and chemical treatment of sludge as it reduces
cost, ecologically safer compared to other available options and generates very low
waste derivatives and waste solution (Chen and Lin 2004). Cost reduction by almost
80% can be achieved by bioleaching as compared to the chemical. The bioleaching
could also effectively destroy pathogenic bacteria and reduce the odours (Pathak
et al. 2009; Shi et al. 2015).
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5.1 Microorganisms Involved in Bioleaching

Various kinds of microorganisms perform in the process of bioleaching. However,
most experiments on bioleaching of sewage and sludge have used pure cultures of
precise microorganisms (A. ferrooxidans and A. thiooxidans). But somenative
microorganisms of sludge are also used for providing sufficient source of energy
(Pathak et al. 2009). Though multiple bacterial species has the capacity of oxidizing
reduced sulphur compounds their use in bioleaching process has been limited due to
multiple factors. For example, bacterial species from family Chlorobiaceae,
Ectothiorhodospiraceae, Chromatiaceae, and Rhodospirillacea can oxidise hydrogen
sulphide. However; they can’t efficiently oxidize elemental sulphur. Similarly, many
bacterial species which have capacity to oxidize thiosulphate can’t oxidize elemental
sulphur due to lack of suitable enzymatic system. Though many bacterial species
have been found to be capable of oxidizing both thiosulphate and elemental sulphur;
their metabolic activity has not been found to be at par with Thiobacillus species
(Blais et al. 1993).

Based on temperature requirement, bacteria involved in bioleaching can be
grouped into mesophiles and thermophiles. The most commonly used mesophiles
used include sulphur oxidizing bacteria (A. thiooxidans) and iron-oxidizing bacteria
(A. ferrooxidans). These bacteria are chemolithotrophic and obtain their energy by
oxidation of reduced sulfur compounds and ferrous iron. At higher temperature
bacteria like Sulfobacillus thermosulfidoxidans and related species which are mod-
erate thermophiles, utilize the higher temperature for quicker bioleaching rate. Some
bacteria mainly of the sulfurous genus are extreme thermophiles which can grow at
the temperature as high as 70 °C and use either sulfur or thiosulfate as the source of
energy (Pathak et al. 2009). Tolerance to high acidity and ability of the oxidation of
insoluble iron and sulfur compounds makes A. thiooxidans and A. ferrooxidans, the
most widely used microorganism for metal bioleaching.

A. thiooxidans utilizes the reduced inorganic S instead of Fe?* for energy and it
prefers a pH 0.5 to 5.5 with the optimum being pH 2 to 3.5, and can drastically
reduce the leaching medium pH to as low as 1.5 to 1.0 or even lower. A. ferrooxidans
varies from A. thiooxidans originate energy from the oxidation process of Fe** as an
electron donor with reduction sulphur compounds. In case of devoid of oxygen,
A. ferrooxidans can multiply on reduced inorganic sulphur compounds using Fe>* as
an alternative electron acceptor (Liu et al. 2018). The A. thiooxidans and
A. ferrooxidans get energy from the oxidation of substances causing acidification
as well as heavy metals solubilization. After completion of the bioleaching, heavy
metals are separated, harmful pathogenic bacteria are killed and odour is eliminated
(Chen and Lin 2004; Wang et al. 2010).
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5.2 Mechanism of Bioleaching

During the bioleaching process, the microorganisms like Acidithiobacillu
sthiooxidans and Acidothiobacillus ferrooxidansoxidise the Sulphur and iron com-
pounds. In the bioleaching process for heavy metals from sewage sludge, different
sources of energy such as FeSO,, FeS, and S” have been provided to the bacteria
(Pathak et al. 2009; Wong and Gu 2004). Under acidic medium, the heavy metals get
solubilized and thus can be subsequently recovered. The ability of A.thiooxidans and
A. ferrooxidans to survive under extreme acidic condition and to oxidise insoluble
compounds of iron and sulphur makes them the most widely used microorganism for
metal bioleaching. Metal dissolution in the bioleaching can be achieved in two ways
i.e., direct bioleaching and indirect bioleaching (Ghavidel et al. 2017) in a sulphur
based bioleaching process or iron-based bioleaching process.

5.2.1 Sulphur Based Bioleaching Process

In this process, metal sulfide dissolution takes place by direct or indirect mechanism.
In direct bacterial leaching, bacteria directly oxidizes the metal sulfide into metal
sulfate. In this process, bacteria come in close contact with the metal sulfides in
sludge and help in the oxidation process. Metal sulphides such as CuS, and ZnS are
solubilized in this mechanism. In the indirect mechanism, the elemental sulphur and
reduced sulfur are oxidized into H,SO, by sulfur-oxidizing bacteria ensuing in
reduced pH of the sludge medium. The low pH environment favours the solubiliza-
tion of metal. In an indirect method, Acidithiobacillus takes an active part in the
oxidation of reduced sulphur or elemental sulphur, while solubilization of metals
takes place chemically without the bacterial involvement (Pathak et al. 2009).

5.2.2 TIron-Based Bioleaching Process

Like sulphur based bioleaching, iron-based bioleaching also involves direct and
indirect mechanisms, in which the oxidation of reduced iron and sulphur takes place.
In direct mechanism, non-ferrous metallic sulphides are oxidized into soluble metal
sulfate by A. ferrooxidans. The indirect mechanism involves the oxidation of Fe** to
Fe** by bacteria in the liquid phase and leaching of Fe* through a chemical reaction.
Direct contact between bacteria and mineral surface is not needed in this process
(Pathak et al. 2009). The first step in the indirect mechanism where oxidation of Fe**
to Fe®* takes place, involves to active participation of A. ferrooxidans while the
subsequent step occurs chemically without the involvement of bacteria (Fig. 2).
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Fig. 2 Bioleaching for sludge dewatering and heavy metal decontamination
5.3 Effect of Bioleaching on Dewaterability

Though bioleaching has been found very effective in improving dewaterability still,
the mechanism of it is not very clear. Though improved dewaterability has been
attributed to lower EPS, an explanation for such low EPS was not clear. Work done
by Liu et al. (2016) provides some explanation regarding improved dewaterability of
bioleaching sewage sludge. Liu et al. (2016) noted that this low EPS of bioleached
sludge was observed to the shift of microbes in completion of the process of
bioleaching. As the process of bioleaching proceeded, a shift in the microbial
community was observed. The bio-substitution resulted in gradual increase in the
population of A. ferrooxidans with bioleaching process. The EPS content of the
A. ferrooxidans was lower compared to the raw sludge and as the bioleached sludge
was dominated by A. ferrooxidans, hence, it resulted in low EPS. This low EPS
content improved the dewaterability of bioleached sludge.

Zeta potential can be measured to know the surface charge of sludge that affects
settling property of sludge. Liu et al. (2016) observed a nearly constant zeta potential
of —40 mV for raw sludge throughout the culture period while the zeta potential of
bioleached sludge increased significantly over time. This might be due to the
increase in H* in the acidic environment of bioleached sludge. After bioleaching,
the sludge also resulted in a significant decrease in SRF after 72 h of treatment. A
lower SRF show increased dewaterability of bioleached sludge. The improvement in
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dewaterability by bioleaching can also be accredited to the flocculation effect of
Fe*, transformed from the Fe>* added (Liu et al. 2016).

A. thiooxidans oxidizes sulphur to sulphuric acid producing an acidic environ-
ment. With the development of the acidic environment, neutralization of zeta
potential takes place in the sludge. Moreover, the acidic environment developed in
the process also enhances flocculation and settling of sludge and in this way
improving the sludge dewaterability (Gao et al. 2017). Particle size and structure
affect the dewaterability of sludge to a large extent. Analysis of sludge structure
using an optical microscope reveals that sludge samples subjected to bioleaching
treatment show a change in the structure of sludge from flocculent to granular (Shi
et al. 2015). The bioleaching treatments also resulted in larger particle size and
denser structure that favours sludge dewaterability (Shi et al. 2015; Wu et al. 2020).

From the discussion so far, it is clear that bioleaching may significantly ensure
qualitative improvement in the dewaterability of sewage sludge. The acidic condi-
tions that occuring the bioleaching process bring the sludge floc surface potential
closer to zero as compared to the untreated sludge, thus improving dewaterability. It
has been observed that bioleaching shows better performance in comparison to
chemical acidification, as it significantly affects extracellular polymeric substances
that impede sewage sludge dewatering (Marchenko et al. 2018). Excessive EPS in
the form of loosely bound EPS declines sludge dewaterability and results in meagre
separation of biosolids and water (Liu et al. 2016). Increased dewaterability at
low EPS content in sludge was also reported by Houghton and Stephenson (2002).
High EPS concentration results in an increase in the viscosity of sludge; thus,
reducing its filterability. Bioleaching improves dewaterability, however, excessive
bio-acidification that leads to a fall in pH as well as an enhancement in bioleaching
time unexpectedly reduces the dewaterability of sludge. Hence, to achieve optimum
efficiency of sludge dewatering and removal of metals from sludge, pH ~ 2.4 was
suggested as the optimum endpoint for dewatering (Liu et al. 2012a, b). Bioleaching
can be used as a useful tool in sewage sludge management as it provides the dual
advantage of heavy metal decontamination and improved dewaterability. The water
content of bioleached sludge can be easily lowered down to 60% by subsequent
dewatering technique (Fig. 3).

6 Future Scope

The mechanism by which dewatering is improved due to bioleaching is still not
completely understood (Liu et al. 2016). A majority of the bioleaching studies were
carried out in batch mode under controlled condition. For a wider scale of field
conditions, a more detailed study on bioleaching with continuous mode of operation
as well as sludge digestion needs to be done. It can help in the treatment of a bulk
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Fig. 3 Mechanisms of improved dewaterability by bioleaching

amount of sludge in a single operation. The process of dewatering can be developed
commercially into a more viable by employing an efficient yet cost-effective and
recoverable source of sulphur such as sulphur tablets or rods. Different indigenous
bacteria strain should be tested for their efficiency in bioleaching process.

The scope of genetically improved strains of microorganisms can also be studied
for further improvement of the speed and efficiency of bioleaching. The efficiency of
a mixed culture of bacteria against single bacterial culture in bioleaching can be
studied with respect to heavy metal decontamination and dewaterability. The poten-
tial loss of nutrients such as N and P, from sludge during the bioleaching process has
been reported (Blais et al. 2004; Shanableh and Ginige 1999; Wong and Gu 2004).
The strategy should be developed to avoid excessive loss of beneficial nutrients
during bioleaching process. Though several physicochemical properties have been
found to have a correlation with sludge dewaterability, a combinedapproach for
improving dewaterability of sludge is still not available (Wu et al. 2020). Different
approaches such as physical, chemical or bioleaching approaches for improving
sludge dewaterability have been developed. However, selecting a suitable condi-
tioning strategy for sludge of specific physicochemical character is still unclear
(Wu et al. 2020).
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7 Conclusion

Rising population, increasing urbanization, improved sanitation measures has
directed to the generation of a bulk quantity of sewage sludge across the globe.
The sewage sludge production is also expected to grow bigger in coming years
especially in low and middle-income countries where sanitation is gaining more
importance. Government regulations in many countries direct strict measuresfor
sustainable wastewater management. There is also a growing public concern regard-
ing ecosystem health. This makes us think of a strategy that will cause minimal or no
damage to the environment and ensure proper sewage sludge disposal and/reuse.
Considering a high heavy metals content, the presence of pathogens and strong
odour direct application of sewage sludge to field application is limited. Sludge
bioleaching has been proven as an effective strategy for reducing metal contamina-
tion. However, the sludge bioleaching has also been found as an effective method in
improving the dewaterability of sludge, thus providing a win-win situation.
Bioleaching is also an ecofriendly approach that involves the use of no or minimum
flocculant. To add to it bioleaching is also a cost-effective approach as compared to
chemical methods. Hence; the overall benefits make it a sustainable alternative to
other methods. However, more understanding of the effect of bioleaching in improv-
ing sludge water dewaterability is required. As most of the works have been
conducted on a lab-scale, industrial-scale experimentation and practice will give a
better picture regarding its efficiency and applicability on a large scale.

References

Al-Malack MH, Abuzaid NS, Bukhari AA (2008) Physico-chemical characteristics of municipal
sludge produced at three major cities of the eastern province of Saudi Arabia. J King Saud Univ
Eng Sci 20(1):15-26

Ban Y, LiL, Liu C, Yan Y, Gao J, Zhang J, Gao J (2018) Enhancing sludge dewatering and heavy
metal removal by bioleaching with Na,S,0; as substrates. Water Sci Technol 78(7):1545-1555

Bastian RK (1997) The biosolids (sludge) treatment, beneficial use, and disposal situation in the
USA. Eur Water Pollut Contr 2(7):62-79

Blais JF, Tyagi RD, Auclair JC (1993) Bioleaching of metals from sewage sludge: microorganisms
and growth kinetics. Water Res 27(1):101-110

Blais JF, Meunier N, Mercier G, Drogui P, Tyagi JF (2004) Pilot plant study of simultaneous
sewage sludge digestion and metal leaching. J Environ Eng 130(5):516-525

Bonfiglioli L, Bianchini A, Pellegrini M, Saccani C (2014) Sewage sludge: characteristics and
recovery options. DIN, Facolta di Ingegneria, Universita di Bologna, pp 1-21

Camargo FP, Tonello PS, Santos ACA, Duarte ICS (2016) Removal of toxic metals from sewage
sludge through chemical, physical and biological treatments-a review. Water Air Soil Pollut
227(12):1-11

Chen SY, Lin JG (2004) Bioleaching of heavy metals from livestock sludge by indigenous sulfur-
oxidizing bacteria: effects of sludge solids concentration. Chemosphere 54(3):283-289

Chen JY, Wu XW (2009) Research of wastewater sludge organic conditioning concentration and
inorganic conditioning dewatering technology. Chinese J Environ Eng 3(3):529-532



Bioleaching Approach for Enhancing Sewage Sludge Dewaterability 67

Christensen ML, Hjorth M, Keiding K (2009) Characterization of pigslurry with reference to
flocculation and separation. Water Res 43:773-783

Dabrowska L, Rosinska A (2012) Change of PCBs and forms of heavy metals in sewage sludge
during thermophilic anaerobic digestion. Chemosphere 88(2):168—-173

Du F (2015) Novel sludge treatment technology enhances toxic metal removal, pathogen reduction,
sludge digestibility and dewaterability, Doctoral thesis University of Queensland, School of
Chemical Engineering, Advanced Water Management Centre, Australia, p. 99

Gao J, Shen Y, LiL, GaoJ, Li Y, Liu C, Chen J (2017) Enhancing dewaterability of sewage sludge
by the application of tween-20 during bioleaching: performance evaluation and mechanistic
study. Dry Technol 36(7):780-789

Ghavidel A, Rad SN, Alikhani HA, Sharari M, Ghanbari A (2017) Bioleaching of heavy metals
from sewage sludge, direct action of Acidithiobacillus ferrooxidans or only the impact of pH. J
Mater Cycles Waste Manag 20(2):1179-1187

Grobelak A, Czerwinska K, Murta$ A (2019) General considerations on sludge disposal, industrial
and municipal sludge. In: Prasad MNV, de Campos Favas PJ, Vithanage M, Mohan SV (eds)
Industrial and municipal sludge. Butterworth-Heinemann, pp. 135-153. https://doi.org/10.1016/
B978-0-12-815907-1.00007-6

Gu X, Wong JW (2004) Identification of inhibitory substances affecting bioleaching of heavy
metals from anaerobically digested sewage sludge. Environ Sci Technol 38(10):2934-2939

Henry JG, Frasad D (2006) Biosolids from two-stage bioleaching could produce compost for
unrestricted use. Environ Technol 27(6):665-672

Heukelekian AJM, Weisburg E (1956) Bound water and sludge bulking. Sew. Ind Waste 28:558—
574

Houghton JI, Stephenson T (2002) Effect of influent organic content on digested sludge extracel-
lular polymer content and dewaterability. Water Res 36(14):3620-3628

Ignatowicz K (2017) The impact of sewage sludge treatment on the content of selected heavy metals
and their fractions. Environ Res 156:19-22

Islam MS, Ahmed MK, Raknuzzaman M, Habibullah-Al-Mamun M, Islam MK (2015) Heavy
metal pollution in surface water and sediment: a preliminary assessment of an urban river in a
developing country. Ecol Indic 48:282-291

Jenkins RL, Scheybeler BJ, Smith ML (1981) Metals removal and recovery from municipal sludge.
J Water Pollut Control Fed 53:25-32

Jin B, Wilén B, Lant P (2004) Impacts of morphological, physicaland chemical properties of sludge
flocs on dewaterability of activatedsludge. Chem Eng J 98(1-2):115-126

Kopp J, Dichtl N (2001) Influence of the free water content on the dewaterability of sewage sludges.
Water Sci Technol 44(10):177-183

Krishnamurthy S, Viraraghavan T (2005) Chemical conditioning for dewatering municipal waste-
water sludges. Energy Sources 27(1-2):113-122

Kwarciak-Koztowska A (2019) Co-composting of sewage sludge and wetland plant material from a
constructed wetland treating domestic wastewater. In: Prasad MNV, de Campos Favas PJ,
Vithanage M, Mohan SV (eds) Industrial and municipal sludge. Butterworth-Heinemann,
pp. 337-360. https://doi.org/10.1016/B978-0-12-815907-1.00015-5

LeBlanc RJ, Matthews P, Richard RP (2008) Global atlas of excreta, wastewater sludge and
biosolids management: moving forward the sustainable and welcome uses of a global resource.
United Nations Humans Settlements Programme (UN-HABITATAT), Nairobi, Kenya

Lema J, Suarez S (2017) Innovative wastewater treatment & resource recovery technologies:
impacts on energy, economy and environment, 1st edn. IWA Publishing London

Liu H, Fang HH (2002) Extraction of extracellular polymeric substances (EPS) of sludges. J
Biotechnol 95(3):249-256

Liu FW, Zhou LX (2009) Enhancing dewaterability of municipal sewage sludge through the
combined approaches of bioleaching and Fenton reaction. Acta Sci Circumst 29(5):974-979


https://doi.org/10.1016/B978-0-12-815907-1.00007-6
https://doi.org/10.1016/B978-0-12-815907-1.00007-6
https://doi.org/10.1016/B978-0-12-815907-1.00015-5

68 S. Praharaj et al.

Liu F, Zhou J, Wang D, Zhou L (2012a) Enhancing sewage sludge dewaterability by bioleaching
approach with comparison to other physical and chemical conditioning methods. J Environ Sci
24(8):1403-1410

Liu F, Zhou L, Zhou J, Song X, Wang D (2012b) Improvement of sludge dewaterability and
removal of sludge-borne metals by bioleaching at optimum pH. J Hazardous Mater 221:170-
177

Liu H, Yang S, Shi J, Xu X, Liu H, Fu B (2016) Towards understanding the dewatering mechanism
of sewage sludge improved by bioleaching processing. Sep Purif Technol 165:53-59

Liu C, Ma Q, Zhou X, Lai H, Li L (2018) Bioleaching of heavy metals from sludge by mixed
strains. In IOP conference series: earth and environmental science 208(1):12077

Lo LMC, Lai KCK, Chen GH (2001) Salinity effect on mechanical dewatering of sludge with and
without chemical conditioning. Environ Sci Technol 35(23):4691-4696

Mahmoud A, Olivier J, Vaxelaire J, Hoadley AF (2011) Electro-dewatering of wastewater sludge:
influence of the operating conditions and their interactions effects. Water Res 45(9):2795-2810

Marchenko O, Demchenko V, Pshinko G (2018) Bioleaching of heavy metals from sewage sludge
with recirculation of the liquid phase: a mass balance model. Chem Eng J 350:429-435

Marchioretto MM, Bruning H, Loan NTP, Rulkens WH (2002) Heavy metals extraction from
anaerobically digested sludge. Water Sci Technol 46:1-8

Mehrotra A, Sreekrishnan TR (2017) Heavy metal bioleaching and sludge stabilization in a single-
stage reactor using indigenous acidophilic heterotrophs. Environ Technol 38(21):2709-2724

More TT, Yadav JSS, Yan S, Tyagi RD, Surampalli RY (2014) Extracellular polymeric substances
of bacteria and their potential environmental applications. J Environ Manag 144:1-25

Na S, Kim YU, Khim J (2007) Physiochemical properties of digested sewage sludge with ultrasonic
treatment. Ultrasonics Sonochem 14(3):281-285

Neyens E, Baeyens J (2003) A review of thermal sludge pre-treatment processes to improve
dewaterability. J Hazar Mater 98(1-3):51-67

Ozoreshampton M, Stansly PA, Obreza TA (2005) Heavy metal accumulation in a sandy soil and in
pepper fruit following long-term application of organic amendments. Compost Sci Utilizati
13(1):60-64

Pathak A, Dastidar MG, Sreekrishnan TR (2009) Bioleaching of heavy metals from anaerobically
digested sewage sludge. J Environ Sci Health Part A 43(4):402-411

Rulkens WH, Grotenhuis JTC, Tichy R (1995) Methods for cleaning contaminated soils and
sediments. In: Forstner U, Salomons W, Mader P (eds) Heavy metals: problems and solutions.
Springer, Berlin, pp 165-191. https://doi.org/10.1007/978-3-642-79316-5_11

Saha S, Saha BN, Pati S, Pal B, Hazra GC (2017) Agricultural use of sewage sludge in India:
benefits and potential risk of heavy metals contamination and possible remediation options—a
review. Int J Environ Technol Manag 20(3—4):183-199

Shanableh A, Ginige P (1999) Impact of metals bioleaching on the nutrient removal biosolids.
Water Sci Technol 39(6):175-181

Shao L, He P, Yu G, He P (2009) Effect of proteins, polysaccharides, and particle sizes on sludge
dewaterability. J Environ Sci 21(1):83-88

Sheng GP, Yu HQ, Li XY (2010) Extracellular polymeric substances (EPS) of microbial aggregates
in biological wastewater treatment systems: a review. Biotechnol Adv 28(6):882-894

Shi C, Zhu N, Shang R, Kang N, Wu P (2015) Simultaneous heavy metals removal and municipal
sewage sludge dewaterability improvement in bioleaching processes by various inoculums.
World J Microbiol Biotech 31(11):1719-1728

Song XW, Zhou LX (2008) The influence of bioleaching on dewaterability of municipal sewage
sludge. Acta Sci Circumst 28(10):2012-2017

Sreekrishnan TR, Tyagi RD (1994) Heavy metal leaching from sewage sludges: a techno-economic
evaluation of the process options. Environ Technol 15:531-543

Veeken AHM, Hamelers HVM (1999) Removal of heavy metals from sewage sludge by extraction
with organic acids. Water Sci Technol 40(1):129-136


https://doi.org/10.1007/978-3-642-79316-5_11

Bioleaching Approach for Enhancing Sewage Sludge Dewaterability 69

Wang F, Ji M, Lu S (2006) Influence of ultrasonic disintegration on the dewaterability of waste
activated sludge. Environ Prog 25(3):257-260

Wang S, Zheng G, Zhou L (2010) Heterotrophic microorganism Rhodotorula mucilaginosa R30
improves tannery sludge bioleaching through elevating dissolved CO, and extracellular poly-
meric substances levels in bioleach solution as well as scavenging toxic DOM to
Acidithiobacillus species. Water Res 44(18):5423-5431

Westerhoff P, Lee S, Yang Y, Gordon GW, Hristovski K, Halden RU, Herckes P (2015) Charac-
terization, recovery opportunities, and valuation of metals in municipal sludges from US
wastewater treatment plants nationwide. Environ Sci Technol 49(16):9479-9488

Wigniowska E (2019) Sludge activation, conditioning, and engineering. In: Prasad MNV, de
Campos Favas PJ, Vithanage M, Mohan SV (eds) Industrial and municipal sludge.
Butterworth-Heinemann, pp. 181-199. https://doi.org/10.1016/B978-0-12-815907-1.00009-X

Wojciechowska E (2005) Application of microwaves for sewage sludge conditioning. Water Res
39(19):4749-4754

Wong JW, Gu XY (2004) Enhanced heavy metal bioleaching efficiencies from anaerobically
digested sewage sludge with coinoculation of Acidithiobacillus ferrooxidans ANYL-1 and
Blastoschizomyces capitatus Y5. Water Sci Technol 50(9):83-89

Wu B, Dai X, Chai X (2020) Critical review on dewatering of sewage sludge: Influential mecha-
nism, conditioning technologies and implications to sludge re-utilizations. Water Res 115912

Xu Y, Zhang C, Zhao M, Rong H, Zhang K, Chen Q (2017) Comparison of bioleaching and
electrokinetic remediation processes for removal of heavy metals from wastewater treatment
sludge. Chemosphere 168:1152-1157

Xun R, Wang W, Qiao W (2009) Water distribution and dewatering performance of the hydrother-
mal conditioned sludge. Environ Sci 30(3):851-856

Yan S, Bala-Subramanian S, Tyagi RD, Surampalli RY (2009) Wastewater sludge characteristics.
sustainable sludge management: production of value added products. Am Soc Civil Eng Resto
Virgi USA 6-36

Yuan HP, Cheng XB, Chen SP, Zhu NW, Zhou ZY (2011) New sludge pretreatment method to
improve dewaterability of waste activated sludge. Bioresour Technol 102(10):5659-5664

Zheng G, Huo M, Zhou L (2016) Extracellular polymeric substances level determines the sludge
dewaterability in bioleaching process. J Environ Eng 142(2):4015060

Zou D, Chi Y, Dong J, Fu C, Wang F, Ni M (2013) Supercritical water oxidation of tannery sludge:
stabilization of chromium and destruction of organics. Chemosphere 93(7):1413-1418


https://doi.org/10.1016/B978-0-12-815907-1.00009-X

Potential Role of Beneficial Microbes )
for Sustainable Treatment of Sewage Sludge @
and Wastewater

Tabinda Athar, Anamika Pandey, Mohd. Kamran Khan,
Zulfigar Ahmad Saqib, Mah Jabeen, Shumila Shahid, Mehmet Hamurcu,
Sait Gezgin, Vishnu D. Rajput, and Maria A. Elinson

1 Introduction

Intensification in the industrial activities and accelerated development in the urban
and semi-urban areas is generating high levels of organic, and inorganic contami-
nants that are specifically discharged to the wastewater and sewage networks
(Atashgahi et al. 2015). Sewage sludge not only contains different levels of con-
taminants but also different bacterial communities. This microbial community may
vary depending on treatment conditions, industrial activities, and sewage origin but
these microbial communities have significant potential to treat the sewage sludge for
safe use for arable land, agricultural production, horticultural uses, and industrial
uses by extracting valuable products. But sustainability of use is greatly dependent

T. Athar - Z. A. Saqib
Institute of Soil and Environmental Sciences, University of Agriculture Faisalabad, Faisalabad,
Pakistan

A. Pandey (P<) - M. K. Khan (><) - M. Hamurcu - S. Gezgin

Faculty of Agriculture, Department of Soil Science and Plant Nutrition, Selcuk University,
Konya, Turkey

e-mail: anamika@selcuk.edu.tr; mkkhan @selcuk.edu.tr

M. Jabeen
Punjab Agriculture Extension Department, Lahore, Pakistan

S. Shahid
Department of Soil Science, The Islamia University of Bahawalpur, Bahawalpur, Pakistan

V. D. Rajput
Academy of Biology and Biotechnology, Southern Federal University, Rostov-on-Don, Russia

M. A. Elinson
Bashkir State University, Ufa, Russia

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 71
V. D. Rajput et al. (eds.), Sustainable Management and Utilization of Sewage
Sludge, https://doi.org/10.1007/978-3-030-85226-9_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85226-9_4&domain=pdf
mailto:anamika@selcuk.edu.tr
mailto:mkkhan@selcuk.edu.tr
https://doi.org/10.1007/978-3-030-85226-9_4#DOI

72 T. Athar et al.

on system efficiencies, implementation of policies, and cost associated with techno-
logical processes (Shchegolkova et al. 2018).

In the twenty-first century, the sewage sludges generation and their disposal are
considered as greatest challenges for environmental protection, changing climate,
human safety, ecosystem functioning, biodiversity, and national and international
economies. Water is a must for the existence of life, from maintenance and operation
of households to extensive agricultural and industrial use. It is our ethical, ecological
and political responsibility to critically think about management of natural resources.
Due to shortage now it is vital to safeguard the good quality water as there is a
significant loss of its share below the surface and in the landscaping, water channels.
Industrial, and domestic effluent is an environmental concern even if it is going
through a sewerage system and treated in the urban wastewater treatment plants and
eventually released openly to environment.

A sizeable quantity of refused water is generated by domestic community com-
panies, urban local builds, and industries, that water without suitable handling
discharged into neighbouring water bodies, lakes, and rivers, cause water pollution.
This mess-up handling of wastewater causes many challenges such as lack of energy
for the treatment of discarded water as well as deficiency of freshwater. The overall
challenge is to plan such schemes which are not only important treat wastewater but
also helpful in the generation of many energy compelled products. Therefore, this
chapter is focused to highlight the significance of microorganisms and microbial
techniques for the sustainable, efficient, and cost-effective management of waste-
water and sewage sludge.

2 Role of Microorganisms for Sustainable Management
of Sewage Sludge and Wastewater

Biological treatments aim to decompose toxic organic compounds (pharmaceutical
compounds, xenobiotics, and petroleum derivatives) and decrease pathogens’ pop-
ulation, lessen the effects on environment and human beings. Among biological
processes in wastewater treatment plants (WWTPs), activated sludge (AS) processes
are widely used across the world and for removal of pollutants and they are being
used for more than a century, due to their biomass retention capabilities, high toxin
degradation, and nutrient removal efficiencies (Xia et al. 2018).

The AS procedures have been studied extensively and the recent results have
revealed that full-scale system of AS offers a core microbiome and its activities
offers good decontamination of wastewater. By-product of sewage sludge usually
have greater microbial diversities, and it may vary depending on origin of sewage,
industrial activity, treatment conditions (e.g., redox conditions, and liming). The
processes of activated sludge depend on the capability of microorganisms for the
utilization of organic material as basis of carbon and/or source of energy and other
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essential minerals for growing processes, and plays crucial roles in the biodegrada-
tion of organic materials, removal of specific nutrients such as ammonia, sulfate,
phosphate, and nitrate and conversion of hazardous compounds to less toxic
products (Rahimi et al. 2020).

Biological processes and treatments are dependent on nematodes, bacteria, and
other soil organisms that causes decomposition of organic wastes by utilizing normal
and specific cellular processes. Typically, wastewater and sewage sludge have high
amount of organic matters, like partially digested foods, garbage, and waste. More-
over, it also contains numerous pathogenic organisms, toxins, and heavy metals. The
major purpose of biological wastewater treatment is creation of a system that can
easily collect the end results of decomposition for further disposal activities.

These microorganisms cause decomposition of organic pollutants to get food and
energy. They may stick together during this whole process and causes the creation of
flocculation effects that in turn allows the settlement of organic matter and organic
residues in the solution. In this way it is essentially helpful for the safe and easy
management of sewage sludge because it can be dewatered with great ease and can
be disposed of as solid waste. Therefore, the role of microorganisms for the
treatment of sewage sludge and wastewater is greatly helpful to achieve food
security and environmental sustainability. Microorganisms may not cause the com-
plete mineralization of all toxic compounds but causes a significant conversion of
more toxic products to the less toxic ones and thus protects environment, plants,
animals, and humans from the risks associated with contamination.

2.1 Composition and Structure of Bacterial Communities
and Their Control

Relative abundance, occurrence and activities of several microbial communities in
sewage sludge greatly affects the stable practices and operations of biological based
wastewater treatment plants (WWTPs).

Although there is always a significant variation in the community composition of
microbes, but this variation is associated with alterations in functional capabilities
and structural dimensions of microbial communities. Functional stabilities in the
microbial communities have been recognized as major factors that affects the
efficiency of wastewater treatment (Wang et al. 2014). Microbial diversity and
changes in the community structures greatly affects the functional stability and
performance of WWTPs. While, there are many factors that causes modulation of
community structures of microbes in WWTPs. Usually this variation is based on the
presence of different types of bacterial niches such as autotrophs, heterotrophs, and
chemotrophs, and the sources of effluents.

Since the past decade, there have been intensive studies to check the functional
stabilities and other properties in the activated sludge in WWTPs. These studies are
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especially focused on dealing with sewage sludge and wastewater in the WWTPs.
Communities that are directly involved for biological treatment of dangerous sub-
stances such as from industrial waste harbours different populations of microbes
which are specifically adapted to numerous stresses in these systems. Effluents from
textile industries also contains higher levels of dyeing additives, dyes, and varying
degree of other chemicals. Some of these contaminants are non-biodegradable,
mutagenic, toxic, and carcinogenic and therefore can pose major threats to environ-
ment and health.

Generally, textile wastewaters have low ratio of biological oxygen demand/
chemical oxygen demand (BOD/COD) that is around 20%. Moreover, there is a
varied range of pH (4—12) and therefore it may include numerous inhibitor compos-
ites that can exert hampering effects on biological treatment of wastewater, adsorb-
able organic halogens, active substances (e.g., chlorine compounds) (AOX) and
higher concentrations of salts. This entirely makes it difficult to treat textile waste-
water and thus greater care and management is required to achieve sustainability.
Furthermore, microbial communities in the wastewater are different than the com-
munities present in the industrial wastewater and requires different kinds of handling
techniques and management approaches.

Studies have shown that in the municipal (domestic sewage), predominnat spe-
cies was Proteobacteria phylum (21-65%) that belongs to Betaproteobacteria that
represents a specific class of microorganisms responsible for degradation of organic
matter and cycling of nutrients. This sewage also contained other less dominant taxa
such as Bacteroidetes, Chloroflexi and Acidobacteria. Whereas, proteobacteria were
found to be abundant in the sewage generated by the industrial activities. This sludge
was reported to contain a higher level of obstinate compounds coming from petro-
leum refineries, pharmaceutical industries, factories for animal feeds, textiles, and
others.

Conditions of biological treatments are other modulating factors and studies have
reported that microorganisms were abundantly found in the anaerobic-aerobic and
anaerobic systems as compared to the aerobic systems. While the abundance of
proteobacteria was reported to be more in the aerobic environment. Whereas the
abundance of Bacteroidetes was reported to be more in the bioreactors provided with
anaerobic conditions. Furthermore, there are some chemical attributes such as
concentrations of micronutrients, pH presence of different types of toxic compounds
such as heavy metals, and other inorganic, and organic pollutants and oxidation and
reduction conditions in the biological treatments can directly affect structure of
bacterial communities in the sludge.

Like in Brazil, the sulfur oxidoreductive bacterial community was composed of
22 different families, and could have been clustered by the chemical characteristics,
such as S, Zn, K, N, Mn, and P and sewage sources (Meyer et al. 2016). Studies have
also reported that temperature also impacts the diversity of microbial communities
and their structures in WWT plants. Temperature is most important among the
physical factors as it is key players for the determination of survival rates of
microbial communities. Moreover, it greatly controls the composition of
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hydrocarbons and therefore due attention should be given to this factor for effective
and efficient management.

Biological enzymes always have good participation for the degradation pathways
but require optimal temperature for their functioning. Every little or major change in
the temperature will directly affect the metabolic turnover and thus management
situation may fluctuate. Moreover, temperature specification is also important for the
breakdown processes of different compounds. Increased temperature is always
associated with the increased rate of microbial activities and maximum activities
can be sustained at the optimal temperatures. These activities are declined with
further decrease or increase in the temperature and are eventually stopped after
reaching a maximum limit. Scientific studies have also reported that cold tempera-
ture produces effects on the growth of microbes by decreasing the availability of
water, changing the energetics, reducing the molecular motion, and increasing the
concentration of solutes due to reduced water availability. It also has been reported
that adaptation of different communities of microbes to lower temperatures is a
problematic scenario for WWT systems.

Likewise, pH of specific compound that is either basic, acidic or alkaline in nature
of the compound, exerts its own effects on metabolic activities of microbes and may
also affect the efficiency of removal process. Low or high pH values also causes
negative results on microbial communities and their metabolic processes because
these creatures are greatly intolerant to even little fluctuation in pH. Similarly,
microbial communities and their activities are also dependent on the concentration
of oxygen because some species requires oxygen and some do not requires oxygen
for their survival and bio-degradation processes. While, bio-degradation can be
carried in both anaerobic and aerobic conditions because oxygen is an essential
requirement for various living creatures and some that does not requires oxygen may
have developed slight tolerance. Studies have reported that the metabolism of
hydrocarbons is greatly improved due to presence of oxygen.

The balance for essential nutrients is also important for growth, survival, and
reproduction related activities of microbes. An optimal balance is not only important
for these processes but is also required to accelerate the efficiency and rates of
biodegradation. Nutrient balancing is especially important for P and N as they can
improve the efficiencies of biodegradation by optimization of C:N:P ratios in the
sewage sludge, wastewater, and soil systems. Microorganisms also needs different
nutrients such as P, N, and C for their growth, development, survival, and function-
ing. Addition of appropriate quantity of these nutrients is important strategy to
improve their metabolic activity and functioning and thus the process of biodegra-
dation can be greatly accelerated in the colder regions. The process of biodegrada-
tion is especially limited in the aquatic environments due to limitation of nutrients.
The microbes that feed on oil also needs nutrients for their growth, and development.
Usually, these nutrients are available in their surroundings and in the natural sources
but their concentration is low so they must be augmented by some external sources
for better functioning and activities of these microbes.
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Biotic factors also exert direct influences on the degradation of different organic
compounds due to the competition between numerous species of microorganisms for
limited sources of carbon and predation of microbes by bacteriophages and protozoa,
or due to antagonistic interactions between numerous microorganisms. The degra-
dation rates of contaminants is also dependent on the levels, concentrations, and
types of contaminants, and the amount of catalyst for the specific degradation
reactions. In this specific context amount of catalyst present indicates the specific
number of organisms that can metabolize different contaminants. Moreover, the
production of enzymes by the cells is also important factor that affects the overall
degradation and stabilization of contaminants. The specific expression of enzymes
by the reduced or improved rate of contaminants degradation also have significant
importance to predict and measure the enzymatic activities and degradation of
pollutants. The major biological factors in this context are size of bacterial popula-
tion, community composition, gene transfer, interaction of different microbial and
other communities, enzymatic activities and mutation.

Despite of the significant progress for the effective management of sewage sludge
and waster water by microbial processes there are some kinds of associated short-
comings. Scientific data is also indicating that issues related to structures of micro-
bial communities can be managed in the WWTPs but it only involves and manages
smaller populations and samples. Other than this majority of designs and scientific
knowledge is only being applied to pilot systems and bioreactors in the laboratories
(Saia et al. 2016). Controlled operational conditions such as flow of effluents,
aeration, and temperature can easily affect the diversity of microbial communities
(Muszynski and Zateska-Radziwilt 2015; Muszyriski et al. 2013). Whereas most of
the scientific studies are based on using conventional techniques and therefore only
60-90% of populations of microbes have been cultured. Emerging molecular,
biotechnological, and bioinformatics techniques should be implied for better under-
standing about community structures and their functioning. Therefore, the tolerance,
survival, and working capabilities of these microbes can also be improved by using
latest technological solutions. Furthermore, ecological role of microbial communi-
ties can also be significantly improved, and thus environmental protection can be
attained on sustainable basis.

2.2 Microbial Activities

In the different spatial and temporal conditions, effluent treatment plants (ETPs) may
contain different level of microbial communities as dynamic associations. The
various co-existing populations of microbes in wastewaters vary with the operational
conditions of reactor. Their involvement for overall degradation of pollutants may
cause unprecedented controls for bioremediation of contaminants and effluents
(Manefield et al. 2005).
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Microbes perform sewage sludge and wastewater treatment either through aero-
bic digestion or anaerobic digestion.

1. Aerobic, in these microorganisms need oxygen for decomposition of organic
matter to microbial biomass and carbon dioxide.

2. Anaerobic, in these microbes do not require oxygen for decomposition of organic
matter, and often produces excess biomass, carbon dioxide, and methane.

Anaerobic digestion is an auspicious biotechnology for highly polluted waste-
water with organic contaminants and hence contains higher amount of substances
that can be degraded biologically. The substrate digestion in anaerobic reactors
causes significant lessening in the total contents of volatile solids and additionally
the weight and volume of the substrate. The process of anaerobic digestion is
complex and consists of several biochemical based processes and are systemically
mediate by the interconnected communities of microbes from Archaea and bacterial
domains and some smaller percentages of viruses and eukaryotes. These biochem-
ical based transformations offer significant degradation of complex organic com-
pounds to the reduced and oxidized forms of carbon such as methane, and carbon
dioxide (Batstone and Virdis 2014).

Anaerobic digestion process comprises of four steps such as hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Hydrolysis causes the cleavage
of the complex biopolymers by the action of extracellular enzymes of specific
fermentation causing bacteria to smaller monomers like proteins, lipids, soluble
organic matter, and polysaccharides, these are all degraded and the final products
are further treated through acidogenesis to produce volatile fatty acids (VFAs).
During acidogenesis, monomers are converted by fermentative bacteria mainly
into volatile fatty acids like alcohols, propionic acids, butyric acids, acetic acids
and lactic acid, and also molecular hydrogen.

Mostly, these bacteria belong to the category of obligate anaerobes but sometimes
facultative anaerobes may also be there. During the process of acidogenesis, volatile
fatty acids are converted into molecular hydrogen, CO, and acetate. Acetogenic
bacteria anaerobically oxidized the hydrolysis products other than acetate such as H,
and CO,, i.e., propionate, alcohols, aromatic acids, longer-chain fatty acids and
aromatic acids into acetate. During the process of methanogenesis, methane gas is
produced by three main ways, methylotrophic, acetolactic, and hydrogenotrophic by
methanogenic archaea.

Aerobic respiration is though most effective way to decompose organic matter
and waste material but may not cause complete breakdown of effluents. Porous solid
materials are present in the tanks, where biofilms can be easily developed, thus
enhancing the numbers of microorganisms and thus the efficacy of decomposition
process. The produced material is solid in nature and is known as activated sludge is
formed during this process, containing a mixture of undigested materials and
microbes. Since all of vital microbes are present in it to break down incoming
waste, some of it is also added to new batches of sewage. Mostly the addition of
aerobic bacteria is for the new treatment plants in the aerated environment. Free
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oxygen is used by this bacterium within the water for degradation of contaminants in
the wastewater and then convert it into energy to be used for growth, development,
and reproduction.

3 Strategies to Using Microbial Techniques for Wastewater
Treatment

Global reports of subsurface heavy metal pollution of water have become a major
health problem and, in this regard, proper knowledge of the source of wastewater
and its biological, physical, and chemical aspects are important. It is very important
to identify the appropriate strategies for treatment. Microorganisms are partly the key
to reducing pollution and maintaining the stability of biological systems. The
implementation of biological wastewater treatment technology has many advantages
as opposed to other treatment measures, relatively inexpensive costs, minimal
emissions, and less detrimental effects on the environment. Also, biological waste-
water treatment technology is reaping economic benefits against both chemical as
well as physical therapy technologies, in terms of rehabilitation costs and investment
of capital (Mittal et al. 2011).

3.1 Biological Treatment Techniques

In Aerobic treatment, the pond contains bacteria and algae that can survive in the
aerobic state. Cao and Li (2011) proposed electrolysis involving the biological
oxidation procedure for wastewater which contains alkyl-benzene sulfonate. Souza
et al. (2011) used bio-activated carbon to treat refinery wastewater for reuse. These
bio-compounds can bear a wide range of pH and temperature. Furthermore, they are
more suitable in environmental and Petrochemical implementation than syntheti-
cally made surfactants because of naturally producing macromolecules like fatty
acids, lipoproteins, and glycolipids.

In the Anaerobic technique, the pond is involved in the fermentation procedure
which is especially effective in eliminating organic compounds from the solution
and eliminating high concentrations of BOD and COD. The anaerobic treatment
system has been working in wastewater of industry treatment for several years. In
this process, biogas produced that containing methane as well as carbon dioxide.
This process can take place in places where organic matter is available but redox
potential is lower. Both aerobic and anaerobic processes can be employed in the
treatment of dirty water (Table 1).
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Table 1 Comparison among Fyciors Aerobic Anaerobic
aerobic and anaerobic systems -
Temperature Low High
Nutrient necessity High Low
Effluent quality High Medium
Odor Low potential High potential
Energy demand High Moderate

3.2 Microalgae Role in Treatment of Wastewater

Microalgae contain photosynthetic ability that change solar energy into biomass and
have the efficacy to absorb important nutrients like N, P in a short time. The
microalgae involve in the treatment of sewage systems in a wide range and are
called tertiary treatment procedures that can extract organic ions. Extract of organic
ion get by biologically or chemically (Abdel-Raouf et al. 2012).

3.3 Microbial Electro Remediation Technique

Major portion of metal wastewater produced by humans and industries. The metal-
laden polluted water causes critical environmental and health issues and should be
properly managed to avoid negative consequences. A significant volume of metal-
loaded wastewater is produced due to industrial and human activities, for removal of
metal ions strict instructions have been clasped to avoid contamination. An ideal
approach is not only to remove metals but collecting and retrieving them during the
treatment procedure. Although there are numerous ways to treat or remove arsenic
from water and wastewater, recent research has led to the development of techno-
logical approaches that seem economically realistic, low cost, and friendly for the
environment.

Therefore, there is an urgent need for serious research and development in this
direction so that modern techniques can be further advanced, and its scope of
application can be extended to the real situation in the direction of pollution
prevention. Traditional techniques such as precipitation, coagulation, and the
removal of metals are needed to find a solution, which is generally considered less
effective. It is costly to treat methods of activated carbon-based absorption, ion
exchange, and membrane technologies that involve large amounts of industrial
pollutants and wastewater that contain large amounts of heavy metal ions that cannot
be operated on a large scale.
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3.4 Microbial Treatment of Sewage Sludge Concerning
Specific Organic and Inorganic Contaminants

Sewage sludge is a semi-solid material and remaining of municipal and industrial
wastewater. The word “septage” is also known as the simple treatment of sewage,
but it is involved in a clean system from the site, like as a septic-tank. The treatment
of sewage sludge describes various methods that are used to dispose and manage that
sewage sludge produced during the treatment of sewage. That sewage is usually with
more amount of water with lower quantity of solid materials. In Primary sludge,
settleable solids are eliminated during primary treatment. While in secondary sludge
the secondary clarifiers include in treated sewage sludge from bioreactors of
secondary treatment.

3.5 Treatment Processes for Organic Contaminants

The sewage sludges are treated by using various types of techniques, its objective is
to lessen the organic matter amount and various harmful microorganisms which
cause diseases inside solids. Most techniques include aerobic and anaerobic systems.
Sludge technique about 50% and also provide biogas which is a good source of
energy (Cao and Li 2011).

3.6 Anaerobic Technique

Anaerobic is a bacterial procedure when oxygen is not present. This procedure
includes a thermophilic technique where the sludge is fermented at 55 °C temper-
ature inside the tank or 36 °C in a mesophilic system. MAD (Mesophilic anaerobic
digestion) is also an easy method for the treatment of sewage sludge. In this method,
the sludge is fed into big tanks and retain for a minimum of 12 days which allow
digestion procedure to digest sludge. These are including acidogenesis, hydrolysis,
methanogenesis, and acetogenesis.

In that procedure, the complex sugars and proteins splits into various compounds
like methane, carbon dioxide, and water (Souza et al. 2011). Anaerobic produces
biogas with a major amount of methane which is used to run engines and provide
heat to the tank. Methane production is the best advantage in this process. While in
liquid sewage sludge the denitrifying bacteria convert nitrate to dinitrogen which
removes that nitrate from sludge. The solid sewage in primary treatment separated is
anaerobically fermented by bacteria.


https://en.wikipedia.org/wiki/Settleable_solids
https://en.wikipedia.org/wiki/Secondary_treatment
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3.7 Aerobic Technique

This process occurs when oxygen is present that directly involved in the continuation
of the procedure of activated sludge. In this technique, the bacteria digest organic
matter and release carbon dioxide. In absence of organic matter, the bacteria starting
die and other bacteria used them as food. This process stage is called endogenous
respiration. Then reduction of Solids occurs in this stage. Because aerobic technique
happens faster as compared to anaerobic and the aerobic capital cost is also lower.
Aerobic technique can also be obtained by using jet aerators that oxidize sludge.
Excellent bubble spread is usually a more cost-effective method of dispersal but
plugging is usually a problem due to sedimentation in small air holes. Coarse bubble
spread is commonly used in tanks of activated sludge or the flocculation.

3.8 Treatment Processes for Inorganic Contaminants

Inorganic contaminants from wastewater are removed by Bio-absorption and
Bioaccumulation. Bio-absorption is a fast and reversible passive adsorption mech-
anism. The inorganic contaminants like metals are retained by physiochemical
interactions like (adsorption, ion exchange, precipitation, crystallization, and com-
plexation) between the metals and functional groups of cell surface (Fosso-Kankeu
and Mulaba-Bafubiandi 2014). Several factors affects bio-absorption of contami-
nants like pH, biomass concentration, ionic strength, particle size, temperature, and
other ions present in solution.

While bioaccumulation includes both extracellular and intracellular processes. In
general, bio-absorption is inexpensive as biomass can be produced from industrial
waste and offers significant benefit of regeneration. On the other hand,
bioaccumulation is expensive because the processes occur in living cells whose
reuse is limited. Bacteria also causes elimination of heavy metals from wastewater
through functional groups present in their cell wall-like aldehydes, ketones, and
carboxyl groups and thus produce less chemical sludge. Brown and red algae are
also being used as bio-absorbents, and the use of yeasts and fungi has also been
reported for absorption.

3.9 Microbial Ecology of Sewage Sludge and Wastewater
Treatment

Biological treatment of wastewater and sewage sludge is most important biotech-
nology implementations as the driver of the critical systems microorganisms are key
to its success. So, the study of dirty water microorganisms is of clear importance.
However, the significance of treated wastewater reactors is overlooked as a model
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system for the environment of microbes. No doubt, the microbial environment of
bioprocesses is of great importance for the performing bioprocesses, especially in
WWT (wastewater treatment).

Microorganisms have their characteristics during the treatment of wastewater,
and they focus on the procedure that is used. There are several types of therapies,
including biases, anaerobic therapies, and aerobic procedures that involve protozoa
and bacteria, but their fate is unnecessary. The condition of the fungus has a
endurance rate such as low pH and low nitrogen which makes the fungus well-
thought-out wastewater treatment. Thus, the fungus has the potential to impair the
ability to settle sludge due to its fibrous structure, which can affect this process. The
rotifer presence at the beginning of treatment of wastewater is the best sign as it can
absorb dispersed organic matter and bacteria (Pagnanelli et al. 2009).

3.10 Ponds Stabilization

Waste consolidation ponds are an unconventional system for treating wastewater.
This stabilization of wastewater, known as biological treatment, that can work well
when equipment maintenance is limited, and directly promotes better thickening of
sludge. The proper architecture will help in the cultivation of algae and bacteria
which will effectively and completely remove the organic waste in the water thus
reducing the problem during the treatment and wastewater disposal (Vaajasaari and
Joutti 2006).

3.11 Structural Units of Bacteria

Heterotrophic bacteria have a significant role in organic matter removal from
wastewater treatment. That bacteria work in the treatment of wastewater in clusters
such as biofilm or granule and floc.

3.12 Flocs

Floc is sludge that forms a bacterial colony by attaching to cells and pollutes
wastewater through physiological chemical processes. Flocs contain bacteria and
EPS. The content of microorganisms and factors mediates flux stability because
environmental stress causes the floc to disintegrate.
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4 Wastewater as an Exceptional Resource of Renewable
Energy

Wastewater which is produced from different sources is enriched with many differ-
ent nutrients, minerals, organic matter different metabolites which are used for the
progress of many microorganisms, algae, and various plants that are used to generate
renewable energy products. Methane gas is released when organic stuff was
decomposed in an oxygen-free atmosphere (Koch et al. 2015). When the solid
slush is treated via thermal hydrolysis, a large quantity of methane gas can make.
Then waste is entered into an anaerobic digester, starts breakdown, and obtains the
final product in the form of methane gas which utilize as natural gas (Maragkaki
etal. 2017). A distinctive wastewater has a 0.5 kg/m> COD value and tentatively can
produce 1.47 to 107 J/kg which oxidized to CO, and water while energy density of
wastewater is 0.74 to 107 J/m®.

5 Strategies for Energy Adoption from Wastewater

Processing to their capability as energy basis procedure streams must be distin-
guished by succeeding input, intermediate and output streams that acceptable to
technical possibilities for recovering energy from wastewater.

5.1 Inputs

Organic content of carbonaceous dissolved and suspended that was in wastewater
ways its energy potential as a chemical nature. The absorbance of carbon dioxide
through sunlight energy and usage of wastewater for growth media is due to their
inorganic components (Bhatia et al. 2019).

5.2 Intermediates

Many intermediate compounds were prepared by green plants, algae, and microor-
ganisms which are used as a storehouse of biochemical energy. For their activities,
these compounds are not only used by microorganisms but also by animals to meet
the necessity of energy. These compounds can also be used to produce various
energy products for example gaseous methane or hydrogen, biodiesel, or liquid
ethanol, or solid dry biomass by the use of specific microorganisms (Evcan and
Tari 2015).
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5.3 Outputs

Particularly fuel provided by methane can be utilized to generate electricity, heat,
and even in propulsion automobiles. The presently provided system is the least
effective and it can transform 25-35% of thermal energy to electrical energy and it
causes energy losses (Kassongo and Togo 2011; Naina Mohamed et al. 2020). To
make it better and efficient joined heat and power solicitation is suggested also skills
that transformation of inputs towards intermediates with the assistance of carbon-
bound energy into biodiesel, biogas and finally convert into outputs with the help of
gasification. Further, it changes the inputs directly into outputs by heat and microbial
fuel cells for generation of electricity (Ungureanu et al. 2020).

6 Beneficial Energy Products Generation from Wastewater

If wastewater treatment is controlled, it can produce many valuable stuffs. To obtain
valuable material from wastewater biological wastewater system is commonly used.
Varieties of products that can be specifically utilized in the form of biofuels are
produced from wastewater skills, which are described in Table 2.

Table 2 Energy products recycled from various sources of wastewater, their operational feature
and characteristics

Bioenergy | Source of

produced wastewater Operational conditions References

Biogas Sewage Sludge | Use of anode and neutral red graphite Rahimnejad et al.
Waste from and modified bacteria (2015)
municipal Dynamic Membrane Filter Quek et al. (2017)
source By using anode reactor pH range: Xu et al. (2018)

6.8-7.3

Biodiesel Diary Wastewa- | Sludge dewatering and drying Leandro et al.
ter Sludge Bioremediation of Microalgal followed | (2019)
Textile Waste- by lipid and biodiesel production Fazal et al. (2018)
water Cultivation of Microalgae Nostoc sp., Mostafa et al.
Domestic Chlorella sp. (2012)
Wastewater

Microbial | Urban Waste- Presence of salt bridge, two-chamber of | Slate et al. (2019)

Fuel Cell water graphite electrode Liang et al. (2011)
Sewage Sludge | Microbial fuel cell: brush electrode, Lv et al. (2014),
Starch graphite fiber brush electrodes Malaeb et al. (2013)
Processing Carbon paper anode
Wastewater
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7 Mechanisms Involved for Recovering the Renewable
Energy Products

To produce a specific type of energy stuffs many values added energy objects from
wastewater are digested with the help of many microorganisms. The components
which are left after digestion are further treated with the help of many physical as
well as chemical methods to get more energy. A huge variety of energy products also
be taken from wastewater sewerages (Khalid et al. 2011). Methods that are used to
produce energy from wastewater are described below:

7.1 Production of Biogas

Anaerobic handling of wastewater treatment offers the capacity to speedily remove
organic contents of waste while decreasing the energy usage of dealing method and
the manufacture of sludge and microbial biomass (Cavinato et al. 2011). It is a
difficult procedure that includes various reactions in the absence of oxygen like
methanogenesis, acetogenesis, and hydrolysis (Bhatia et al. 2020a, b). On a vast
variety of waste discharges anaerobic digestion is very useful effluents like sewage
sludge, industrial wastewater, domestic wastewater, it is also beneficial for the
alteration of useful products into different forms such as biohydrogen and methane
(Parihar and Upadhyay 2016).

Formation of slush in wastewater generate by-product which takes more dealing.
The decrease in sludge and energy utilization are the two points that make it
economically striking for industrial and municipal waste streams to reflect direct
anaerobic pre-treatment of wastewater. This digestion is exaggerated by many
reasons like temperature (25-350C), pH (~7), C/N ratio, carbon sources, moisture,
and nitrogen. Just because of fewer disposals AD of manure sludge is treating plants
and is eco-friendly also. Significant degradable organic components are also pro-
duced by direct anaerobic treatment (Manyuchi et al. 2018). Effluents that are
produced by anaerobic treatment are not directly throwing into receiving water
and they require aerobic polishing. The average ambient temperature of the waste-
water influences anaerobic dealing design quality. Effective anaerobic treatment of
wastewater as low as 150C is achievable but the use of anaerobic digestion is not
reserved in contemplation below 120C (Bhatia et al. 2017).

7.2  Microbial Fuel Cells

Bacterial oxidation process involved in microbial use cell in which bacteria oxidized
organic matter to treat the wastewater and play a role in cation exchange process of
cathode and anode in which electron transfer through electricity production due to
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difference in potential coupled with flow of electrons (Rahimnejad et al. 2015).
Microbial fuel cells are the advanced and emerging technology that has been
successfully operated in pure as well as in mixed cultures and enriched by activated
sludge from wastewater treatment plants (Forss et al. 2017). This technology is
eco-friendly due to the already presence of bacteria in wastewater to produce
electricity as a catalyst. Despite this advantage, its advancement is hindered due to
low power and high cost and valuable products.

Waste activated sludge (WAS) present a major ongoing disposal challenge and
by-product of activated sludge-based water treatment for water management author-
ities worldwide. Conventional waste-activated sludge has been used in agricultural
practices such as preparation of land, soil health, offensive odors, and disease risks
from toxic chemicals and pathogens. These restricted chemicals hinder the accep-
tance in public for this adaptation (Egan 2013). Sustainable waste-activated sludge
consists of the recovery and reuse of value-added products and also has the potential
to minimize environmental as well as human harmful impact. This implementation is
usually have been applied in the agriculture sector due to high nutrient and organic
matter. It is also a rich source of making of methane gas by anaerobic digestion when
mixed in primary sludge.

The land application and implementation of urban wastewater is necessary as
compared to rural wastewater is necessary because of the accumulation of industrial
effluents which results in too much contamination in the environment as well as in
human health which is harmful to the food chain and animal health (Campbell 2000).
The production of electricity by thermal energy is also a popular and sustainable way
for WAS management (Rulkens 2007). However, it is a cost-effective procedure as
additional fuel is required to maintain additional facilities and requirements due to
higher energy utilization due to high moisture contents and lower heating values of
biosolids (Wang et al. 2008). There is a fundamental challenge for specific
biorefinery approaches due to presence of all compound of WAS system in the
heterogenous and single complex mixtures.

7.3 Amino Acids and Proteins

Waste activated sludge can be collected as a source of protein and amino acid which
consist of organic compounds in the type of protein, lipids, and polysaccharides. It
contains almost 70-80% protein fraction in which 50% dry weight of bacterial cell is
present (Raunkjaer et al. 1994). Consequently, protein derived from waste activated
sludge present an impactful and potential source which is the main source for
production of feed of animals compared with traditional source of protein. However,
detoxification of sludge is carried out for removal of heavy metals, sterilization
process (Adebayo et al. 2004).

The solubilization of intracellular material is an effective way for recovering
protein from waste-activated sludge. Thermal digestion is one of the easiest methods
which are supported by the centrifugal separation. This process increases the
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wastewater sludge decomposing ability and break down of decomposing sludge and
lysing of the microbial cell. Thermal digestion has a notable profit such as low-cost
treatment, no use of additional waste, no use of reagents for waste degradation, use
of effective heat exchange. The efficiency of chemical and mechanical treatment on
protein extraction is described in two activated sludge and check the compatibility
with quantification method (Ras et al. 2008).

The efficacy can be improved by applying mechanical and chemical treatments
and various extraction protocols and similar approaches. Triton treatment is used to
extract the protein and show the significant hydrophobic interactions linking protein
with extracellular polymer matrix. The waste activated sludge amino acid is friendly
for the environment due to associated amphiphilic molecular structure which con-
tains carboxyl groups and amino acids. The use of amino acids as powerful inhibitors
to regulate destructive responses in a few unique metals in acidic media has been
confirmed by a progression of examinations (Khaled 2010).

7.4 Bio-Pesticides

Nitrogen, Carbon and phosphorus is the enriched nutrient source from waste acti-
vated sludge which is the potential and feasible medium of growth for microbial
accumulation to produce valuable metabolic products. B. thuringiensis (Bt) can
produce the proteinaceous Para poral crystal inclusion during spore formation
which is called endotoxin which is the most famous bio-pesticide globally (Bravo
et al. 2001). The production of these bacteria depends on the growth medium of
nutrients sources like nitrogen, carbon, protein, and yeast sources (Lisansky et al.
1993). Reuse of waste-activated sludge as a medium for Bt production depends upon
its utilization in agriculture for pest control and economical as well as compatible
exercises. Three possible strategies are important for Bt production process as
Fermentation, recovery, and formulation of products. Several factors like pH,
dissolved oxygen concentration, C/N ratio, foaming, and inoculum sludge which
have an impact on the production of bio-pesticide.

7.5 Bio-Flocculants and Bio-Surfactants

Bio-surfactants and bio-flocculants are the significant metabolic products during
microbial transformation. Microorganisms secreted polysaccharides, cellulose deriv-
atives, and lipids which are consumed in mineral and chemical industries such
as food and wastewater treatments (Flores et al. 1997; Jegou et al. 2001).
Bio-flocculating activities are non-toxic and degradable for humans and the envi-
ronment as compared with synthetic flocculants (Yokoi et al. 1996). Due to the high
cost of these by-products, the use of this treatment is limited due to its association
with the supplies of organic sucrose and glucose. Waste activated sludge is one of
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the best reservoir for separation of bio-flocculant producing microorganisms during
aerobic process occur naturally. Moreover, a variety of different bacterial strains
of bio-flocculants have been isolated from waste activated sludge named as
Bacillus cereus, Achromobacter sp., Agrobacterium sp., Enterobacter sp., Pichia
membranifaciens, Exiguobacterium acetylicum, Rhodococcus erythropolis,
Solibacillus silverstris, Saccharomycete spp. etc. (Wang et al. 2014).

8 Microbial Fuel Cells for Improved Bioremediation

Microbial fuel cells (MFCs) can be used as power resource and as a tool for
bioremediation. By creating an electrical connection between the anaerobic sedi-
ments and aerobic water column, an MFC can increase the metabolism rates of
bacteria in the sediment, allowing the bacteria to break down complex molecules
they would not be able to consume otherwise. When bacteria break down organic
matter, it produces CO,, protons, and electrons. The bacteria required more energy to
breakdown the organic matter by using electron acceptors with high electric poten-
tials, in the form of oxygen. Ideally, the bacteria donate electrons to oxygen
molecules, which can combine with hydrogen to produce water.

However, when bacteria live in sediments, which are typically anaerobic envi-
ronments, they are not able to easily access oxygen. Some bacteria can access
electrons from the oxygen in the water column by using natural shuttles such as
iron oxide materials (Li and Yu 2015). However, these electron transfers are weak
due to low concentrations of electron mediating substances in the sediment (Li and
Yu 2015). Similarly, some cable bacteria can form chains to reach the surface of the
sediments (Schauer et al. 2014). However, in most cases, bacteria must transfer their
electrons to less energetically favourable reactions, such as sulphate, which lowers
the amount of energy they receive and inhibits their ability to break down difficult to
degrade organic matter.

An MFC functions like common batteries. However, the chemistry in the MFC is
catalysed by the metabolism of bacteria. An MFC is created by placing the anode
into the sediment, an anaerobic environment, while the cathode is placed in the water
column, an anaerobic environment. The following reaction, catalysed by the con-
sumption of organic matter (CH,O) by bacteria, occurs at the anode:

CH,0 + H,O— > CO, +4H" " 4e~
The anode is the electron acceptor, which transfers the microbes’ electrons from
the sediments to the water column through a wire where the electrons are donated to

oxygen. The following reaction occurs at the cathode:

AH™ 4e™ + 20,— > H,0
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By living on the MFC anode, microbes can utilize the reaction with the greatest
electric potential and break down organic matter that cannot be broken down under
anaerobic conditions or is decomposed slowly. Earlier research on MFCs focused on
creating batteries that can produce a current to power another instrument necessary
to monitor the site while cleaning up biotoxins (Santoro et al. 2017). Additionally,
MEFCs can be utilized by wastewater treatment plants to decompose organic matter,
particularly sulfides, and produce electricity (Du et al. 2007). However, another use
for MFCs is to use a similar design to increase rates of bioremediation.

9 Algae and Cyanobacteria for Wastewater and Sewage
Treatment

Micro-algae such as eukaryotic algae and cyanobacteria are sustainable and energy-
intensive for biological treatment process which is environmentally friendly and are
used worldwide (Singh et al. 2015). Micro-algae use in wastewater treatment is cost-
valuable and renewable source of biomass for the biological fixation of carbon
dioxide (Almomani et al. 2019). Microalgae are historically seen as difficult and
cost-effective to remove and cause problems that lead to create dangerous disinfec-
tion by-products. Algae have the potential to improve wastewater and wastewater
treatment plant effluent and generate biomass for biofuels (Arbib et al. 2014). During
wastewater treatment, algae integrated into the secondary treatment process as well
as in tertiary treatment. During secondary treatment, algae need low aeration due to
solar irradiation which is difficult due to turbid conditions (Humenik and Hanna
1970).

In the tertiary treatment process, it is cost-effective, and the generation of biofuels
or other useful products may be offset. During tertiary treatment, the process has
direct access to sunlight which improves to removal of nutrients that remained in
secondary treatments in which algae is settled by other biosolids while in tertiary, it
required additional harvesting (Van Den Hende et al. 2011). For drinking water
safety, production of biofuel, or wastewater treatment, algae are used as a biomass in
which chlorophyll is used to check the concentration of algae, and its growth.
Chlorophyll can be quantified by using autofluorescence or absorption methods on
the instruments (Held 2011).

10 Current Challenges

Along with advantages, several challenges are still hinder the implementation of
wastewater and sewage sludge treatment related to industrial application as well as
consumption of energy in the cultivation process. Pumping and Aeration systems are
most conventional approaches for wastewater treatment are frequently used to
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culture micro-algae to create turbulent flow to enhance the gaseous exchange and
environmental performance. Nowadays sewage sludge treatment is becoming a
difficult strategy due to its cost-effective nature in terms of its constituents (Muham-
mad and Rohani 2011). Production of biorefinery from waste activated sludge offers
advantages for sludge management in the future by adopting a treatment pathway for
a sustainable production system and looking forward to future for value-added
by-products. Acceptable challenges and issues which are associated with
bio-refinery production from waste activated sludge included:

1. Enzyme and protein production is highly cost-effective in terms of heavy metal
toxicity and pathogenic (Kalogo and Monteith 2008).

2. Selection of heavy metal tolerant microbial strains is needed to progress and
recovery of metabolic products such as bio-pesticides, bioplastics, bioflocculants,
and bio-surfactants need further optimization of operational parameters.

3. Feasible growth environment and wastewater matrix for treating waste-activated
sludge with specific bioproducts should also be refined as it exerts direct influ-
ences on growth, functioning, and survival of microbial communities.

4. Purification and efficient work needed more development during the treatment of
wastewater and would improve in overall biorefinery approaches and sludge
management practices.

5. In an anaerobic digester, low temperature is also a crucial challenge because
microorganisms need optimum temperaturel15-35 °C for their growth and mul-
tiplication and if there is any change from this range, then kinetics of the overall
mechanism disturb (Malaeb et al. 2013; Bhatia et al. 2017).

Stabilization of sewage sludge to be used for arable land is a major challenge in
both developed and underdeveloped world as it generally contains a good level of
organic and inorganic pollutants and pathogenic microorganisms that can cause
serious consequences for human beings, animals, and surroundings. After stabiliza-
tion, it must be properly analysed for risk assessment to determine its safety profile.
Bacterial communities may differ due to temporal and spatial factors so the deter-
mination of the functional potential of these communities according to prevailing
climatic conditions, and soil type is also a serious challenge that requires specific
attention of regional research institutes and organizations.

11 Future Prospects

The latest advancement in science and technology has greatly revolutionized the
sewage sludge management practices over the past decades and thus there has been
greater contribution for environmental protection, maximum positive and safe use of
biosolids and residues for agricultural purposes, and human safety. However, the
accelerated costs associated with the microbial techniques and other biological
processes have always been a major concern and needs significant attention from
scientific communities, policymakers, and institutional organizations.
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Improved production of biogas, advanced dewatering techniques, controlled
thermal, and landfilling processes are greatly being applied practically. Sometimes
these costs may exceed 50% of the total amount as for the treatment of wastewater.
Problems of high cost can be resolved by using reuse and recovery practices to hit
the mark of sustainability. The sustainable management of sewage sludge revolves
around six major practices such as improving the value of sewage sludge by various
techniques (especially biological), beneficially using the compounds of organic
carbon, and other inorganic compounds, decrease of total volume of sludge, recov-
ering phosphates, and other essential nutrients from sewage sludge, changing the
scenario of microbial treatment by using different strains, and combinations of
different biological, physical, and chemical practices for sustainable sludge man-
agement (Picture 1).

Sustainable management of sewage sludge has become a serious issue around the
globe and there should be direct and target-oriented studies to manage sewage sludge
without causing any serious implications for human beings, animals, and environ-
mental protection. Biological processes and the use of microbial techniques are
greatly helpful for the biological conversion of chemical energy of the sewage
sludge to good quality and methane-rich biogas. Sewage sludge contains nutrients
in the form of proteinaceous materials as can be used as an exceptional plant
fertilizer for direct application onto the soil. Therefore, a good revenue can be
generated by using microbial and biological treated sewage sludge.

Sewage sludge is a precious source of essential nutrients and carbon contents and
can be utilized as an amendment for improvement of soil health and overall fertility.
But right integration of desired amount and providing safe and well-managed sludge

Future Prospects for Management of Sewage Sludge |
and Wastewater by Microbial Techniques

IMProvex

Improving quality of produced bio-solids 23
Changing scenario of treatment by tsig different microbiz
Extraction of useful organic and inerganic compounds

Proper optimization of microbes according to regional conditions

Provisionofquality food sotrees to microbes
Combined focts on operating, E;A_\"stcm and diverse microbial communities

Designing of new and functional qy'ttems

Picture 1 Future prospects for management of sewage sludge and wastewater by microbial
techniques
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to the growers and farmers is important to eliminate the hazards of toxicity. Even
though microbial technologies and biological processes are significantly helpful to
produce safe and high-quality products and end-products, but the safety profile of
these products must be ensured to get maximum benefits. Moreover, the resulting
products must be properly tested by following the regulatory measures and
standards.

The sewage sludge contains different types and levels of pollutants such as
endocrine-disrupting chemicals, pharmaceutical contaminants, nanoparticles, con-
taminants in personal care products, pesticides, fertilizers, and micropollutants.
There is always a variable number of effluents in sewage sludge and the use of
microbial techniques should be properly optimized according to the level of con-
tamination and hazards. Moreover, the microbial niches also need proper optimiza-
tion according to prevailing climatic conditions, and treatment conditions. There
should be proper and well-documented efforts to interlink, and interconnect the
energy, food, and water in the nexus system.

Management strategies should be optimized in such a way that there is no
negative effect on the climate, environment, and ecosystem functioning. The pro-
tection of the ecosystem and climate is not only dependent on the quality of water but
on productivity also. Therefore, there should be optimized and well-planned pro-
posals for the nexus of microbial niches for the sustainable management of sewage
sludge. Nexus of microbial niches should be significantly capable of removing both
unknown and known pollutants.

The provision of quality and easily available food sources to different microbial
species is a key target to ensure maximum removal efficiency by microorganisms.
Provision of food source is essential for a diverse range of microorganisms such as
polyphosphate accumulating organisms, denitrifies, nitrifiers, and heterotrophs. The
microbial communities should be cultivated through an optimized series of aerobic,
anoxic, and anaerobic reactors to increase the removal efficiencies. Currently,
microbial techniques for the removal of different contaminants are not focused on
the targeted removal of multiple contaminants so scientific communities should be
more focused on the synergistic removal of different contaminants for safe and
effective handling of sewage sludge.

There should be a significant focus on bioinformatics and novel microbial
techniques for uncultured microbial functioning. Niches related to the novel func-
tioning of microbes may have a greater level of variation than the conventional and
cultured microbes so proper investigation about microbial interactions, diversity,
and metabolic kinetics should be properly evaluated and studied. Further implemen-
tation of technological solutions as per community standards of microbes can help to
produce significant beneficial results. The functioning of microbes for sewage sludge
management and wastewater treatment processes can be greatly improved by the
clarification of biological mechanisms. So, therefore there should be a good collab-
oration between scientific communities, and international organizations for data
sharing and improved understanding and development of working standards.

A combination of long-term operating systems and diverse microbial communi-
ties can significantly help to discover unknown functions of microbes and can also
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help for the development and optimization of different strategies. Natural environ-
ments like intertidal zones can also provide alternate and are valuable sources for
microbial functions, and metabolisms. Identification of microbial metabolism and
functioning is important for combining proteomics, RNA, and DNA-based tech-
niques for regulatory strategies and exploring the ecological functioning of
microbes. There should be proper consideration for the regulation of amino acids,
vitamins, and micronutrients along with elucidation of metabolic pathways and
macronutrient cycles.

Furthermore, proper attention should be given to operational control processes
and system designing. The designing of new functional systems must be capable of
following scientific and technological rules to provide more time, space, and sub-
strate ingredients for diverse functioning. Also, there should be a controlled and
optimized focus to control environmental conditions to achieve efficiency and
performance for different microbes. Interdisciplinary cooperation can also play a
key role to achieve the purpose of sewage sludge and wastewater management.

12 Conclusion

Sewage sludges always contain a good level of bacterial diversity and the identifi-
cation of bacterial community structures and chemical attributes is significantly
important to target the desired efficiency of treatment and production of end prod-
ucts. There has been a good potential for the treatment of sewage sludge and
wastewater by using microbial techniques. But this potential has not been fully
explored due to the diversity of microbial species, their chemical attributes, and
different functioning under different climatic and geographical conditions. A col-
laboration between researchers, scientific communities, and international students
will be essentially helpful to achieve the goal of sewage sludge management on a
sustainable basis.
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1 Introduction

Nature has been programmed to gift all the living organisms with enormous won-
derful sources. The air, soil, water, plants all are blessed with tremendous amounts of
resources. But rapid urbanization and increasing human activities have been deceiv-
ing them all by directly or indirectly polluting them. Pollutants generated via all the
human, industrial, agricultural and other such activities are dumped into
waterbodies, directly or indirectly. The primary and secondary stage treatments of
wastes generated from municipal, paper and pulp mills’ wastewater is referred as
‘sewage sludge’. The increased rate of sewage sludge production, reduced landfill
space, increased environmental hazards and rules and regulations for the disposal of
sewage sludge for better environment has become a major problem worldwide
(Rulkens 2008). The catchment area and infrastructure of treatment facility defines
the properties and quantities of the generated sewage sludge. Non-toxic organic
compounds, organic fraction which contain carbon source (utilized for biogas
production), nutrients content, mainly nitrogen (ammonium) and phosphorus are
the major constituents of sewage sludge. In addition to these, sewage sludge is
contaminated with some very harmful heavy metals (concentrations range 1000 ppm
to 1 ppm), polycyclic aromatic hydrocarbons, polychlorinated biphenyls, dioxins,
linear-alkyl-sulfonates, nonyl-phenols, pesticides and pathogenic and microbial
pollutants, trace organic chemicals like industrial chemicals, consumer/cosmetics
products and pharmaceuticals in the aquatic environments which should be removed
from recycling process (Spinosa 2004). The inorganic components of sewage sludge
are water and other compounds which may contain Mg, Ca, aluminates and silicates,
and their concentrations vary from trace values to even 95%. Therefore, sludge
generated from sewage water can be a source of energy and fertilizer if its compo-
nents are segregated with efficient methods. Therefore, extraction of useful materials
or energy from sludge can be improved by its preliminary reduction in the initial
phase only. There are conventional, alternative and hybrid methods used for the
treatment of sludge. Conventional methods include land application, landfilling,
incineration and anaerobic digestion. The alternative methods are thermochemical
conversions which include pyrolysis, gasification, hydrothermal liquefaction and
other supercritical methods. The hybrid methods for sludge treatment are wet
oxidation and nanofiltration, Ultrasound/H,O, or ozone, Ultraviolet/ H,O, or
ozone, Ozone/H,0O,, Photo-Fenton processes, sono-photochemical oxidation, cata-
Iytic advanced oxidation processes, use of advanced oxidation processes in conjunc-
tion with biological oxidation, SONIWO (sono-chemical degradation followed by
wet air oxidation), and CAV-OX (Cavitation Oxidation Process) (Gogate and Pandit
2004). Land application and landfilling has been the prominent methods for the
disposal of sludge water. Advantage of landfilling is that the harmful pathogens
present in the sludge remain covered which avoid spread of diseases by vectors
(Syed-Hassan et al. 2017). A significant need of the hour is to minimize energy
uptake for the employed methods to dewater sludge (Bieni and Bieri 2015). Inciner-
ation method involve the treatment of sludge at high temperature which reduces it
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volume up to 70% and destroys toxic compounds and pathogens as well. Anaerobic
digestion consists of multiple phages like hydrolysis, acidogenesis, acetogenesis and
methanogenesis which converts organic part of sludge into biogas and nutrient part
into digestate (Zhang et al. 2014). The biological treatment of anaerobic digestion is
a combination of Oj treatment, use of microbes and annelids (protozoa, metazoan,
earthworm), aerobic and anaerobic composting, advanced dewatering processes and
complexing agents or microbial leaching. Thermochemical conversion method is an
alternative to conventional ones which include pyrolysis, gasification, HTL (hydro-
thermal liquefaction), SCWG (supercritical water gasification) and SCWO (super-
critical water oxidation) (Bora et al. 2020). Pyrolysis and HTL can convert organic
component of sludge into bio-oil which itself is an efficient energy source. Sludge
decomposition without oxidizing agents is increasingly used in pyrolysis method.
Fossil, electric and radiations can be a source of input energy for pyrolysis under
different conditions (Callegari et al. 2020). Gasification is operated in devoid of
oxygen to obtain maximum gas output (Werle and Sobek 2019). Thermochemical
conversion has dual advantage as energy and valuable organic nutrients are also
recovered in this. Further, the integrated pretreatment of chemical and thermal of
sewage sludge has given more effective anaerobic digestion by increased
methaneproduction and sludge stabilization. Sewage sludge has significant amount
of energy and nutrients embedded which can be extracted and utilized in the
agriculture and industrial sector.

Solid particles suspended in wastewater, organic materials (biodegradable), path-
ogens, nutritious compounds, nondegradable organic compounds, heavy metals and
dissolved inorganic compounds constitute the major contaminants of wastewaters.
The suspended solids are removed by sedimentation, filtration, flotation, coagulation
and land treatment systems. Specific biological processes are required to get rid of
biodegradable organic materials, and exclusive disinfection processes are employed
to get rid of pathogens. Numerous methods to remove biological organic nutrients
and methods of physical and chemical approaches are applied to control the contents
of nutrients. Exclusive chemical treatments are a must to restrain heavy metals form
the wastewaters. lon exchange and reverse osmosis help to extinguish dissolved
inorganic compounds. The optimized approach to treat wastewater comprises four
basic stages: preliminary treatment, primary treatment, secondary treatment and
tertiary treatment. The main intent of preliminary treatment is to get rid of big
objects, non-biodegradable stuff and grits, thereby protecting the equipment from
damages and blockages. Primary treatment aims at sedimentation of the suspended
and floating materials, in primary clarifiers. Secondary treatments target at removal
of suspended, colloidal and dissolved organic and inorganic materials by various
biological, physical and chemical processes. Tertiary treatments refine the effluents
from secondary treatment in such ways that they can be reused and/or discharged
safely, via processes like absorption, oxidation and disinfection. Table 1 enlists
various inorganic, organic, biological and radioactive contaminants present in
wastewaters, with the adverse effects caused them (Sharma and Bhattacharya
2017). Fluorides, arsenic, mercury, copper, chromium, lead, antimony, nitrate,
asbestos, selenium, barium, beryllium and cyanide are among the hazardous
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Table 1 Types of contaminants present in wastewaters (Source: Sharma and Bhattacharya 2017)

Contaminants Sources Hazards
Inorganic Fluoride Pharmaceutical products Alzheimer’s disease, dementia,
Contaminants retarded growth in children
Arsenic Natural deposits, agricul- Arsenicosis, partial paralysis,
tural and industrial wastes | blindness
Mercury Seepage from industries Neurological disorders, retarded
and run-off from agricul- growth in children, abortions,
tural lands issues in endocrine system
Copper Rock, soil and household Permanent kidney and liver
corrosions damage
Chromium Outdated mining sites and | Liver and kidney damage, respi-
inappropriate waste ratory issues, dermatitis
disposal
Lead Corrosion in municipal Delayed development in children;
water system high blood pressure and kidney
issues in adults
Antimony Flame retardant industries | Affects blood cholesterol and glu-
cose levels
Nitrate Fertilizers and sewage Shortness of breath and blue skin
Asbestos Minute fibers of asbestos in | Risk of certain cancers
environment
Selenium Through food and soil Loss of sense and control of arms
and legs
Barium Discharged through natu- Harmful for heart and cardiovas-
rally occurring minerals in | cular system
grounds
Beryllium Run-off from mining, Damages bones and lungs, cancer
processing plant’s dis- threats
charge, improper waste
disposal
Cyanide Inappropriate waste Harmful for spine, brain, liver
disposal
Organic Pesticides Agriculture and public Damages liver and disturbs the
Contaminants hygiene sources nervous system
Volatile Industrialization and Cancer, liver and kidney damage,
Organic human activities birth defects, productive disorders
Chemicals
Dyes Industrialization Eutrophication, Several cancers
Emerging Pharmaceuticals, indus- Cancers, endocrine disruptions
Organic tries, personal care prod-
Pollutants ucts, plastics
Biological Algae Increased phosphorous in Stale taste and odor of water;
Contaminants water bodies enhance their | Congested filters; Liberate toxins
growth and division harmful for liver, skin and nervous
system
Bacteria Contaminated, untreated Typhoid, dysentery, cholera,
(Pathogenic) | wastewaters gastroenteritis

(continued)
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Table 1 (continued)

Contaminants Sources Hazards
Protozoan Sewage water, animal feces | Diarrhea, nausea, fatigue, dehy-
in water dration, headaches
Viruses Untreated disposal from Hepatitis, polio

contaminated areas

Radiological | Radioactive | Run-off water from indus- | Cancer
Contaminants | Elements tries, soil, rocks

inorganic contaminants which lead to some very severe health issues. Organic
contaminants like pesticides, volatile chemicals and dyes are very well known for
their harm to environment and human health. Microorganisms are among biological
contaminants which cause severe infections to humans, whereas, other contaminants
like radioactive elements are carcinogenic.

2 Sewage Sludge

Sewage refers to wastewater that comprises of wastewaters from humans, industries,
animals and agriculture. Wastewater constitutes of 99.9% water and 0.1% solids that
are either dissolved or suspended. These solids incorporate excretes, food wastes,
household chemical products, plastics, metals, sand, domestic wastes (Gray 2005;
Lin 2007). Sewage sludge can be defined as residues generated by the treatment of
wastewater. Major categories of sludge are the primary and secondary sludge. Tanks
used for settling the suspended particles used at wastewater treatment plants
(WWTP) produce primary sludge. When this primary sludge is treated biologically,
it becomes the secondary sludge, which is also referred as ‘biological sludge’ (Ren
2004; Sanin et al. 2011). Several chemicals and chemical approaches are employed
to treat sludge, and they result in generation of ‘chemical sludge’ (Turovskiy and
Mathai 2006).

The processing and disposal of sewage sludge are the chief criteria for designing
and functioning of a wastewater treatment plant. Diminution of the sludge volume
and stabilizing the organic stuff in the by-products and final products are two major
goals of a WWTP. The stabilized sludge should not have unpleasant odor and
shouldn’t be a health hazard. The final costs in pumping and storage can be
effectively slashed if the sludge volumes are small. Utilization in agriculture,
incineration and landfills are among the most common methods to dispose the
sewage sludge at primary level. However, there are issues related to each technique,
in terms of both health hazards and environmental effects (Fytili and Zabaniotou
2008). Management of waste water sludge can be done by some conventional
method as well as advanced thermodynamic conversions, as per the requirement
of the treatment and availability of the resources. Conventional methods include land
application, landfilling, incineration and anaerobic digestion; alternative
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Waste Water Sludge Management

/

Conventional Methods Thermodynamic Conversions
o Land Application (unrestrained nutrient  Pyrolysis (resource recovery by bio-oil, bio-
recycling) char gas)
« Landfilling (negligible nutrient or energy ¢ Gasification (extensive energy recovery
recovery) through syngas)
 Incineration (partial energy recovery) * Hydrothermal Liquefaction (resource recovery
« Anaerobic Digestion (partial resource recovery through bio-oil, liquids, hydro-char)
via biogas) * Other methods (energy recovery through
products)

Fig. 1 Management of wastewater sludge though conventional and advanced thermodynamic
methods (Source: Yuan et al. 2011)

thermodynamic conversion methods are pyrolysis, gasification, thermodynamic
liquefaction and various such methods (Yuan et al. 2011). Figure 1 enlists various
conventional and advanced methods with their recovery efficiencies. Whatever the
source of waste water is, it requires to be treated well enough before further disposals
and/or reuses. A technically proficient wastewater treatment method should aim at
the following criteria: components of the wastewater should be transformed into
harmless materials which won’t be risky to dispose; the disposed end products
should not be threat to the environment and public health; the worthy components
should be fruitfully harvest and/or recycled; the whole process should be econom-
ically feasible (Samer 2015). Biochar from sewage sludge is popular because of
some amazing efficiencies like it improves soil qualities, it minimizes uptake of
heavy metals and is hence beneficial for agricultural perspective. The only retracting
concern is high cost of bio-char disposal. Sewage sludge has wide range of appli-
cations in surface assimilation of harmful compounds like antibiotics, heavy metals,
textile dyes and phenolic compounds. There use minimizes agricultural pollution,
hence playing major role in agriculture and climate change (Singh et al. 2020).
Sludge reduction by biological methods results in noticeable decline in produc-
tion of secondary pollutants. Interestingly, some other unconventional methods are
also being employed to treat wastewaters, and one such documented case study used
the aquatic worm L. variegatus, reporting 33% reduction in suspended solids (Basim
et al. 2016). Spinosa et al. (2011) have proposed a brilliant system for sustainable
management of sludge, as demonstrated in Fig. 2. A standard management system
for sewage sludge includes digesting the sludge via anaerobic approach, that pro-
duces energy that may be utilized at different levels of the process. Energy is
required for the processes of mechanical dewatering and thermal drying, used for
removing excess moisture content, which has to be managed separately as
by-product. Pyrolysis and gasification are the thermo-chemical processes which
yield syngas, that can be utilized. Energy is also evolved during these steps.
Ceramsite and adsorbents can be produced via the method of thermal processing,
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Fig. 2 Sustainable Sewage Management (Source: Spinosa et al. 2011)

and can be used further. Through-out the process, ash and water are resealed as
by-products, whose management is also a considerable task which demands specific
handling.

3 Biological Methods for Treating and Stabilizing Sewage
Sludge

Treatment of sludge starts with mixing the primary, secondary and tertiary sludge,
which may have 1-4% total solids (suspended and dissolved) and is termed as ‘raw
sewage sludge’. Presence of pathogens, decomposable and unsteady components
tends to make raw sludge as a hazard to the human health and environment. But,
various treatments are available and used to stabilize the sludge, which results in
reduced pathogenicity and increased solid content. Some of the processes most
commonly used to stabilize and reduce pathogen levels in sewage sludge are
displayed in Fig. 3, which represents the scheme employed for sludge treatment
processes, incorporating mechanical, biological and thermo-chemical techniques.
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Fig. 3 Simplified scheme of sludge treatment process

3.1 Sludge Thickening

Thickening of sludge is the first step in sludge processing andrefers to the process of
dividing the solid and liquid phases, decreasing the sludge volume (Bieni et al. 2009).
Thickening of sludge results in up to 92-94% water diminution. This is the water
which was earlier present in free-state (primary water) or became available after the
conditioning process. A proper treatment of thickening helps reduce the investments
and the plant’s functioning costs, which thereby applies on he whole treatment
process, decreasing the operational costs. As per the requirement for treating the
sludge, different categories of sludge thickening are available, viz., gravitational
thickening of sludge, mechanical thickening of sludge and flotational thickening of
sludge, as described below.

Gravitational thickening, as the name suggest, utilizes the gravitational force and
hence thickening is achieved by sedimentation and compressing the sludge. Both
primary as well as secondary tanks are used for settling and the unit is referred as
‘gravitational thickeners’. The process of gravitational thickening can be accom-
plished either periodically or in a continuous manner, which demands for regular
supply and removal of sludge. This whole process can be escalated employing
‘slow-speed rod mixers’ which can divide as well as reorganize sludge to fill the
‘in-between sludge particles’ spaces with water (Podedworna and Umiejewska
2008). Sludge should not be stored for long in the gravitational thickeners, else it
may cause decomposition of organic compounds which releases gas bubbles. This
produces floating sludge might emit unpleasant odors (Biefi and Wystalska 2011).
So, when a dry matter of almost 4—6% is desired from the sludge, the process of
gravitational thickening is opted. But, in case of sludge which can hardly be
thickened just by the gravitational force and also in case of time-saving, mechanical
thickening is suggested. Mechanical thickening is achieved by the utilization of
additional forces, like centrifugal force, which speeds up the process of thickening.
Various equipment like belt thickener, drum thickener and thickening centrifuges are
available for the same (Wdjtowicz et al. 2013). Just like in the case of dewatering
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centrifuges, the thickening centrifuges also operate on the basis of centrifugal forces.
If additional flocculants is not available, mechanical thickening process can yield dry
matter of 5-7%, whereas a dry-matter content of 6-8% can be produced with the
addition of flocculants (Podedworna and Umiejewska 2008). In case of flotational
thickening, as the name suggests, the sludge floats upwards like a layer of floating
stuff, and it is then removed with the help of special sweeps (Bien et al. 2004).
Depending on the mechanism of floating, the process can be biological flotational
thickening, chemical flotational thickening or air flotational thickening (Podedworna
and Umiejewska 2008; Bieri and Wystalska 2011).

3.2  Sludge Digestion

Once all the solids present in the sludge (dissolved and suspended) are accumulated,
digestion of the sludge can be initiated. Sludge digestion refers to the biological
process of transforming the organic solid content present in the sludge into
decomposed stable forms (Appels et al. 2011; Nasir et al. 2012). The process of
aerobic digestion requires oxygen for microorganisms to ingest organic contents
present in the sludge, followed by converting them into carbon dioxide, water and
biomass. This whole process required very précised selection of microorganisms as
per he impurities to be treated, in a well-designed set-up. These microorganisms may
vary in terms of oxygen requirement, nutrient requirement and their functioning
conditions so that they can completely mineralize the organic content to methane,
bicarbonate or carbon dioxide (Gujer and Zehnder, 1983). Different steps involved
for digesting the sludge in an anaerobic manner are hydrolysis, acidogenesis,
acetogenesis and methanogenesis (production of acetate and hydrogen methogenic
substrate), methanogenesis (Meulepas et al. 2005). The benefits of employing the
process of aerobic digestion are: (i) it is feasible with sludge containing higher
moisture levels, (ii) the biogas produced has higher energy content, (iii) negligible
carbon emission (iv) residues can be utilized as fertilizers, (v) costs for transportation
and disposal are waived-off, (vi) numerous methods are available for pre- and post-
treatments, (vii) low sludge production and (viii) lower nutrient and chemical
requirements (Oladejo et al. 2019; Ahammad et al. 2013). But there are some
drawbacks related to this process, some of which are: (i) over-all reaction time is
longer, the process results in formation of various organic pollutants, (ii) lesser
conversion efficiency, (iii) the treatment premises are left with a polluted odor,
(iv) public health and environment are left at risk, (v) higher capital and maintenance
costs (Oladejo et al. 2019). Tarpani et al. (2020) have reported the agricultural
applications of sludge digested in an anaerobic manner to be the lowest negative
effects on environment. The technology can be employed on various organic waste
streams like bio-wastes, organic fractions of mixed wastes, dewatered sewage
sludge, non-recyclable papers and other such market wastes (Feodorov 2016).
Figure 4 enlists the various methods used in aerobic and anaerobic process, for
biological treatment of waste water (Ahammad et al. 2013).
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Biological Waste Water Treatment
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Fig. 4 Techniques used for biological treatment of waste water (Source: Ahammad et al. 2013)

The process of aerobic digestion is doesn’t need external heating and has a high
degradation rate as compared to the physical and chemical methods of
pre-treatments, and, is therefore opted as a better alternative (Jang et al. 2014).
Waste sludge generated through aeration-implanted systems, filtered sludge and/or
mixture of activated sludge can be treated by aerobic digestion. Provision of
uncontaminated oxygen, conventional set-up and thermophilic microorganisms are
a must for aerobic digestion. A favorable process is bio-augmentation, which
employs proteolytic bacteria (e.g. G. stearothermophilus) with activated sludge
and it stands out with great overall stabilization results (Dumas et al. 2010). The
process is also chosen in case of sludge with materials which can-not be degraded via
anaerobic pathways (Carrére et al. 2010). Power and standards required for the
operation and maintenance of aerobic treatment set-up costs more than the anaerobic
systems because they are generally provided with additional aeration systems and
contact stabilization units. In terms of conversion efficiency, both aerobic and
anaerobic (conventional) treatments result in transformation of almost 50% of the
organic content into liquid and gaseous products. But, if the anaerobic digestion
system is employed after thermal hydrolysis, 60-70% of the solid contents can be
transformed into liquid and gaseous states (Pagilla et al. 1996). Figure 5 summarizes
the steps involved in aerobic and anaerobic processes for digesting sludge.

Dumas et al. (2010) used thermophilic microorganisms to analyze the conse-
quences on mesophilic aerobic system and discovered lowered content of suspended
solid particles (39-83%) by employing aerobic-anaerobic process, but without any
improvements in methane production. Also, solid reduction in pre-treatment stage
was noted to be influenced by aerobic oxidation of organic contents. Another
experimentation of addition of thermophiles in an anaerobic digester was carried
out by Miah et al. (2005) where they recorded 21-112% higher methane yield and
4-44% higher contents of volatile solids. In a similar way, post-treatment via aerobic
pathways have been documented to enhance the reduction of volatile solid (Novak
etal. 2011; Tomei et al. 2011). Other studies have reported that highest results were
recovered on application of low sludge with lower extents of biodegradability (Miah
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Fig. 5 Aerobic and anaerobic treatment procedure showing potential steps of sludge processing

et al. 2005). Opting for anaerobic process has been reported to give highest recov-
eries of methane (Jang et al. 2014; Dumas et al. 2010; Miah et al. 2005; Pagilla et al.
1996). Study conducted by Jang et al. (2014) concluded to use higher contents of
HCO’~ and CO;*~ in aerobic pre-treatment sludge as a substrate, with
hydrogenotrophic methanogens, gives the best yields in aerobic digester. Whereas,
lower concentrations of H,S in biogas have been recovered, probably because of
remoting air stripping at the stage of thermophilic aerobic process (Pagilla et al.
1996).

3.3 Dewatering

Post retrieval of essential outputs by gasses and by-products, the left-over sludge
needs to be dewatered prior to the final disposal. Though in a solidified state, the
dewater sludge generally possesses a huge portion of water, i.e. almost 70%, which
demands for further drying and dewatering of the sludge, by advanced method
specifically designed for the same. Various methods like chemical process, thermal
methods and freeze-dewatering techniques can be used which prepare the sludge to
relieve water, e.g. centrifuges or belt presses. Centrifugation is one of the most
popular way because it enables easy recovery and permits easy handling of solids, at
lower costs, and in shorter time periods. Other such methods are vacuum drum filter
and belt filter press. Ferrous sulphate, ferric chloride, alum salts are the most opted
chemicals here, and are often finalized by parameters like sludge characteristics,
efficiency, price and requirements for final treatment of sludge. Compounds
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(chemical) employed for refrigeration refrigerators improve the process of filtering
and dewatering the sludge.

The method of ‘coagulation’ process is completed in two parts (i) neutralization
of the particle charge and (ii) binding of individual particles to the floc structure
(Turovskiy and Mathai 2006). Unstable particles in the sludge are easily paired to the
charged particles on high molecular weight flocculants, therefore improving the
whole process of flocculation. This results in production of flocs, which ultimately
releases water content form the sludge and hence desired dewatering is achieved.

3.4 Sewage Sludge Disposal

Post efficient dewatering of the sludge, burying in landfills or use as a fertilizer
(as per the compound composition) can be done. If the sludge is toxic in nature, it is
always sent for incineration and hence converted to ash (Chen et al. 2012; Werther
and Ogada 1999). To choose for best suitable option for sludge treatment, some
points to be considered include sewage origin, sewage to sludge reduction process,
recovery of significant by-products. Such evaluations are best to optimize the
treatment and prove to be cost-efficient.

Sewage sludge disposal via ‘Landfill’: A landfill, which is also referred to as
‘sanitary landfill’, is a site designed for proper disposal of sludge, which later causes
no harm to the environment or to human health. The landfill set-ups have provisions
of compiling wastes in compact beds by reducing their volume and the liquid and
gaseous effluents are continuously monitored throughout the process (Yoshida et al.
2013; Chen et al. 2012; Werther and Ogada 1999). Along with municipal solid
wastes, fecal sludge is also subjected to landfills because of its reliable operating
standards. A standard, well-maintained landfill is always a better and preferable
option in comparison to the open dump sites, but the best set-ups also face the
problem of leakage after being piled up for many years. Hence, its always
recommended to dispose sludge which is not expected to be reused further.
Preventing waste remains a priority in the first place to solve current waste problems.
Separation and reuse of different types of waste is much more sustainable. A
standard landfill setup is basically a pit with a bottom that is seal-protected (for
precluding possibility of contamination caused by groundwater) and the waste is
inhumed in layers that are tightly packed together and covered (Harvey et al. 2002).
Advances landfills utilize liner system at the bottom as well as on sides, a leachate
remotion setup that even comprises of monitoring the groundwater, extracting gas
and capping system. Planning the total capacity and site selection is based on the
environmental risk assessment study (UNEP 2002). Proper supplement of nutrients
and recirculation of leachate enable optimum bioreactor landfill processing (Reinhart
et al. 2002). Options also include use of aerobic or anaerobic bioreactor landfills,
where the techniques may accelerate biological transformation of organic contents,
promoting microbial degradation of wastes and production of biogas. Waste mass
should be timely supplied with pure form of liquids to keep the moisture level at
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35-45% (water by weight), because moisture content is the most essential factor to
enhance waste decomposition. Added liquids can be procured from: landfill leachate
recovered earlier from the bottom, gas condensate, water, storm-water runoff, as well
as the sludge from wastewater treatment plants (WM 2004).

Sewage sludge disposal via ‘Incineration’: Incineration has been used worldwide
as an attractive disposal method because of its effectiveness in disposing the sludge,
which also provides with some benefits like huge reduction in the final volume of
sludge, thermal deconstruction of toxic contents which are organic in nature, as well
as generation of minimal odor. As compared to mechanical dewatering, incineration
provides up to 10% better results (Fytili and Zabaniotou 2008). The sewage sludge
can be incinerated by two methods: mono-and co-combustion, where mono-
combustion stands out to be much prevalent. Employing multiple-hearth with fluid
bed furnaces have been reported to be the most prevalent technologies, with more
efficiency because of low fuel consumption and emissions (Werle and Wilk 2010).
Higher running costs and the impacts on environment are the major harmful effects
for sludge combustion. Accumulation of heavy metals in ash, as well as the
exhaustion of gasses are the environmental issues generated. The former is resolved
by utilizing incineration ash as raw materials for cement production process during
which the heavy metals get immobilized in cement (Murry et al. 2008).
Co-combusting the sewage sludge with various natural resources (like coal, lignite
or wood) or solid wastes of municipal origin is also an alternative for managing
sewage sludge. In environmental and economic prospects, biosolid co-combustion
technology meet the emission criteria of the Waste Incineration Directive and
provide as essential source of energy, but lack of policy and legal clarity, supply
chain insecurities and immaturity at marketing levels hinder the effectiveness of
co-combustion (Cartmell et al. 2006).

3.5 Composting

Composting of the sewage sludge is aerobic method of stabilizing sewage sludge,
inactivates pathogens and diminishes mass and moisture contents. Figure 6 repre-
sents the basic steps involved in composting (Garg 2009). The dewatered sludge and
bulking agents are mixed for composting. Forced aeration and drying methods lead
to bulk agent recovery, which can be again reused. After proper screening, the final
products are stored and as per qualities are further disposed or sent for utilization in
the market.

Biochemical decomposition of organic matter is the basic procedure for
composting the mass. In an optimum environment, the process of composting is
completed via four standard phases, which are characteristic of individual group of
microorganisms (Moretti et al. 2015; Bien 2014; Bieri and Wystalska 2011). Figure 7
describes various biochemical changes occurring throughout the process. Initial
step is the mesophilic phase where temperature may rise and his may last for
few days. It is followed by intensive decomposing where thermophilic (high-
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Fig. 6 The process of Dewatered Sludge Bulking Agent
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Fig. 7 Potential biochemical steps involved in sludge composting

temperature) phase lasts from som days to few days and temperature may reach up to
60-75 °C. Till such levels, the organic compounds which are biodegradable in
nature get decomposed, leaving behind water, carbon dioxide and ammonia as the
products. Next is the transition phase, which may be referred as composting, and
start from third to fifth weeks and lasts for another 3-5 weeks, with temperature
range of 30—40 °C. By the actions of selected mesophilic bacteria and fungi, hardly
transformable components are decomposed here (like lignin, fat, wax, resins), with a
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noticeable reduction in moisture content. Secondary composting, i.e., the compost
maturation phase results in cooling down of the material with a steady part of the
compost (humus) and an intensive production of the macrofauna. The phase may
take time of several months.

The composting process depends on a number of parameters. Temperature and
reaction are particularly important. Efficiency of composting also depends on micro-
bial strains employed, number of microorganisms, humidity, organic components,
amount of oxygen etc. (Som et al. 2009; Bien 2015). The organic compounds are
transformed in forms which can later be utilized as fertilizers, for structural
reforming, reprocessing materials etc. The soil’s physico-chemical properties,
which include moisture, air as well as nutrients, are also positively altered by
addition of compost, ultimately nourishing the growth of microbiome present in
the soil, hence increasing the soil’s biological life and the process of soil-forming.
The composting process carried out at high temperatures assure the safety of
compost in sanitary conditions (Tomati et al. 2010; Som et al. 2009; Eggen and
Vethe 2001).

3.6 Advanced Biological Treatments

To achieve higher levels of final outcomes, advancements are proposed and
employed in all the technologies worldwide. Minimization technologies can usually
sum-up sewage sludge production by three distinct processes: (i) to adopt a ‘water
line process’ which decreases over-all production of sludge; (ii) to reduce moisture
content (by dewatering methodology) or (iii) to reduce contents of volatile compo-
nents by stabilization. Depending upon the desired products, as well as having a
stable economic back-up allows to choose the latest, and most efficient technical
process. Not just the direct advantages and disadvantages (like sewage sludge
production) should be considered, but also the indirect (like several other concerns
related to WWTPs) should be taken into account.

3.6.1 Membrane Bioreactor (MBR)

The term membrane bioreactor (MBR) refers to a cordinated method comprising
activated sludge process and filteration of sludge by membrane (Oh et al. 2012;
Le-Clech et al. 2006; Chang et al. 2002). As soon the ultrafiltartion and
microfiltration membranes were commercialized, late 1960s welcomed the set-up
of MBR. A combined set-up of activated sludge bioreactor and cross-flow mem-
brane filtration loop was first propsed by Dorr-Olivier Inc. which employed plymeric
flat sheet membranes (of pore size ranging from 0.003-0.01pm). A major change
was introduced with employing submerged membranes in bioreactor (Yamamoto
et al. 1989). Earlier, MBRs were created with a separator placed outside the reactor
(side stream MBR) which were dependent on high transmembrane pressure (TMP)
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or maintaining membrane filtration directly immersed in the bioreactor. A sub-
merged MBR systems is generally choosen for the treatment of domestic wastewater
(Berube 2010). The submerged configuration procures aeration of coarse bubbles
which enables intermixing and decreases foul generation. For this set-up, aeration is
the most significant feature for both hydraulic and biological process performance
(Deowan et al. 2015). A proper aeration system is essential for proper suspension of
solid contents, scrubbing of the membrabe surface and maintains excellent supply of
oxygen to the biomass, hence enhances biodegradability and cell synthesis. Anaer-
obic oranoxic compartments must be intorduced to the systems for the removal of
biological nutrients (Cote et al. 1998). The popularity of MBR technology over
conventional processes is because high quality effluent is yielded consistently,
international stringent discharge norms are followed, hydraulic and sludge retention
time are controlled individually, COD is reduced and significant processes like
nitrification, reduced sludge production, process intensification through high Bio-
mass concentration with MLSS (Mixed Liquor Suspended Solids) over
8000-10,000 ppm, ability to treat high strength wastewater and reduction in post
disinfection requirements.

3.6.2 Aerobic Granular Sludge Systems (AGS)

Aerobic granular sludge (AGS) refers to an exclusive microbial community that
permits paralle remotion of pollutants ith C, N, P and also various other pollutants
via a single sludge system. In chmical, physical and microbial characters, the AGS
differs from activated sludge and it also proffers a cocised and cost-effective
treatment for the removal of oxidized and reduced wastewater contaminants. AGS
batch sequencing reactors are uilized for treating abattoirs, live materials, rubber,
landfill leachate, dairy, breweries, textiles, sewage treatment and other effluents. But,
installation procedure for AGS is time consuming when it has to be utilized for
treating low-strength wastewater like sewage. Overall woking of AGS can be
fastened with higher volumetric flow thorugh shorter cycles as well as mixing
sewage with industrial wastewater, to uplift the formation of AGS for treating
low-strength sewage (Nancharaiah and Reddy 2018). For the development
of AGS, batch sequencing reactors are operated with a small sequencing time of
2-10 min (Adav et al. 2008). Wang et al. (2006) concluded that the formation of
AGS was faster in reactors which had an exchange rate as high as 20 to 80%.

3.6.3 Biological Predation

The term biological predation can be defined as the system comprising higher
organisms, like protozoa and metazoan with excess sludge (Atay and Akbal 2016;
Semblante et al. 2014), which may be employed with water and in-line with the
sludge. Procurement in the water line demands a two-stage system where the initial
system has to have a minimum hydraulic retention time (HRT) to favor spread of
quickly growing bacteria for treatment of wastewater, while the other one has to have
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an extended SRT in to favor the optimum growth of predators; (Foladori et al. 2010;
Wei et al. 2003). Many researchers have worked on various applications of the
sludge to treatment line and found that metazoan (especially worms and larvae) tend
to be much favorable than protozoan. Eiseniafoetida and Hermetiaillucens are the
most popularly employed, e.g., Kalovda and Borkovcova (2013) wused
Hermetiaillucens to reduce the release of primary and secondary sewage sludge
and after a treatment of 35 days, wet weight was reduced by 16%.

4 Thermo-Chemical Treatments

Different types of thermo-chemical treatment technologies are available viz.,
liquification; pyrolysis; gasification and wet oxidation. To carry out the process of
combustion, gasification and pyrolysis, it becomes mandatory to remove moisture,
else the sludge has to be dried prior, in contrary, the sludge can be directly treated by
the process of liquification and wet oxidation (Singh et al. 2020; Syed-Hassan et al.
2017). Pyrolysis and liquification methods can convert organic components into
bio-oil (crude), whereas gasification is known to produce the syngas (Gao et al.
2020). Wet-oxidation is not capable to generate any kind of bio-fuels. All the
aforesaid techniques will be briefly explained in the subsequent sections:

4.1 Pyrolysis

Pyrolysis refers to the ‘thermal degradation of biomass’ for converting it into solid
(charcoal-like), liquid (bio-oil) and/or gaseous products (hydrogen, methane, carbon
monoxide etc.), conducted under anoxic conditions at higher temperature (ranging
between 400—-1000 °C) and in an inert environment with anaerobic/very low oxygen
conditions (Zhang et al. 2010; Mills et al. 2014). Initial steps in pyrolysis aim at filter
pressing the raw material to bring down the water content and hence the dry mass is
30%. This thickened sludge is later dried and pyrolyzed, generating the final
products which vary as per the different temperatures used while pyrolysis (Hospido
et al. 2005). For example, the flowchart (Fig. 8) depicts how dewatered sludge is
processed to achieve the production of adsorbents (Spinosa et al. 2011). For decades,
the process of pyrolysis is followed for converting wood into charcoal and this
demands very slow reaction at low temperature for maximum yield of charcoal.
Other types of biomass such as straw can also be decomposed to produce char like
residue. The sludge is first dewatered and dried, which releases exhaust gases. This
exhausted gas requires proper handling and management. The dried sludge, after
pyrolysis and disintegration is finally transformed into adsorbent, which has various
applications and uses.

The generation and distribution of products of pyrolysis is generally affected by
few properties of sewage sludge (viz., presence of volatile content, moisture and
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Fig. 8 Sludge pyrolysis to Dewatering
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ash). As volatile matter elevates, it further upgrades the yield of gas and oil, along
with reducing char generation (Wang et al. 2008). Products obtained at the end of the
process are solid char-like residues, water, soluble organic components, various
insoluble organic components and gaseous products like hydrogen, carbon monox-
ide, carbon dioxide, nitrogen and methane. Final outcomes of pyrolysis treatments
can be of three varieties, depending upon the treatment-type: (i) one variant is the
‘biochar’ obtained by employing thermal degradation of sewage sludge, (ii) second
is ‘syngas’ and ‘bio-oil’, (iii) production of final compounds as per the
thermogravimetric analysis and reaction kinetics (Bonfiglioli et al. 2014). Whatever
the desired final products and the chosen methods are, the outcomes are exclusively
dependent on pyrolysis temperature, heating rate, dwell rate, atmospheric gases,
pressure and raw-material (Fan et al. 2016). Undoubtedly, it has been considered that
pyrolysis of sewage sludge has numerous advantages over other conventional
methods such as incineration in terms of economy, recovery and with respect to
controlling the emission of heavy metals as well. But overall efficiency of this
method gets affected is water (moisture) is present.

Various advantages of pyrolysis are: (i) Annihilation of pathogenic microorgan-
isms, (ii) Production of bio-char which is capable of enhancing concentrations of
valuable nutrients for plant growth (like potassium, nitrogen, phosphorous, calcium,
magnesium etc.) (Liu et al. 2014), (iii) Treatment conditions like temperature and
resident time can be manipulated to optimize products (Bruun et al. 2012),
(iv) Production of oil, char and gas certifies pyrolysis as a zero-waste process,
hence minimizing environmental wastes, (v) The process employs both raw and
digested sludge, (vi) The large-scale plants opting pyrolysis are economically
feasible, (vii) Pyrolysis has proved to be economic and energy-efficient drying
technique (Oladejo et al. 2019). But there are also some drawbacksassociated with
the process of pyrolysis: (i) Elevated concentrations of heavy metals in soil,
restricting its applications in agriculture (Liu et al. 2014), (ii) The whole process is
complex and sludge with high water content demands compulsive dewatering, (iii)
Expensive downstream treatment is necessary for disposal, reuse and storage of char,
which demands high capital (Oladejo et al. 2019).
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4.2 Hydrothermal Liquefaction

Hydrothermal liquefaction refers to ‘low temperature with high pressure’ conversion
of biomass into small fragments with water and without any solvent or catalyst. The
small reactive and unstable fragments can convert to a variety of oil like components
through the process of re-polymerization. The transition of sludge powder from
paper and pulp in the form of liquid oil by direct liquification at temperatures
200-400 °C was investigated by Xu and Lancaster (2008). Ambulant heavy metals
can be easily transmuted in steady states after liquefaction, e.g. acid soluble/
exchangeable and reducible contents can be converted into oxidizable and residual
contents (Yuan et al. 2011; Pan 2010; Pan et al. 2009). Moreover, Li et al. (2010)
removed moisture from sewage sludge and liquefied the powdered sludge in ethanol/
water mixtures at different temperatures (250-400 °C) with and without the addition
of catalysts. The results obtained from this study provide a promising hope to
recover energy from sewage sludge in future. Figure 9 depicts the general outline
of liquefaction procedure (Xu and Lancaster 2008). After liquefaction, the dried
sludge produces some liquid products, which are filtered and divided on the basis of
their solubility in water. The component that is soluble in water can be evaporated
and finally some oil is recovered. Whereas, in case of water insoluble components,
extraction is done with acetone, prior to filtration. After filtration, fractions of
acetone-soluble and acetone-insoluble components are received. The acetone

Dry Sludge
Liquefaction

Liquid products

Filtration
Water Soluble Components Water Insoluble Components
Evaporation Extraction with Acetone
Water Soluble Oil Filtration

Acetone Soluble Components  Acetone Insoluble Components

|

Evaporation Drying
Heavy Oil Char (Solid Residues)

Fig. 9 Product recovery by liquefaction (Source: Xu and Lancaster 2008)
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soluble components yield heavy oils after evaporation. Acetone insoluble compo-
nents yield char after drying.

Advantages of the method include: (i) a major advantage of liquefaction process
has been documented by Yuan et al. (2011) which records subjugated percolation of
harmful heavy metals; (ii) the process is also economically feasible. But there are
some drawbacks also: (i) Leng et al. (2014) have reported that higher liquefaction
temperature elevates the contents of heavy metals in bio-oils; (ii) Liquefaction
solvents are also able to regulate heavy metal dispersion in bio-oil as well as
bio-char. Their study concluded that liquefaction with acetone can yield greener
products under low temperatures.

4.3 Gasification

The method of gasification demands high temperature and pressure to process the
biomass into combustible gaseous products in the presence of slighter amount of
oxygen. Syngas is procured as gasification’s major outcome, which is basically a
type of bioenergy. It can also be utilized in the form of a natural gas substitute or may
be as a raw material to procure hydrogen and synthesize chemical (Zhang et al.
2014). Now-a-days, aerobic and thermal gasification are world-wide employed
treatment methods since the expenses and hazards associated with oxygen storage
and use as well can be avoided. In context of thermos-chemical characters, the
process of combustion, as well as gasification are similar, whereas pyrolysis may
be a precursor to both the processes (Furness et al. 2000). The gasification is
considered as a rate limiting step while pyrolysis occurs in a rapid manner. The
process of gasification comprises of the following steps: drying of the sludge,
pyrolysis (i.e. thermal decomposition), partial combustion of some gases, vapors
and char, and final gasification of decomposition outcomes. Steam, air or oxygen are
required to provide a gasification medium, which helps rearranging raw material’s
molecular structure. Some basic reactions which happen though the process of
gasification include boudouard, water gas (primary and secondary), methanation,
water gas shifting, steam reforming and dry reforming reactions (Buckley and
Schwarz 2003). Being an alternative method of thermal treatment of sludge, gasifi-
cation was opted by Werle and Dudziak (2014) to record the effects of various ways
to treat wastewater and dry the sewage sludge, on the gas parameters of gasification.
They recorded that the sources of wastewater and the process employed to treat
wastewater had noticeable effects on sewage sludge properties. Sewage sludge with
bigger oxygen required lower reaction temperatures, whereas, sewage sludge with
higher contents of hydrogen had direct impact on the gas contents of gasification.
They concluded that the operational parameters for gasification of sewage sludge
significantly effects the profile of gasifier temperature and composition of syngas).
Figure 10 depicts the steps involved in production of ceramsite by gasification of
sludge (Spinosa et al. 2011). Selected agents are added in the dewatered sludge,
which is later dried. Drying requires energy and produces some exhaust gases, which
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Fig. 10 Sludge gasification Dewatered Sludge
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have to be handled carefully. These dried fractions finally yield ceramsite after
gasification.

Advantages of gasification are: (i) the process is highly energy efficient, (ii) it is a
major way of liquid fuel and chemical production from syngas, (iii) waste produced
is minimal, (iv) lower emission and release of heavy metals, (v) large-scale plants are
economic. Major drawbacks of the process can be listed as: (i) drying is compulsory
if sludge has more than 30% moisture, (ii) reactions are complex and the technology
are still not much optimized, (iii) exhaustion of organic pollutants, (iv) formation of
toxic pollutants (Oladejo et al. 2019).

4.4 Wet Oxidation

Also known as ‘wet air oxidation’, this method refers to oxidation of in-organic as
well as organic components in liquid phase. Wet air oxidation is known as thermo-
chemical treatment methodology which is being used for treating wastewater flow
from pharmaceutical as well as petrochemical industries (Lundin et al. 2004). Major
parameters of the process are temperature, pressure, air supply and concentrations of
solids which must be thoroughly monitored (Luduvice and Fernandes 2007). During
this process, the carbon compounds of organic origin get oxidized to form carbon
dioxide and into several organic compounds of lower molecular mass, at temperature
(200-350 °C) and pressure (1-15Mpa). Since the process of wet oxidation requires
an aqueous phase, higher pressure as well as temperature tend to be mandatory for
enhancing oxygen solubility in water. Wet oxidation process cannot mineralize the
biomass fully, because of the presence of soluble organic components (propionic and
acetic acid) (Syed-Hassan et al. 2017). Hence, further treatment by employing
biological methods is required in some cases. The flowchart (Fig. 11) depicts the
steps involved in the process of wet air oxidation (Foladori et al. 2010). The sludge is
first introduced to high levels of pressure for heavy recovery. This heat can be used
in reactor, or can be cooled down and sludge sent to separator for obtaining gas and
liquid products.
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Fig. 11 Wet air oxidation Sludge
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Advantages of following the process of wet air oxidation include: (i) use of
phosphate and coagulants decreases sludge volume and yields >90% energy recov-
ery (Stendahl and Jafverstrom 2004); (ii) various chemicals can be procured from the
carbon-rich effluent recovered via wet oxidation method (Hii et al. 2014); (iii) no
harmful by-products and the wastes produced are inert (Tungler et al. 2015). But,
there are also few drawbacks of the method: (i) costly in terms of energy utilization
and operation and maintenance requirements (Tyagi and Lo 2011); (ii) the process
leads to corrosion of heat exchangers and reactors (Weemaes and Verstraete 1998);
(iii) it demands advanced and costly construction material (Foladori et al. 2010).

5 Conclusion

Increasing human population and urbanization from last few decades have been
slowly affecting the environment. This all has gradually led to the generation of
pollutants in bulk, which demand for specialized technologies to transform them into
harmless and/or reusable forms. Wastewater and the sludge generated, is one such
problem. Proper treatment of the sludge, which emits the least harmful by-products,
and ends up with production of safely disposal and/or reusable outputs is the need of
hour. Various conventional methods are getting meliorated and new techniques are
designed to resolve this problem. With the availability of so many options, waste-
water treatment can be accomplished making smart decision regarding the method
chosen. As per the characteristics and intensity of pollutants, availability of resources
(economic and technical), desired outcomes and time limitations should all be
evaluated to proceed further for the treatment of sludge. Also, its impact on the
environment, like energy input, energy output, disposal of by-products needs to be
examined thoroughly. Consideration of these parameters results in a clever decision
for sludge treatment and disposal, without harming nature.
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1 Introduction

Modern Agriculture aims mostly to increase food production to fulfill the require-
ment of increasing global population (Ramankutty et al. 2018), forcing the scientific
community to adopt a high external input-based agricultural (HEIA) system
(Abdulai and Kuhlgatz 2012; Hammoudi and Hamza 2015). Although initially,
HEIA hiked global food productivity, swelling the food reserves in different coun-
tries, this has not lasted for an extended period (Mohajan 2013; Mekonnen and
Leenes 2020). The unprecedented use of chemical fertilizers for the last few decades
has plunged into various agricultural issues (Chandio et al. 2015). Consequently,
polluting soil, water, and air, thus ensuing degradation of quality and quantity of the
produce (Chakraborty et al. 2013). Now, it is high time to adopt an alternative
technology that can supplement nutrients to some extent and thus reducing the
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dependency on chemical inputs (Savci 2012). Due to advances in technology and
rapid industrialization, the quantity of sewage and sludge generated has been
increasing dramatically (Muazu et al. 2017). Besides, its disposal and efficient
management is a serious global concern (Usman et al. 2012). On the other side,
the growing worry for fertilizer availability in the future emphasized the reclamation
of nutrients from sewage to agriculture (Shaddel et al. 2019). In general, water
content in human urine ranges between 90-95% in addition to some inorganic and
organic salts (Shingiro et al. 2019). Human faeces consist of around three fourth
water by weight and the rest one-fourth of solid material which usually consists of
carbon (13%), nitrogen (14-18%) phosphorus (3.7%), and potassium (3.7%),
respectively. Besides, many researchers focussed on human urine containing
majorly N and constituting>50% P and K in human excreta, though faeces are
rich in carbon in addition to P and K (Jensen et al. 2008). Since, animals and human
being uptake nutrient-rich crops and consequently resulting in nutrient rich waste
expected to be recovered through digestion (Jedrejek et al. 2016). Further, the
quantity of nutrients supplied depends directly on the food intake and digestibility
of the food regulates its segmentation between urine and faeces (Noziere et al. 2010;
Broderick 2018).

The liquid fraction of raw sewage is called effluent or sewage, while the solid
fraction is called sludge (Alrawashdeh et al. 2017). High organic matter and nutrient
concentration in sewage waters widened its scope for using in agriculture and
forestry for vegetation production as a fertilizer (Marinho et al. 2014). High organic
matter content in the sewage and sludge improves the physicochemical and biolog-
ical properties of the soil resulting in improved water holding capacity and soil
aeration (Usman et al. 2012). However, the presence of heavy metals and pathogen
contamination in the sludge restricted its application as a fertilizer (Behbahaninia
et al. 2010). Raw sewage contains organic matter and heavy metals consisting of
partly solution and suspension (Zhou et al. 2017). The heavy metal content in sludge
ranges from 0.5-2% which is released into the soil upon decomposition of sludge
(Elloumi et al. 2016). Landfilling with sludge without proper decontamination
ultimately adds up heavy metals in the soil which ultimately may enter into the
human food chain resulting in several chronic health issues (Adelekan and
Abegunde 2011).

Keeping this in view, this chapter highlighted different nutrient recovery tech-
nologies available for the harmless utilization of sewage and sludge in agriculture
with a goal to present the material accessible to different relevant fields. The focus of
the chapter is on addressing the opportunities available through sewage and sludge
management as a whole and point out the literature that narrated the detailed
technologies.
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2 Nutrient Recovery

There is a wide variation in use of sewage and sludge in different countries. In
general, sewage sludge is comprised of all three primary nutrients, namely, nitrogen
(N), phosphorus (P) and potassium (K). Dependence of chemical nutrient inputs is
not a sustainable practice for crop production. For instance, the chemical P-fertilizers
require raw materials from geological sources and over time these will be exhausted.
Therefore, there is a need to look into the availability of nutrients from alternative
sources and sewage sludge can be exploited for the purpose (Kabbe 2019). But, the
presence of pollutants is restricting the direct use of sewage and sludge and that
further warrants suitable technologies for proper recovery of nutrients from wastes.
Nutrient recovery from sewage or sludge usually depends on the nutrient concen-
tration in sewage/sludge (Kirchmann et al. 2016). As a known fact, nutrient concen-
tration in sewage/sludge is comparably lower than synthetic inorganic fertilizers
(Kominko et al. 2017). Nutrient recovery technologies usually cover three important
steps, namely, technologies aiming at the accumulation of nutrients, the release of
nutrients, and its extraction (Fig. 1).

2.1 Nutrients Accumulation

Nutrients accumulation is a key step in the recovery of nutrients from sewage sludge.
Technologies involved in nutrient accumulation basically aims at sequestering
nutrients from the sewage water, this, in turn, attributes towards a higher rate of
recovery. Under this subheading, the role of different physicochemical and biolog-
ical techniques viz., prokaryotic organisms, chemical precipitants, ion exchange,
algae accumulation, plant accumulation, magnetic filtration and magnetic separation
in nutrient accumulation have been highlighted and the mechanisms of these tech-
niques have been discussed.

2.1.1 Prokaryotic Organisms in Nutrients Accumulation

The process of using prokaryotic bacteria for a potential accumulation of nutrients is
called as prokaryotic accumulation (Yahya et al. 2019). Purple non-sulphur bacteria,
polyphosphate accumulating bacteria and blue-green algae (BGA) are most widely
used in nutrient accumulation. Among these, the role of polyphosphate accumulating
organism (PAO) is widely gaining importance during recent years. In general, PAOs
uptake phosphorus from the sewage more than their metabolic requirement giving
them a competitive advantage over other microbes but for their survival, PAOs
usually require both aerobic and anaerobic environments alternatively (Fernando
et al. 2019). Further, this accumulation of phosphorus can be enhanced by preferring
the use of organisms based on their carbon source, thereby stressing the use of such
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PAOs having volatile fatty acid as a carbon source over others, respectively (Liu
et al. 2018). Similarly, the blue-green algae are reported to have the luxury in
consumption of nitrogen from the sewage water accompanied by little amounts of
phosphorus resulting in enhanced accumulation of primary nutrients which may
release upon the further treatment, while purple nonsulphur bacteria is known to
accumulate nutrients from sewage, but it also uptakes heavy metal in addition; hence
raising serious concern during its recovery and usually less preferred.
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2.1.2 Chemical Precipitants in Nutrient Accumulation

Accumulation of nutrients using chemical precipitants is an emerging technology in
sewage water treatment. The soluble nutrients are sequestered as precipitates upon
reacting with the chemical precipitants based on the principle of coagulation or
flocculation (Wang et al. 2009; Achak et al. 2019). The process includes adsorption
of soluble nutrients in the sewage water especially, either N or P as precipitates upon
adsorption on to the colloids those are further separated in a clarifier. Besides, these
chemical accumulations will also remove a significant amount of organic matter and
other disease-causing organisms (Behbahaninia et al. 2010; Myint et al. 2010).

Aluminum and iron are two precipitants popularly used in the nutrient recovery
from the wastewater (Peto 2010). Besides, the coagulant selection depends on the pH
in the treatment plant and in general, a pH range of 6-8 is preferred for facilitating
efficient functioning of the treatment plant (Kurniawan et al. 2020). On the other
hand, this technique also controls the enhanced accumulation of P and N compounds
in the water which would otherwise result in eutrophication, consequently protecting
their adverse impact on the environment (Glibert 2017).

2.1.3 TIon Exchange in Nutrient Accumulation

This is a mass transfer process wherein the soluble nutrients of nitrogen, phosphorus
and potassium present in the sewage waters are accumulated by the sorbents based
on its selective preference, nutrient diffusivity, and distribution of pore size (Sanjurjo
et al. 2014). In this process, the absorbing material is called sorbent while the
substance that is being absorbed by the sorbent is called as absorbate (Dahri et al.
2019). The Ion exchange usually occurs at the exchange site of two phases (Bilandi
and Mishra 2013).

Recently, there are several adsorbents available like an almond shell, citric acid,
sawdust, charcoal etc. (Ranga and Sanghvi 2015). Among these, the use of activated
charcoal is very much effective in nature (Urbanowska and Korbutowicz 2017). The
porous nature of activated charcoal is attributed for its enhanced adsorption of the
substance from sewage water. The large-sized particles are adsorbed by macro and
mesopores while the small-sized particles are adsorbed by micropores of the char-
coal (Wang et al. 2019). Nutrient solubility is directly linked to the adsorption
capacity of the sorbent. More the nutrient solubility more will be the sorbent
accumulation, but it depends on the nutrient concentration, solubility and its
pH. At low pH condition, most of the nutrients are easily soluble, hence, marks
enhanced ion exchange. Similarly, solid particle in the sewage water streams should
be very low to attain higher efficiency of nutrient accumulation through ion
exchange. Sorbents made of zirconium + orange waste gel reported to accumulate
57 g of phosphorus per kg of sorbent and thereby considered to be the sorbent with
maximum loading capacity (Neina 2019; Ngah and Hanafiah 2008). In addition, this
technology is viewed as a low-cost alternative and minimum energy involving
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strategy wherein biofouling using chemicals is sufficient to recover nutrients accu-
mulated over the sorbent (Ma et al. 2020).

2.1.4 Algae in Nutrient Accumulation

Now-a-days, algae are gaining importance in sewage water treatment because of
their realized ability to accrue nutrients, toxic substances, heavy metals etc. (Sen
et al. 2014). Furthermore, due to this innate potential of algae and their faster growth
rate; use of algae in treating wastewaters is viewed as a significant alternative to
other technologies which are complex and expensive in nature (Lavrinovics and
Juhna 2017). The amount and form of nutrient accumulated by algae mostly depend
on the factors influencing the algal growth and development such as light intensity,
pH, temperature, nutrient concentration in the effluent solution and so on (Juneja
et al. 2013; Solmaz and Isik 2019).

The process involves enhanced absorption of the nutrients by algae from sewage
water streams resulting in rapid algal growth with accumulated nutrients and con-
sequently, promoting the build-up of algal biomass (Mahapatra et al. 2013). In
addition, adsorption and precipitation are also involved in enhancing the nutrient
recovery and accumulation by algae (Ahmed et al. 2020). Sewage treatment plants
usually include three stages of treatments to remove heavy and toxic metals, thus can
be used safely in agriculture as nitrogen or phosphorus supplement (Kipigroch
2018). Since the accumulation of toxic and heavy metals if allowed besides hinder-
ing the crop growth it may also enter the food chain and may cause a variety of
ailments (Afshan et al. 2014). However, recent findings reported the ability of algae
in accumulating toxic substances in their cell vacuoles and helped in cleaning the
sewage water and thus making it utilizable (Jamuna and Noorjahan 2009).

In general, algae prefer a pH range between of 7 to 8 with an optimum temper-
ature of about 16 to 30 °C (Aragaw and Asmare 2017). The favourable condition in
the wastewater helps the algae to bloom and cover the area faster ensuring higher
biomass and thus contributing towards improved carbon dioxide sequestration
besides nutrient accumulation (Packer 2009). However, due to small-sized cell in
algae, it is questionable on the recovery of accumulated nutrients, but in this case,
advantages are dominating than the negatives associated and thus considered as a
beneficial process (Mehta and Gaur 2008).

2.1.5 Plant Species in Nutrient Accumulation

Nutrient uptake by plant is a process that involves accumulation of nutrients and
elimination of toxic, heavy metals and several pollutants from the sewage/ waste-
water and accrual of the same in their woody cell bodies aiming to purify the entire
stream which can later be used for fertigation in agriculture (Mbangi et al. 2018).
This method is usually practiced in the areas dominated by wetlands where the freely
floating plants accumulate more nutrients from water-logged soil. Besides, trees can
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also be successfully grown in these areas might also uptake volatile pollutants from
the sewage water which may eject out from the leaves of the plant (Pavlineri et al.
2017; Nasr et al. 2018). These nutrients if not removed by the plant might be
subjected to several losses. Even these toxic and heavy metal could leach into the
groundwater, ultimately polluting the aquatic water bodies (Essien et al. 2010).
However, the efficiency of the nutrients accumulated to large extent depends on
the plant biology, nutrient concentration in the sewage, temperature, pH and avail-
able dissolved oxygen (Sewwandi et al. 2010). The major concern with this practice
is management since it would only be a successful approach if the harvesting is done
at a regular interval (Soti et al. 2015). These harvested plants can directly use as a
fertilizer in the agricultural crop field and thus ensuring recovery of nutrients.

2.1.6 Membrane Filtration in Nutrient Accumulation

Membranes include any material that acts as a barrier between any two phases and
allows and restricts the movement of materials depending on the selective nature of
the membrane (Cozmuta et al. 2007). Most widely applied membrane processes
involved in the treatment of sewage are microfiltration, ultrafiltration, nano-filtration
and reverse osmosis those separate different constituents in the wastewater based on
size (Wang et al. 2011).

Microfiltration is a process that provides a barrier to suspended particulate matter
of >0.1 micrometres in the sewage which is practiced efficiently subjected to a
pressure of <2 bars (Gkotsis et al. 2014; Zouch et al. 2019). Ultrafiltration through
specific membranes is practiced with a recommended pore size ranging from 100 to
2 nm under the influence of pressure (Polyakova and Zydney 2013). Nano-filtration
includes membrane filters with a pore size from 1 to 2 nm and small-sized pores and
a moderate pressure of 3 to 20 bars is essential for the process. Similarly, reverse
osmosis involves some membranes with <1 nm due to further reduction in the pore
size and it is usually operated under higher pressure of approximately 80 bars (Fang
and Duranceau 2013). The features of different membrane processes have been
presented in the following table (Table 1). Moreover, microfiltration and ultrafiltra-
tion segregate the particulates more than 0.1 micrometre while nano-filtration and
reverse osmosis are generally used in segregating soluble particulate matter
(Marzban et al. 2016). Passage of pre-treated sewage water through a membrane
facilitates capturing of nutrients onto the surface of the membrane besides reducing

Table 1 Features of different membrane processes

Membrane process Pressure required Average permeability
Micro-filtration 1-3 500

Ultra-filtration 1 150

Nano-filtration 3 to 20 bars 10-20

Reverse Osmosis >80 bars 5-10

Source: Adnan et al. (2009), Roy and Ragunath (2018)
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the flow velocity directly influencing pH of the filtered water thus making it ready to
use for irrigation (Dvorak et al. 2015; Shon et al. 2013).

The major issue reported with this membrane separation is subsequent retention
of pathogens, heavy metals and salts limiting its direct use of concentrated nutrient
mixture captured on the membrane surface (Chiama and Sarbatly 2011) which
indeed, rising the involved energy costs and minimizing the membrane sustainability
(Gude et al. 2011; Roy and Ragunath 2018). Comparatively, retention of pathogens
on the membrane is higher while others may pass through the filter to some extent
(Hava et al. 2008).

2.1.7 Magnetic Separation in Nutrient Accumulation

The magnetic separation method has been employed in sewage treatment based on
its principle to separate unwanted particles having magnetic properties (Baresel et al.
2019). Sewage water gets contaminated with heavy metals as a result of rapid
industrialization and that is one of the major issues harming the environment at an
alarming rate (Saha and Paul 2016). Initially, this process includes adsorption of
nutrients soluble in sewage water onto the surface of the carrier materials with
magnetic properties (Zaidi et al. 2014; Akhter et al. 2018). Besides, it also helps in
separating nonmagnetic particles and thus contributing to nutrient recovery (Naidu
et al. 2020). In this regard, soluble nutrients present in the sewage water when
exposed to a carrier material having magnetic properties, consequently adsorbs and
retains the nutrients over it which can be recovered upon exposure to the high
magnetic gradient of magnetic separators (Qi et al. 2017). Further, those accumu-
lated or adsorbed nutrients on the surface of magnetic carriers can be recovered
efficiently by passing it through high gradient magnetic separators (Issa et al. 2013).
The nutrients are adhered to the magnetic field due to inherent property of the carrier
where they are captured and efficiency of this method lies on the strength of nutrients
with which they have adhered to the magnetic field and counteract hydrodynamic
forces acting on magnetic particles (Alwani et al. 2016; Piano et al. 2019).

In general, materials like magnetite, carbonyl iron, zirconium ferrate, and iron
oxide with magnetic properties are used as a carrier in this method and the magnetic
field is usually based on the principle of electromagnetism (Aisida et al. 2019;
Kinsler 2020). Furthermore, these high gradient magnetic separators depend mainly
on the magnetic field generated by the flow of electricity thus forming a magnetic
field perpendicular to the flow of electric current (Schoeffler et al. 2013). Thus, using
this phenomenon, charged nutrients were sequestered from the sewage waters and
strongly coagulated with the magnetic carriers facilitating nutrient recovery upon
subsequent processing (Gurreri et al. 2020) (Fig. 2).

An experiment conducted in Tokyo to reduce contamination of water bodies with
sewage rich in phosphorus adoption of high gradient magnetic separation (HGMS)
technology using zirconium ferrite gained popularity. Zirconium ferrite is a good
adsorbent of phosphate ions due to its ability to retain and high affinity for phosphate
ions (Afroz et al. 2014; Ghasemian et al. 2015). These, upon exposure to the
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Fig. 2 Nutrient accumulation using magnetic separators

superconducting magnet, potentially sequester phosphorus which is recycled by
washing the zirconium ferrite with sodium hydroxide solutions (Aigbe et al. 2017).

2.2 Nutrient Release

Nutrient release is the second step of nutrient recovery. All the nutrients accumulated
are released by using different technologies. In this section, the role of anaerobic
digestion technology, chemical release technology and bioleaching technology have
been narrated along with mechanisms involved in the nutrient release.

2.2.1 Anaerobic Digestion in Nutrient Release

Anaerobic digestion technology involves decomposition of biodegradable waste
accumulated with nutrients either through plant or algae accumulation (Ahmed
et al. 2019). This process is the most common and widely used which involves
waste stabilization and pathogen destruction and also helps in nutrient recovery
(Wilkinson 2011). Generally, anaerobic digestion results in the conversion of an
organic form of immobilized nutrients to their available forms. The digester is used
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for anaerobic digestion and that varies according to the characteristics of the wastes,
viz., highly soluble solids and less soluble solids (Batstone and Jensen 2011).

The efficiency of anaerobic digestion usually depends on the availability of its
favourable conditions, such as an ideal temperature ranges from 35 to 40 °C with an
optimum pH ranging from 6 to 7. In general, this process completes within 20 to
30 days and the duration actually depends on the characteristics of the waste in
addition to the favourable condition for the operation of this process. The nutrients
released upon digestion usually bind to the digestate’s solid surfaces. Furthermore,
anaerobic digestion improves the soluble phosphorus and nitrogen in the sludge
material (Batstone and Jensen 2011) and for better handling, the dewatering is
practiced resulting in concentrating the sewage water with soluble nutrients and
left-over nutrients can be used as biosolids suitable for application in agriculture (Liu
et al. 2018).

Although the biosolids can be used in various agricultural activities but the
nutrient content within them is low valued while that in the sewage water is having
more analytical value. To improve the further solubilization of nutrients it is essential
to add the complexing agent like ethylene diamine tetra-acetic acid (EDTA) that
works at lower pH and thus reducing the loss of nutrients (Mehta and Damien 2012).
The activated sludge usually rich in phosphorus and when it is combined with
ammonia-rich digestate, further, results in struvite formation that minimizes the
issues aroused during struvite preparation in nutrient extraction.

2.2.2 Thermochemical Stabilization in Nutrient Release

Thermochemical stabilization is one of the nutrient release processes which are
gaining tremendous popularity in sewage sludge management in recent years. This
process includes several primary stage steps, viz., thermal sludge drying, and
incineration and enhanced stage steps, like wet oxidation, aerobic digestion or
gasification and pyrolysis. The processes like pyrolysis, thermal sludge drying,
gasification and incineration involve the principle of evaporation to degrade wastes
with high carbon concentration. This process results in three primary stage products,
namely, char, ash and oil which in turn retains potassium and phosphorus with
limited amounts of nitrogen since a major portion is lost through the gas stream.
Thermal drying is the process which involves heavy use of energy to produce
sufficient heat to evaporate water from the sludge resulting in decrease in volume. To
improve its efficiency in certain cases, the energy requirement during the process is
substituted by the utilization of biogas. Incineration is another process which
involves combustion of sludge resulting in complete oxidation of organic matter
present in the sludge material with some benefits like complete mineralization of
sludge, pathogen-free sludge and odour free end product. Under excess oxygen
concentration and high temperatures above 800 °C incineration and gasification
are adopted while pyrolysis is adopted under restricted supply of oxygen and low
temperatures (Bridle and Pritchard 2004). Similarly, wet oxidation operates at
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medium temperatures and involves thermally regulated degradation, removal of
water through hydrolysis and addition of oxygen (Blocher et al. 2012).

Pyrolysis, liquefaction and gasification are considered to be thermochemical
conversion technologies with several advantages over direct combustion (Thygesen
etal. 2011). During direct combustion, most of the nutrients may vaporise along with
excessive energy availability in the form of heat. Further, the by-products of these
treatments are to be treated with some chloride salts that would help in the segrega-
tion of the heavy metals in the sludge biosolids and thereby vaporised into the air or
removed as ash after converting them into heavy metal chlorides upon treatment.

2.2.3 Bioleaching in Nutrient Release

Bioleaching is a process of solubilizing heavy metals and nutrients present in the
sewage waters through metabolic process undergone within the leaching micro-
organisms. It usually encompasses in catalysing chemical degradation of sulphur
through metabolic activities within iron and sulphur oxidizing organisms (Sannasi
et al. 2010; Emmanuel et al. 2017). Different microbes that are involved in
bioleaching are Sulfobacillus spp., Fusarium spp., Acidithio bacillus spp. and so
on. Pre-requisite for micro-organisms involved in bioleaching is to adapt to extreme
pH conditions and should be capable of the oxidation of iron and sulphur (Khan et al.
2014). In addition, these microbes should also release nutrients. Bioleaching is one
of the cheap techniques among the other nutrient release technologies and an
environmentally friendly approach. Similarly, sulphur-based bioleaching involves
both direct and indirect method to convert into sulphate. In the direct method, the
metal sulphides are directly converted to sulphate under the catalytic influence of any
bioleaching organism. Bioleaching operation also takes place in the absence of
microbes, but the presence of microbes accelerates the process without getting
involved in the actual reaction. Hence, maximum bioleaching occurs when the
most favourable environment for growth and development of the bacteria prevails,
namely, a temperature of 20—40 °C and pH in between 1.0 to 4.5. Moreover, there
should be a favourable climate for rapid solubilization of a metal (Pathak et al. 2009).

2.3 Nutrient Extraction

Nutrient extraction is an alternative fate to the nutrients sequestered from sewage
water. This is the final most important step in nutrient recovery. This section covers
the role of chemical precipitation, ammonia stripping and electro-dialysis technolo-
gies in nutrient extraction and thus facilitating the use of recovered nutrients as an
alternative to the chemical fertilizers in agriculture.
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2.3.1 Chemical Precipitation in Nutrient Extraction

Chemical precipitation is the most common technology used in wastewaters and it
involves the transfer of nutrients present in the sewage waters into crystals or
amorphous form (Shiba and Ntuli 2016). In general, struvite, iron phosphate,
calcium, aluminium etc. are popular chemical precipitates used in the wastewater
treatment (Alvarenga et al. 2017). Supersaturation of the wastewater is a
pre-requisite for nutrient recovery from the sewage water which is usually attained
by regulating temperature, changing pH or through the addition of metal ions.

2.3.2 Gas-Permeable Membranein Nutrient Extraction

The gas-permeable membrane technology basically aims to recover ammonia from
the wastewaters (Kinidi et al. 2018). Further, the gas-permeable membrane is highly
efficient in extracting nitrogen from wastewaters as ammonia (Priya et al. 2018).
Consequently, it acts as a fertilizer supplementing the nitrogen requirement in
agriculture. In this process, the sewage water rich in gaseous ammonia is passed
through tubular microporous hydrophobic membranes surrounded by acidic solution
(Rothrock et al. 2010). Further, upon passage through the tubular hydrophobic
membrane, the ammonia will get vaporized and the volatilized ammonia passing
through the gas-permeable membrane is captured either by condensation or absorbed
within the acidic solution (Bae and Kim 2020).

The extraction of ammonia is more significant from wastewater with high ammo-
nium concentration because of the dependency of this process on the partial pressure
difference between liquid waste and absorbing acidic solution surrounding it
(Herranz et al. 2019). This shows the significant attribution of ammonia concentra-
tion in the waste towards the efficiency of the gas-permeable membrane (Fillingham
et al. 2017). The process is, further, greatly influenced by the temperature and pH
wherein the higher temperature and pH above the optimum would increase the
concentration of free ammonia instead of ammonium ions (Matias and Szogi
2011). This might be due to increased dissociation of ammonium ions into free
ammonia which can easily permeate across the membrane and trapped by the acidic
solution (Li et al. 2017).

The major limitation of this technology is that it is expensive due to the involve-
ment of higher operational costs (Chen et al. 2015). Additionally, the efficient
management of pH and temperature is very crucial which usually covers to the
major percentage of operational costs (Baumann and Fuchs 2012; Kumar et al.
2020). In an experiment conducted ammoniacal nitrogen was extracted successfully
from swine manure using this technology. In hydraulic retention time (HRT) for the
first seven days reported the removal of 79% of total ammoniacal nitrogen (TAN)
while during next five days it has been reported to remove 56% of the TAN.
However, the total nutrient recovery was estimated to be 90% using these semi-
continuous membranes. In this process, ammonia is directly converted into



Emerging Nutrient Recovery Technologies in Sewage Sludge Management 137

ammonium sulphate. It was further reported that dilution of the solution conse-
quently reduced the nitrogen concentration of the final product. An enhancement in
temperature around 3 °C ultimately minimised the osmotic distillation by 34%
resulting in an increase the fertilizer concentration (Berta et al. 2019).

2.3.3 Ammonia Stripping in Nutrient Extraction

Ammonia stripping is the process that encompasses the mass transfer of ammonia
after undergoing physio-chemical processes from the sewage waters into the gaseous
phase (Leite et al. 2013). This process begins feeding the gas stripper with ammonia-
rich slurry (Tasdemir et al. 2020). Usually, the ammonia in the sewage is present in
the form of ammonia gas and ammonium ions. The ratio between ammonium ions
and ammonia gas can be balanced by adjusting the pH in the stripper since with the
increase in pH the ammonium ions concentration falls and results in increased
ammonia emission. The amount of ammonia gas stripped in the stripper is directly
dependent on the concentration of ammonia present in the sewage fed to the stripper
tank. Before feeding the sewage to the stripper the pH of the slurry is increased by
pre-treating the sewage with sodium hydroxide. This enhances the pH of the sewage
effluent and fastens the stripping of ammonia gas in the stripping tank. Further, the
ammonia gas is directed out of the stripping tank into the scrubber tank wherein
ammonia gas is washed using sulphuric acid resulting in the formation of ammonium
sulphate slurry which can be further used as a fertilizer in crop production. In
addition, ammonia stripping involves several issues which include the problem of
fouling, efficient emission of ammonia gas and quantitative production of sludge.

2.3.4 Electrodialysis in Nutrient Extraction

By electrodialysis, nutrient ions are separated from sewage water using anion or
cation exchange membranes in the presence of electric field (Akhter et al. 2018).
Electric field influences the movement of the ions present in the wastewater based on
its charge (Mahmoud et al. 2010) in such a manner that the cations tend to move
towards cathode while the anions incline towards the anode and simultaneously,
these ions are captured using the ion exchange membranes at their respective poles
(Davies and Crooks 2020). In general, the sewage water consists of both dilute and
concentrate which upon activation with electric stimuli it involves the transfer of
ions from dilute into the concentrate as the positively charged ions move towards the
cathode and negatively charged ions towards the anode (Ghernaout et al. 2011;
Tureka et al. 2017).

During this migration they tended to move across the membranes and retained
over the membrane surface, i.e., anion exchange membrane retained cations, while
cation exchange membranes reserved anions (Fig. 3). Meanwhile, to reduce the
damage to these membranes over the long run they were periodically exchanged
such that anode to cathode and vice versa. This exchange process is based on the
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Fig. 3 Process of
electrodialysis

—

principle of dilution resulting in longer sustainability of membranes (Hassanvand
et al. 2017; Jaroszek and Dydo 2015). However, this technology is not suitable if the
concentration of the salt in the sewage water streams is high (Tadimeti et al. 2015;
Ugqab et al. 2017). Since energy involved in reclaiming that membrane from the salt
is more or less same, thus it is quite uneconomical to use electrodialysis (ED) to
recover nutrients from salty sewage water (Ronan et al. 2014). At the same time,
corrosive action of the chlorine ion may also affect the membrane functioning by
clogging of pores thus necessitating its replacement.

3 Conclusion

Scientific management of sewage sludge is essential for making a pollution-free
environment. As the sewage sludge contains nutrients, there is scope for nutrient
recovery from it and using nutrients for agricultural purpose. But the nutrient
recovery methods from sewage sludge are to be adopted based on suitable, econom-
ically beneficial and sustainable strategies matching with the local economy and
geographical aspects. Actually, there is no single technology that can fit unani-
mously to all conditions. The chapter would act as an eye-opener in realizing the
potential of different nutrient recovery technologies from sewage and sludge man-
agement. This additional technological alternative would supplement major nutrient
demand and also focuses on reducing the use of synthetic inputs only if the all the
three steps of nutrient recovery viz., accumulation, release and extraction of nutrients
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if properly integrated. Physical, chemical and biological technologies involved in
nutrient accumulation were clearly highlighted with their mechanisms significantly
reporting their role in sequestration of nutrients from the sewage waters. Further,
these sequestered nutrients are recovered either by nutrient release technologies or
by adopting technologies involved in nutrient extraction. However, both these steps
of nutrient recovery attribute to bring in soluble nutrients accumulated in physico-
chemical and biological structures into a potentially used alternative to chemical
fertilizers.

In sustainable waste management, three basic pillars of sustainability (3 P’s, that
is, planet, people and prosperity) are to be taken into consideration. Today, even the
alternative sources of nutrients are not exploited properly, they can also be stored for
the future. Considering the environmental and agricultural aspects, it can be con-
cluded that proper nutrient recovery from sewage sludge can initiate a paradigm shift
against over-dependence on non-renewable sources of nutrients and thus stepping
forward towards sustainable agriculture.
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1 Introduction

Natural form (raw sludge) of sewage sludge is rich source of pathogens, fast
emerging spiteful smells and easily putrescible (Isaac and Boothroyd 1996). Pro-
cesses of stabilization were established for organic matter stabilization in raw sludge
by biologically degradable fraction, therefore dropping the hazard for decomposition
and decreasing the pathogenic contents (Stark et al. 2015; Bhardwaj et al. 2018). The
processes of stabilization can be divided into (see Fig. 1);

Bio-stabilization: Specific bacteria encourage the stabilization of biologically
degradable chunk of organic matter.

Chemo-stabilization: Chemically oxidation of the organic matter achieves sta-
bilization of sludge.

Thermo-stabilization: Heat stabilizes the volatile part of sludge in hermetically
enclosed containers.
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Anaerobic digestion

Biological stabilization

Aerobic digestion

Chemical stabilization Addition of chemicals

Thermal stabilization %l Addition of heat

Fig. 1 Major sludge stabilization processes

Table 1 Comparison of digested sludge (anaerobically) and raw sludge

Digested sludge Raw sludge

Less potential for odors generation More potential for odors generation
Organic matter is stabilized Organic matter is unstable

Lower concentration of pathogens Higher pathogenic contents

Minor biodegradable organic matter fraction Higher fraction of organic matter

Composting is also a common in municipal waste processing, used on limited
scale by small wastewater treatment units (Tariq et al. 2012; Mouri et al. 2013).
Thermal drying and alkaline treatment are also sludge stabilization processes used
on limited scales.

The major focus of this chapter will be most commonly used slant of
biostabilization.

All over the world, the mesophilic anaerobic digestion is the major process of
sludge stabilization. The aerobic digestion of sewage sludge is not as common
compared to anaerobic digestion.

1.1 Anaerobic Digestion
1.1.1 Introduction

In wastewater treatment, digestion means organic matter stabilization by bacteria in
sludge which provide ideal conditions for their growth and reproduction (Sosnowski
et al. 2003; USEPA 2011; Younis et al. 2014). The processes of digestion could be
aerobic, anaerobic and combination of both (Abbas et al. 2011; EC 2012). Table 1
illustrates the key differences between digested sludge and raw sludge.

In anaerobic digestion, organic matter stabilization in the absence of oxygen had
been identified by some workers even before the 1900s (Tyagi and Lo 2013).
Because of its efficiency and heftiness, it is applicable to small and simple septic
tanks as well as fully automated plants that served to larger cities/metropolitan areas
(Cordell et al. 2011). In between the World War I and World War II, the process of
anaerobic digestion endured significant progresses (Houtmeyers et al. 2014). In
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USA, Germany and England different notions associated to this process were
improved at that time, and are still being used these days in digesters design
(Braun and Wellinger 2009). Table 2 shows the global sewage sludge treatment
process in different parts of the world.

Anaerobic digestion is a chemical process that requires multi steps, capable of
stabilizing various kinds of organic matter (Appels et al. 2011; Nasir et al. 2012).
This process completes in three steps;

* Complex organic compounds like protein, cellulose, and lipid break down by
enzymes into smaller soluble compounds like alcohol, fatty acids, CO, and NH3.

 Different microbes alter the produce into hydrogen, CO, and CH;COOH as well
extra organic acids with lesser molecular weight.

* Methane-forming organisms from two groups take action: CO, and H, produced
methane by one group whereas second group converts produces bicarbonates and
methane from the acetates.

1.1.2 Major Rudiments for Digestion of Sludge

The constancy and efficacy of anaerobic digestion processes difference directly
associated to digester environment and physiognomies of the raw sludge (Girovich
1996). The sludge which added in the anaerobic digester is a composite blend of
ingredients that contains features resolute by the treatment plant area and wastewater
recycling method (Jeng et al. 2006).

Commonly, the presence of micro- and macronutrients is adequate to ensure the
progress of digestion if there is only sludge came from industries (Meyer et al. 2001).
If macro and micronutrients are not a motive to apprehension, the sludge digester
enactment might be affected by existence of foreign elements (Sonon and Gaskin
2009). Hence, following points are vital to follow:

Initial Treatment: Sludge receives after primary sedimentation comprises exces-
sive quantity of fiber, sand, plastics and other inert materials. This material initially
passes through the grit chambers and screens and settled with the main sludge,
creating obstacle resulting pipe breaking, mutilating the pump rotors and other
devices. Sand accretion in digester results the reduction of digester volume and
efficacy.

Solid contents: Condensing of sludge aims to decrease thequantity required for
digestion process. Thickening is achieved by dissolving air in major sedimentation
units. It is necessary to have solid contents in sludge supply for digestion from 4% to
8%. More concentration of solids may be added if mixing and feeding tanks knob the
raise of solids. Solid contents below 2.5% are commonly not advisable as excessive
liquid put undesirable impact to digestion process.

Constraining elements: Microbes for anaerobic digestion are sensitive to some
substances that are able to totally halt the process of digestion. An effective legis-
lation and firm regulation on effluent release to waste stream are major ways to evade
the presence of contaminated elements in wastewater. The key inhibiting agents
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include inorganic cations, non-biodegradable anionic detergents, and oxidizing
agents.

Synthetic non-biodegradable cleansers are main apprehension (Bremer 2009).
Though its use for manufacturing of cleansers had been stopped in different parts of
regions of the world but can still be found in some areas (Lalor et al. 2012).
Oxidizing agents can create a constraining act in digestion, resulting in the elimina-
tion of significant portion of organic matter (Tasker 2010) and alter the nutrient
balance indigestion unit.

Inorganic cations like K, Ca, Mg and Na (even at extremely low concentration)
could strongly constrain the process at elevated concentration (Lalor et al. 2012).
Optimum ammonia contents range is 50-1000 mg/l, between 1000-1500 mg/l
modest inhibition can occur; for 3000 mg/l and higher, solid inhibition occur
(Epstein 2003).

Metals: The word metal in this context includes Cu, Zn, Cd, Ni, Pb and Hg
(Smith and Durham 2002). The presence of these metals as metallic compound
hinders the anaerobic digestion by reaction with enzyme required for processing
formation of complex insoluble substances (Singh and Agrawal 2010). Except Cd
and Hg, the other metals are well-thought-out micronutrients if existed in sufficient
quantity (Ahsan et al. 2018a; Farooq et al. 2020).

The organic matter obliteration in digestion process of organic matter creates the
contents of metals in digested sludge to form grander sludge (on dry solid basis). The
poisonousness of metal varies subjected on type of metal, pH and carbonate and
sulphide contents in the sludge (Wall et al. 2011; Ahsan et al. 2019).

1.1.3 Process Description

In conventional active sludge wastewater treatment plants, excess activated sludge
and mixed primary sludge are stabilized by bacteria during anaerobic settings and
change CO, and methane (Lee et al. 2014). This practice is carried on in closed
reactor called anaerobic sludge digesters tank. These tanks filled with sludge and
remain in it for certain time period as decided during first stage. The solids and
sludge have equal detention period in digester tanks. In tanks, there are three groups
of equally dependent microorganism exist which are acetogenic, hydrolytic
acidogenic and methanogenic organisms (Su et al. 2009).

The colonies of these organisms remain in a vibrant symmetry and the concen-
tration changes depends the operation environment in the tank. Denitrifying and
sulphate-dropping bacteria occurred in digestion and play a major part in stabiliza-
tion (Yang et al. 2012). The sulphate-dropping microbes are liable for the decrease
insulphide (S™) from sulphate (SO427) whereas nitrate (NO5 ™) converted to gaseous
nitrogen (N,) by denitrifying bacteria. This process of digestion occurs in pH range
from 6 to 8, though pH remains almost neutral during this process by buffer ability of
ammonia, sulphide and bicarbonates (Jiang et al. 2011).

The nutritious balance in digester is necessary to restrict the growing of bacteria
as well as rate of organic matter stabilization. Cu, Fe, Se and Ni are major nutrients.
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Among these Fe is regarded as key vital microelement in anaerobic digestion due to
its main role in metabolism whereas N, P and S are less important elements (Neyens
et al. 2004, Ahsan et al. 2018b).

1.1.4 Reaction Kinetics

The efficiency of slush digester is straightly connected to the contents and micro-
organisms population in sludge. Retention period in the digester (0.) should be
adequate to certify the preservation of microorganisms which have a slower growing
rate like methanogenic organisms, so evading their wash-out from the process
(Ndegwa and Thompson 2001).

In conventionally operating anaerobic digesters, the sludge age (retention period)
is equal is to hydraulic detention period and determined by following equation;

t=06.=V/Q

Where;

t = detention period of hydraulic.

0. = retention period of solid.

V = sludge digester volume (m?).

Q = influent flow to sludge digester (m*/d).

Slower growing ratio of methanogenic population defines the period of reactions
obligatory for digestion process to fulfilled and required retention period of sludge
within the tank (Elissen et al. 2010). Other properties connected with 6, are of highly
vital in the efficiency of anaerobic digester are;

e Organic matter conservation period does not depend on volume of the sludge
filled in digester on daily basis

e Detention period shorter than a critical level, the efficiency ofprocedure is
abruptly decreased by washout of methanogemic organisms

« Efficiency of anaerobic digester does not upsurge as detention period elevation.
As the optimal period is achieved, there is no need for more investment

Anaerobic digesters are commonly designed by considering a detention period
greater than optimal to recompense infrequent operational issues like;

* Inefficient mixing of sludge system

¢ Changes in ambient temperature

e Variation in the sludge production rate

 Silting due to inert material accumulation in the tank

As revealed in Table 3, the anaerobic digestion kinetics varieswith methanogenic
organisms. Under usual conditions, there is a perfect interface between the various
organism groups and the medium. When the balance is disturbed, the process of
reaction also modifies. For example, the impacts of organic overloading during an
anaerobic digester are as fellows;
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Table 3 Major character of anaerobic organisms

Parameter Acetogenic and acidogenic organisms Methanogenic organisms
pH Less sensitive High sensitive
Temperature Medium sensitive High sensitive

Growth rate High Slow

Volatile acids Less sensitive High sensitive

Toxic agents Medium sensitive High sensitive

Redox potential Less sensitive High sensitive

* methanogenic organisms are subdued by acidification of reactor

* volatile acids are produced from organic matter by acidogenic bacteria at increas-
ing rate than methanogenic organism

» concentration of volatile acid is improved by reacting with alkalinity so
preventing the buffer ability as reducing pH of medium.

e acetogenic micro-organisms are prohibited by elevating acidic medium, thus
process of anaerobic digestion starts to breakdown.

1.1.5 Pathogen Reduction

Raw sewage sludge ponders greatest diversity micro-organisms (St-Hilaire et al.
2007). The quantity and kind of those organisms shows the living standard in the
service area of treatment plant. The occurrence and content of some microbes in raw
sludge also show the involvement of animal related areas (Seviour et al. 2009).
Digestion of sludge ominously decreases the organism population and preferring
the agricultural usage of sludge (Flemming and Wingender 2001). Anaerobic stabi-
lization acts as a limited barrier between users of sludge and pathogenic agents, thus
decreasing the dangers of transmission of diseases (Morgenroth et al. 1997).

1.1.6 Biogas

Biogas produces by the process of anaerobic digestion that is produces by mixing of
methane, carbon dioxide and little concentration of hydrogen sulphide, oxygen,
nitrogen some traces of volatile hydrocarbons (Chen et al. 2013; Dicht et al. 2013;
Ward et al. 2008). The largest producer of biogas around the word is Germany
(Bodik et al. 2011; David et al. 2014).

Production of biogas in the anaerobic digester is linked with the raw sludge
(Knacker and Metcalfe 2010). All around the world, there are above 1300 anaerobic
digestions system in operating condition or under construction stage, which are
based on sewage sludge (IEA Bioenergy 2001). Highest generation of biogas in
the anaerobic digesters occurs after two hours of raw sludge supply (Lienert et al.
2007). The rate of biogas generation is expected as 0.8 m’/kg of volatile solids
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wrecked that is equal to around 25 liters per occupant day (Chen et al. 2013).
Thermal capability and density of biogas differ greatly with the composition. More
methane contents in the biogas, more its heating level and lesser density. Approx-
imately 23,378 kJ/m® (6.5 kW/m®) heating capability is obtained from 70% of
methane biogas. So, natural gas that is combinationof propane, methane and butane
has heating capacity of 37,300 kJ/m® (10.3 kW/m?>).

Pipes for the distribution of biogas should be openly recognized and must be kept
in well working condition and restricted routes in the treatment plants should be
evaded (Lienert et al. 2013). Though frequently leakage tests are important and it is
very hard to control infrequent leakage. So, extreme safety measures are necessary
while using any source of ignition e.g. cutting and welding apparatus (McClellan
and Halden 2010).

Explosions may occur only when an appropriate mixture of biogas and air befalls
in the occurrence of a spark with a temperature more than the ignition temperature
i.e. 700 °C. Naturally, both air and biogas are existed in purlieu of slush digesters,
heat source cannot be entirely abolished by furnaces and control panels (Hytiriset
et al. 2004). It is extremely sensible to avert air and biogas mix-upwhile gas pipeline
designing. The lowest explosive limit (LEL) is lowest methane contents (about
5.0%) required to burst by ignition. Less than LEL, methane is poor for eruption
to occur. The upper explosion limit (UEL) is about 15%. More than UEL, there is no
oxygen to explode.

The key properties of biogas components are as follows for safety point of view;

Methane (CHy) is colorless, odorless and inflammable between 5% and 15%
LEL and UEL. It is easily dispersed contains relative density (055) lower than air.
Though it is not very poisonous, but at high level might decrease the O, contents to
suffocating level.

Carbon dioxide (CO,) is colorless and odorless and non-ignitable. Its relative
density (1.53) is greater than air while being suffocated at contents more than 2%.

Hydrogen sulphide (H,S) is inflammable, colorless and possesses smell like
rotten-egg. It is nuisance and suffocating. Its more than 1% concentration leads to
unconsciousness.

The conformation of biogas produced in anaerobic digesters is presented in
Table 4.

Table 4 Conformation of . Gas % (volume/volume)
zgg::e fsroduced in anaerobic CH, 62-70

CO, 30-38

H,S 50-3000 ppm

N, 0.05-1.0

0, 0.023

H, Less than 0.01

Water vapors Saturation
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1.1.7 Procedure and Controller of Sludge (Anaerobic) Digesters

Machinists working for a sludge treatment must identify the operational working and
safely completion of a shift daily might depend on simply and easy to understand
operational routine. Subsequent aspects must be taken for good performance:

* Proper frequency of sludge supply

» Simple operating circumstances of mixing system that assures homogeneity into
the digestion tank.

¢ Greater time of detention than the growing rate of the methanogenic organisms

Alkalinity and acid contents in the digester are deeply associated to each other
(Tsagarakis and Papadogiannis 2006). Volatile acid/alkaline ration is well indication
of proper digestion process. Proper acid alkali ratio in the digestion process is
expressed in Table 5.

Sometimes, the process of digestion may become unstable and ultimately lead to
collapse of the digesters. This instability occurs in the digesters when different
biochemical reactions started without proper interaction. Acid concentration ele-
vated by outweigh of acid producing bacteria which leads to decrease in pH of the
medium. Though its reasons may differ but the variability indications of digestion
procedure are conjoint which contain;

* Alkalinity and pH decrease

¢ Production of methane decreases

¢ Concentration of volatile acids increases
* Elevation of CO, ratio in the biogas

In these conditions, the sequence of actions into the digesters is as follows,

* The digested sludge value of acid/alkalinity reaches to more than 0.3 due to
increase of volatile acids;

* Alkalinity is consumed by acids results in releasing COsthat decreases the
methane contents. The ratio of volatile acid/alkali increases up to level of 0.5-0.8

* The value of pH decreases to 6.5 that prevent production of methane. In this way
the digester acidified and ruin.

The ruin procedure mentioned above is not instant as it takes few days to get
accomplished. Following some measure should be taken to evade its possibility to
happen;

Table 5 Ratio of acids (volatile) and alkalinity

Acid/alkaline ratio Sign

Less than 0.3 Good working of digester

0.3-0.5 Process of digestion is fail

More than 0.8 Medium becomes acidic and process may collapse is looming
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* By controlling the digester’s data, which is easy to know the cause of process
insecurity. A steady restriction shows the existence of low-concentration toxic
elements or electro-mechanical issues (defective mix up of system). An abrupt
intrusion of the repairing staff is advised for this issue.

* To maintain the neutral pH, there should be added to alkali solution in the sludge
is necessary.

* In case of excess metals, sodium sulphide can be added for the metal cations
precipitation.

* It might be highly recommended to supply of anaerobic sludge from other under
stable conditions.

Supply of raw sludge to digesters can be steady bring to standard level as
recovery signs displays in the digestion process.

Rarely, there is a need of digester to pull out of services for elimination of
deposited inert material. Following measures should be taken in such case;

¢ Sludge supply should be stopped immediately

» If possible, sludge should be shifted to other digesters

* Continuous monitoring of gas production

* Stop the mix up of heating and mixing system

¢ Gas outlet pipes must be isolated

e It should be confirmed that the methane contents in the gas section is less
than 3%.

* Eliminate the remaining mixture from the digester

* Remove outlet and entrance projections

* Cleaning operation must be start after removal of outlet

1.1.8 Caring of the Digesters

Sampling must be done monthly or fortnightly pointing at the assessment of the
internal situations in the digester. Alkalinity remains at 4000-5000 mg/L, acid
contents less than 200 mg/L and pH remains almost neutral within the range of
7-7.2 under normal circumstances (Table 6).

Information of the composition of volatile acids by chromatography can also
assist in the digester diagnosis. As concentration of large acid chains rises than the
contents of short acid chains, the operation of digester become wobbly.

Table 7 summarizes the key reasons to failure of anaerobic digester, symptoms
and suggested measures.

Table 6 Major features and Parameter Standard level
suggested range of operation pH 6.9-73

for anaerobic digesters
Acids (mg/L HAc) 200
Alkalinity (mg/L CaCO3) 4000-5000
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Table 7 Major reasons of sludge failure (anaerobic) digesters and curative methods

Stimulating aspects of uncertainty and concerns

Hydraulic Suggested
shock Organic shock Toxic load Symptoms actions
Production of Rise in sludge Very heavy load of Elevated acid | Add lime
extreme sludge | influent to digester | heavy metals contents concentration
Very thinned Increase of solids | Heavy detergents load | Reduction in | Decrease ratio
supply of contents in the pH and of acid/alkali
sludge influent alkalinity

Silting of Modification in the | Sludge contains chlo- | Rise of acid/ | Regular sup-
digester properties of rinated organic alkali ratio ply of sludge

sludge

compounds

Extreme foam

Too fast start-up of
digester

Oxygen adding

Gas produc-
tion deceases

Raise concen-
tration of
sludge

Methanogenic
organisms
wash-out

Uneven supply

Heavy sulphides

Rise of CO,
contents in
biogas

Cleanliness of
the digester

Table 8 Parameters of design for mesophilic sludge digesters (Metcalf and Eddy (1991)

Item Parameter Value
Time of hydraulic detention (d) Extreme active sludge 10-15
Prolonged aeration 12-18
Extreme active and primary sludge 15-20
Rate of organic loading (kg VS/m®.d) - 1.6-4.9
Demand of oxygen (kgO2/ kg VS destroy) Endogenous respiration 2.3
Energy to keep solids in suspension Diffused air (L/m?. min) 20-40
DO is the digester (mg/L) - 1-2

VS = volatile solids

2 Aerobic Digestion

2.1 Introduction

There is very much similarity with the process of activated sludge and the process of
aerobic digestion (d’Antonio 1983; Duan et al. 2014). When there is regular
substrate supply, then microbes are mandatory to utilize its personal monies of
vigor to persist living (Adams et al. 1974). It is the endogenous phase in lack of
nutrition source, the decomposable mass of cell is aerobically oxidized to CO,, NH3
and H,O (Zhang et al. 2016). In this reaction, nitrate by ammonia is oxidized by
following equation;

CsH;NO, + 70, + bacteria — 5CO; + NO; + 3H,0 + H'
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Extended aeration procedure of sludge digestion occurs in the aeration tanks with
the oxidation of influent organic matter processing due to low food and microor-
ganism ratio (Liu et al. 2010). Due to these conditions, the advisable process of
digestion is aerobic digestion which started independently.

Presently, there are three kinds of aerobic digestion processes being used in
sludge stabilization;

* Mesophilic or conventional aerobic digestion
* Digestion with oxygen
e Thermophilic digestion

2.2 Mesophilic Aerobic Digestion

Mesophilic aerobic digestion stabilizes and triggered extra slush in open digesters by
mechanical aeration (He et al. 2007). At the range of mesophilic temperature, the
digestion occurs. By flotation, the sludge is thickened to decrease the required
volume of digestion.

Features to be considered in digester design are comparable to those for active
sludge system like;

e Temperature

* Demand of oxygen

* Organic supply

¢ Requirement of power

* Detention time (t) that is equal to retention time of solids or age of sludge (6.)

Temperature: the solids decreasing rate of solids depends on the digester
temperature. Greater rate of organic matter conversion will be under high tempera-
ture. Stabilization stops if temperature falls to 10 °C.

Demand of oxygen: supply of oxygen should meet the mass of cell respiration
requirement and endorse mixing circumstances in the tanks. The level of dissolve
oxygen in reactor should be in the range of 1-2 mg/L.

Organic supply: the organic supply is decreases by capacity of oxygen transfer.
Concentration of solids more than 3% can lead to aerobic circumstances.

Mixing: sufficient mixing is necessary to confirm the sludge stabilization in the
digester. In the diffused system of air, the mixing flow is about 30 L air/m>.minute to
reached by demand of oxygen for itself stabilization.

Detention time: Time of detention after 10—15 days, with around temperature of
20 °C, the contents of volatile solids decreased to 40% in slush. Greater temperature
and time of detention must be provided to show decrease beyond 30-40% in solids.

There are few parameters which are utilized for evaluating the aerobic digester
efficiency;
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* Reduction of volatile solids
* Supernatant quality
e Sludge dewatering
¢ Odor of the sludge

2.3 Digestion with Oxygen

The digestion in the presence of oxygen in pure form is an alternative of conven-
tional digestion during which oxygen is directly supplied to medium instead of air.
The concentration of solid in digester should be 4% higher without any decrease in
the rate of oxygen transferalto the biomass.

Current procedure is successful for large scale wastewater recycling, when the
land is the limiting factor, and oxygen in pure form is already in use by the
bio-reactor. This is efficiency elevating process and most suitable for cold climatic
areas.

2.4 Thermophilic Digestion

Heat is major by product in digestion process of organic matter and temperature may
rise up to 60 °C in the digester. There should be appropriate substrate to keep the
microbiological activities (Suruhanjaya 2017).

This process began in 1971 for the purpose of disinfection and stabilization of
sewage sludge. In those days it was suggested that thermophilic temperature will be
only obtained by pure oxygen. But, later on experiments showed that plain air usage
also showed effective results in achieving the higher temperatures in the process.

Major benefits of thermophilic digestion are;

* Lessening of the digester volume for the organic matter stabilization
* Formation of disinfected sludge which meets the rating of USEPA biosolids for
unrestricted reuse.

There are also certain key drawbacks of this process listed below;

* Higher capital cost

* Complexity in operation

* There is build-up of foam on the surface of digester. For this issue, a freeboard
with 30% digester height is highly advisable to accommodate this foam
production.
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2.5 Composting

It is the stabilization process of organic matter initially used by gardeners and
farmers since prehistoric times. Night soil composting is conventionally used in
China and considered as the utmost likely cause why the structure and nutritional
status of the Chinese soil is being preserved for more than 5000 years (Ying et al.
2012).

The processes of composting may be separated into;

* Composting of static pile (aerated)
¢ Windrow composting (the most simple and traditional way of composting)
¢ In-vessel composting or composting with closed reactor

Although the composting of sewage sludge requires lot of knowledge, involve-
ment and professionalism in designing and operation phase (Adani et al. 2000).
The major requirements for a best composting are;

¢ Sludge must contain adequate nutrients with C:N ratio of 25:1

* Supply of air must be delivered to keep an oxidizing environment in the windrow.
For this aspect, the material types used for bulking agent is very important.

* Loss of heat control should assure 55-65 °C for the temperature in the windrow.

* Adequate humidity level must be maintained in heap. Activity of microbes
decreased significantly when humidity level falls less than 34-40%.

The coreadvantages of composting are;

* Fine quality of the final product, vastly accepted in farming and gardening
» Possibility of combination with other processes of stabilization
¢ Cheap in cost

Major disadvantages are;

* Required for sludge with higher concentration of solids
» Its operational cost is high

¢ Land requirement is considerable

* High risk of producing foul-odor
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Sewage Sludge Treatment and Involvement m)
of Microbes e

Aryadeep Roychoudhury and Nilanjana Das

1 Introduction

Sewage sludge is the solid or semi solid slurry material left from chemical coagu-
lation, flocculation and sedimentation during wastewater treatment processes.
Domestic, municipal and industrial wastewater are the main sources of sewage
sludge. Considered as an important source of pollution, sewage sludge poses a
great threat to the environment and can even cause death in humans. It contains
both organic and inorganic matter, plant nutrients, heavy metals like Zn, Pb, Cr, Ni,
Hg, Pt, Ag, organic pollutants like polychlorinated biphenyls (PCBs) and polycyclic
aromatic hydrocarbons (PAHs), and some pathogenic microorganisms (Zhang et al.
2013). The sewage sludge contains high diversity of microbial species, mainly
bacteria like Propionibacterium, Desulfobulbus, Methylobacterium, Clostridium,
etc. (Nascimento et al. 2018). The quality and quantity of sewage sludge depends
on the contents, the process of stabilization, the reagents used and how much volume
is reduced. The highest amount of sewage sludge production is seen in the developed
countries (Krzywicka and Kwarciak-Koztowska 2014). However, sludge treatment
is an expensive process and accounts for more than 50% of the operating cost of
sewage water treatment (Wang et al. 2019). There are mainly two types of sludge,
viz., primary sludge and secondary sludge. While primary sludge is obtained from
chemical treatments, secondary sludge is the activated biomass obtained from
biological treatments. Also tertiary sludge is obtained from processes such as
filtration or chemical precipitation. Three basic goals of sewage sludge processing
are: (i) reducing the volume of the sludge; (ii) stabilizing the sludge so that it does
not give off stale odor; (iii) proper checking so that it does not create any health
hazard. The principal stages of sewage sludge processing are thickening, digestion,
dewatering and disposal (Fig. 1). After wastewater treatment, the sludge contains

A. Roychoudhury (P<) - N. Das
Department of Biotechnology, St. Xavier’s College (Autonomous), Kolkata, West Bengal, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 165
V. D. Rajput et al. (eds.), Sustainable Management and Utilization of Sewage
Sludge, https://doi.org/10.1007/978-3-030-85226-9_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85226-9_8&domain=pdf
https://doi.org/10.1007/978-3-030-85226-9_8#DOI

166 A. Roychoudhury and N. Das

‘ Sludge thickening ‘

[ [ I [ |

Rotary Drum Thickeners ~Gravity Thickeners Dissolved air ~ Centrifugal thickening ~ Co-settling thickening
floatation

Sludge digestion

[ [ I |

Upflow anaerobic sludge Fluidized and expanded Completely mixed anaerobic

Anaerobic filters
blanket reactor bed reactors digester

Sludge dewatering

[ [ [ I |

Vacuum filters  Pjate and Frame filter Press Centrifuge Belt Filter Press Electroosmosis

Sludge disposal

Fig. 1 The principle steps of sewage sludge processing

large volumes of water. Sludge thickening reduces the volume of water as it is
difficult to handle sludge containing large amount of water. Sludge digestion is a
biological process where the organic solids in the sludge are converted to liquids and
gases. Dewatering is done before disposal of sludge where the disposed sludge is
used as fertilizer, sanitary landfill or is incinerated. A large number of microorgan-
isms play an important role in sewage sludge treatment. However, nowadays sewage
sludge is not considered as a waste, but a source of renewable energy.

2 Types of Sludge

Sewage sludges are of two types: primary and secondary. While primary or raw
sludges contain solids from wastewater treatment processes, secondary sludge
contains solid as well as microorganisms produced within the treatment process.
The secondary or biological sludge contains high volatile solids and low dry solids.
Mixed sludge contains both primary as well as secondary sludge. Another type of
sludge known as digested sludge is formed from anaerobic fermentation (Baroutian
et al. 2013). Other than conventionally produced sludge, different types of sludge
like liquid sludge, composted sludge, lime treated sludge, sewage cake, composted
sludge etc. also exist (Usman et al. 2012). Other sludges include mineral sludge,
physico chemical sludge and digested sludge.
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3 Sewage Sludge Treatment
3.1 Sludge Thickening

The first step of sewage sludge treatment is sludge thickening. Sludge thickening
reduces the water content, thereby increasing the solid content and minimizing the
load for the downstream processes. The most commonly used methods for sludge
thickening are rotary drum thickening, gravity or clarifier thickening, dissolved air
flotation, centrifuge thickening, co-settling thickening and gravity belt thickening.

3.1.1 Rotary Drum Thickeners

Rotary drum thickener consists of a large rotating horizontal device which operates
continually and automatically. The drum is differentiated into zones containing
different mesh sizes. The sludge is fed through an inlet containing a finer mesh
from where it enters a mixer where flocculation occurs. The sludge is then passed
through the drum where centrifugal forces help to separate the solids from water. The
sludge remains in the drum, while the residue water passes through a filter and is
collected in a trough (Dentel and Qi 2014).

3.1.2 Gravity Thickeners

Gravity thickening is the least expensive and the most common method used for
sludge thickening. It is similar to the sedimentation processes and works on the
principle that gravitational force is greater on denser materials. The concept of
gravity thickeners were established in 1950s by municipality for thickening of
sludges (Torpey 1954). Gravity thickeners are usually large circular tanks with a
collector or scraper fitted at the bottom. Sludge is fed slowly into the tank through a
centre well which gets settled at the bottom by gravity and are discharged slowly by
a scraper at the bottom. Gravity thickeners can be of two types: (i) plain settling
where the sludge gets accumulated at the bottom by the force of gravity and scum is
formed at the surface; (ii) mechanical settling where a slowly revolving sludge
collector breaks the floc particles, resulting in the settling of sludge at the bottom.
Gentle agitation is required to stir the sludge, allowing the water to escape through
channels. The advantages of gravity thickening are simple to operate and maintain,
along with low power consumption, low cost, and capacity to hold large amount of
sludge. The disadvantages are that they require large area and can cause odor
(Usman et al. 2012, Process Design Manual; sludge Treatment and Disposal 1979).
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3.1.3 Dissolved air Floatation

Dissolved Air floatation method consists of a tank which is divided into two zones:
the contact zone and the separation zone. It uses pressure to dissolve air into the
wastewater that results in the formation of tiny bubbles. Collisions occur in the
contact zone where the solid particles get attached with the air bubbles resulting in
the formation of aggregates. These aggregates then flow to the separation zone and
along with the suspended matter float to the surface (Edzwald 2010). A froth layer is
formed by these float which is removed by a skimmer and the froth free water is
pumped out. Often coagulants such as aluminium sulfate or ferric chloride are used
for flocculation.

3.1.4 Centrifugal Thickening

Centrifugal thickening uses a large rotating cylindrical bowl which separates waste-
water solids from liquid. The sludge particles are settled under the influence of the
centrifugal force. The sludge containing wastewater is continuously fed to the
cylindrical bowl where a conveyer continuously removes the solids and discharges
the liquid (Kemp 1997). There are three types of centrifugal thickeners: basket type,
solid bowl type and disc-stack type. The feed in a basket type centrifuge enters the
basket and is thrown by the centrifugal forces against its wall. While the basket gets
filled up with the solid, the separated liquid gets spilled out over the top of the basket.
As the basket becomes full with the solid, knives attached to the basket scrap them
off. The solid particles in a solid bowl centrifuge are thrown against the wall of the
bowl, while the liquid gets accumulated in the centre of the cylinder. The disc-stack
centrifuge that rotates about a vertical axis contains a series of cone-shaped discs
with channels in between. The solids are thrown against the cone by the centrifugal
force, while the liquid part exits the bottom of the discs.

3.1.5 Co-settling Thickening

Two clarifiers are used, viz., a primary clarifier where the wastewater enters and the
sludge is clarified. This clarified underflow then enters into a series of thickening
clarifiers from where the thickened sludge is finally discharged for dewatering.
Coagulating chemicals such as ferric chloride and polymers are used to enhance
the settling of the solids.
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4 Sludge Digestion

Sludge digestion by microorganisms is an economic and environment friendly
process. It is a two step biological process involving various aerobic and anaerobic
microorganisms. In the first step, anaerobic digestion by the bacteria in a tank breaks
down the complex organic molecules into simpler water soluble substances which
are then fermented into fatty acids. In the second step, the sludge flows down into a
second tank where it is converted into a form of biogas by methanogenic group of
bacteria. Two forms of biological treatments exist in the form of attached and
suspended growth. Attached growth contains a fixed biofilm containing microor-
ganisms, biopolymers, gels and particulates fixed on a support like rock or plastic.
Activated sludge digestion is a well known suspended growth process (Nelson et al.
2017). The suspended growth contains microorganisms which float freely in the
mixed liquid. The biogas contains 48—65% methane which is collected and used as a
biofuel for generation of power. (Ward et al. 2008). Europe is the leading producer of
biogas followed by Asia. (World Bioenergy Association n.d.) Sludge digestion
reduces the pathogens, odor emission, and solid content of the sludge, thus stabiliz-
ing and making it easier to dewater the sludge. China and India are among the
leading producers of anaerobic sludge digestion systems among the developing
countries, while Western European countries are the leading producer among the
developed countries. Among the European countries, Germany is the largest biogas
producer (Abbasi et al. 2012; Bodik et al. 2011) with about 10,431 plants generating
55,108 GWh/y of electricity. India having the largest number of plants (83,540)
generates only 22,140 GWh/y of electricity which is mostly restricted in rural areas
(Indah Water Konsortium 2013). Different types of anaerobic sludge digesters
include Upflow anaerobic sludge blanket reactor, Fluidized and expanded bed
reactors, Completely mixed anaerobic digester, and Anaerobic filters (Mustafa
et al. 2011).

4.1 Upflow Anaerobic Sludge Blanket Reactor

It is mainly used by the municipality for wastewater treatment of food, paper and
chemical industries. Also known as the three phase reactor, it contains three zones,
the lower blanket zone, the middle dead zone and the upper gas zone. The waste-
water is pumped from the bottom of the tank by a peristaltic pump. It then comes in
contact with a sludge blanket containing microbial granules, mainly containing
methanogens which degrade the organic compounds, resulting in the formation of
gas bubbles. These gas bubbles rise up and get collected through a gas collection
system. The effluent is collected in the wiers at the top of the reactor while the
granules settle down at the bottom. The disadvantage with this reactor is wastewater
with high solid content as these prevent the formation of the granules (Gunasekaran
et al. 2019). The disadvantages of the process are low pathogen removal, low
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nutrient removal and requirement of post treatment of the effluent. The typical
chemical oxygen demand (COD) removing efficiency of upflow anaerobic sludge
blanket reactor is 70-90%.

4.2 Fluidized and Expanded Bed Reactors

The fluidized and expanded bed reactors contain microbial biofilm attached to the
surface of the fluidized medium which is mainly made up of sand or granular
activated carbon. This increases the catalytic efficiency of the microorganisms,
resulting in higher degradation of the solid wastes. The fluidization medium at
high velocities is passed through the bed of the solid particles so that these solids
get suspended and behave like liquid (Gopalakrishnan et al. 2019). The solids enter
the cylindrical tank from the top, while the air is circulated inside the column from
the bottom causing fluidization. The advantages of fluidized reactors include large
area, excellent mixing, distribution of temperatures, increased mass transfer, uniform
particle distribution, less clogging, less short circuiting and low operation cost. The
disadvantages include high energy to operate the bioreactor and difficulty to main-
tain the biofilm attached to the surface. The typical COD removing efficiency of
fluidized/expanded bed reactor is 70-90%.

4.3 Completely Mixed Anaerobic Digester

It is a tank containing the wastewater mixed with microorganisms. An external
heating system or an internal heating coil is placed inside the tank to adjust the
temperature. The temperature should be in the mesophilic or thermophilic range and
insulation is done to minimize heat loss. The tank has a head space and a rigid
flexible head cover. It can be a batch or a continuous method. In the continuous
process, an equal amount of the wastewater enters the tank and displaces equal
amount of liquid inside continuously, while in the batch process, the wastewater
comes out at the end of the process. These reactors work effectively when the solid
content of the wastewater is 3—6%. One of the disadvantages of completely mixed
anaerobic digestor is short circuiting which kills the microorganisms and also
reduces the biogas yield.

4.4 Anaerobic Filters

Anaerobic filters are fixed bed bioreactor systems containing one or more filtration
chambers which are arranged in series. A bacterial biofilm consisting of rock, gravel
or stone is formed on the fixed bed reactor. The anaerobic filter bioreactor is operated
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in an upflow manner preventing washout of biomass, clogging and channeling
(Bhattacharya et al. 2018). When the wastewater flows through the filter, the solids
get trapped and the organic compounds are degraded by the bacterial biofilm
attached to the fixed bed. The gas formed gets collected by a gas collector at the
top and the effluent is released from the top. There are also downflow anaerobic
filters where the wastewater flows in the opposite direction. The advantages include
low operating cost, less use of energy, and less area requirement. The disadvantages
include risk of clogging, treatment of the effluent and low pathogen and nutrient
removal. The typical COD removing efficiency of anaerobic filters is 70-80%.

5 Steps of Anaerobic Digestion Process

Anaerobic digestion of sludge involves various stages like hydrolysis, acidogenesis,
acetogenesis and methanogenesis (Fig. 2).

Hydrolysis ) )
Simple monomeric compounds
(Amino acids, monosaccharides, fatty
acids)

Complex organic compounds
(Proteins, Carbohydrates, Lipids)

Acidogenesis

Volatile Fatty acids
(Butyrate,Propionate, etc.)

Acetogenesis

Hydrogen, Carbon

dioxide Acetate

Methanogenesis

\ Methane, Carbon dioxide /

Fig. 2 Steps of anaerobic digestion process
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5.1 Hydrolysis

Hydrolysis involves the breakdown of the complex insoluble organic molecules into
simpler components by the bacteria in the anaerobic digestor which in turn are
utilized by the acidogens. The bacteria secrete extracellular enzymes which degrade
the proteins, carbohydrates and lipid polymers into their respective monomers, viz.,
amino acids, monosaccharides, and fatty acids. Enzymes are added to enhance the
degradation of substances which are difficult to degrade like lignin, cellulose and
hemicellulose (Lin et al. 2010). The enzymes produce a large surface area causing
the microbial cells to attach easily, thereby enhancing the degradation process.
Enzymes like protease, amylase, cellulase, endo-glycanases and glycosidases are
often used for enhancing the degradation of sludge particles. Enzyme like lysozyme
is often used for the destruction of the cell walls of Gram positive bacteria. For the
destruction of cell walls of Gram negative bacteria, a combination of lysozyme and
EDTA is used, resulting in the release of lipopolysaccharides into the solution
(Luo et al. 2012). Hydrolysis is carried out specifically by the anaerobic bacteria
belonging to the genera Enterobacterium and Streptococcus. Rate of hydrolysis
depends upon size of particles, temperature, pH and availability of the enzymes
(Shah et al. 2014). The optimal temperature for hydrolysis is 30-50 °C and the
optimum pH is 5-7 (Azman 2016).

5.2 Acidogenesis

The hydrolyis products are absorbed by the cell wall of the acidogenic bacteria
which convert these products into volatile fatty acids (VFAs) like butyric acid, acetic
acid, formic acid, propionic acid, alcohols, aldehydes, carbon dioxide and methane.
Acidogenic bacteria having a regeneration time of lesser than 36 hours, the rate of
acidogenesis is believed to be faster than the other steps (Deublein and Steinhauser
2008). In protein rich wastes, amino acids breakdown to form the VFAs resulting in
the formation of high amount of ammonia and sulfur dioxide which generate
unpleasant smell and also result in the inhibition of the anaerobic digestion process
(Park et al. 2014) The hydrogen concentration of the solution increases as a result of
acidogenesis. Methanogenic bacteria cannot use the products of acidogenesis
directly and relies on some obligate bacteria to convert these into acetate and
hydrogen through a process called acetogenesis. Anaerobes like Clostridium, Micro-
coccus, Bacillus, Pseudomonas, Flavobacterium, Acetovibrio, Propionibacterium,
Butyrivibrio are mainly responsible for carrying this step.
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5.3 Acetogenesis

The higher VFAs formed by the acidogenesis are converted into acetate and hydro-
gen by bacteria of genera Syntrophobacter and Syntrophomonas (Schink 1997),
During this process, the oxygen in the sludge is taken up by the acetogenic bacteria
which create an anaerobic environment that becomes favourable for the
methanogenic bacteria which are mostly obligate anaerobes. The hydrogen produced
from this process sometimes exerts a toxic effect on these bacteria which carry out
this process. Therefore, this hydrogen is converted into biogas by the methanogenic
bacteria like Methanobacterium propionicum and Methanobacterium suboxydans
resulting in syntrophism. Approximately 25% and 11% of acetate and hydrogen,
respectively are produced from this step (Schink 1997; de Bok et al. 2005). While
long chain fatty acids (LCFAs) containing even number of carbons will be degraded
to acetate via the -oxidation pathway directly, LCFAs containing odd number of
fatty acids will be degraded first to propionate (Cirne et al. 2007). The efficiency of
this acetogenesis determines how much methane will be produced at the end of the
process.

5.4 Methanogenesis

In this step, the products formed from the three other steps are converted into
methane by the methanogens. The acetate, carbon dioxide and hydrogen produced
by acetogenesis is used up by these bacteria as energy source from which they
produce mainly methane, carbon dioxide and water. The methanogenic bacteria are
obligate anaerobes and are highly sensitive to oxygen. It was found that 99% of two
species of methanogens, Methanococcus vannielli and Methanococcus voltae die
when exposed to oxygen (Kiener and Leisinger 1983). There are two types of
methanogenesis,  hydrogenotrophic  and  acetoclastic. =~ Hydrogenotrophic
methanogenesis accounts for the production of one-third methane from the hydrogen
gas produced and acetoclastic methanogenesis accounts for the production of
two-third of methane from the acetate produced. Methanosarcina and Methanosaeta
are the two methanogenic genera which are known to be involved in acetoclastic
methanogenesis at present (Conklin et al. 2006). Hydrogenotrophic methanogenesis
is performed by methanogens belonging to the orders Methanomicrobiales and
Methanobacteriales (Angenent et al. 2002; Ambha et al. 2017). Methanogens have
a higher regeneration time and need a higher pH compared to the other bacteria
involved in the other steps and a lower redox potential (Wolfe 2011; Deublein and
Steinhauser 2008). Methanogenesis ends when the production of biogas stops and
may take up to 40 days (Verma 2002).
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6 Sludge Dewatering

After the useful gases are retrieved from sludge digestion, dewatering is performed
to remove the excess water that is still left. The dewatering steps mainly depend on
the type of the equipment and the type of sludge to be dewatered. Sludge dewatering
mainly involves two methods, filtration and expression. Filtration is done up to a
point so that no water is left and the sludge particles come in contact with each other.
A solid pressure is created and the excess water within and between the solid
particles is squeezed out (Novak 2006). The factors which influence sludge
dewatering are rheological properties, particle size, porosity, micromorphology,
surface charge and repulsive energy, and extracellular polymeric substance (EPS)
(Boran et al. 2020). Methods commonly used are Vacuum filters, Plate and Frame
filter Press, Centrifuge and Belt Filter Press.

6.1 Vacuum Filters

It consists of a drum with a filtering medium made of cotton, wool, mesh, nylon,
plastic or mesh. The drum is submerged in the sludge and is attached to a tank. A
vacuum is applied while the drum rotates and water is squeezed out of the sludge,
leaving a cake on the outer surface.

6.2 Plate and Frame Filter Press

It uses filter plates to separate the solids and the liquids. The two plates are joined
together forming a chamber and the sludge is squeezed out to remove the excess
water. A filter cloth is attached through which the water comes out and the solids get
deposited on a conveyer. This method is highly effective and beneficial as it leaves
highest content of cake like solids which is easy for transport and disposal.

6.3 Centrifuge

The flocculated sludge is fed into the rotating centrifuge bowl and the sludge gets
thrown against the side of the bowl. The dewatered sludge is pushed towards the end
of the bowl, while the clarified liquid or centrate is ejected out of the bowl from the
other end.
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6.4 Belt Filter Press

Belt filter press uses a polymer flocculant that helps in the formation of stronger
flocs. The sludge is dropped on a belt by a transfer pump where free water molecules
are separated by gravity and the water is collected into a collection trough. As the
sludge moves through a conveyer belt, water is drained out by a plough. A gravity
thickener is present which repeats this process and the sludge is fed into a pressing
zone. The sludge is pressed by two belt filters fitted with rollers into the pressing
zone and the excess water is slowly squeezed out of the sludge and is collected in
a bin.

6.5 Electroosmosis

Recently another method has been developed which uses electroosmosis with filter
bags for sludge dewatering. Sludge is injected into a filter bag containing a cathode
and an anode electrode, placed on a slope. The electrodes are connected to a power
supply so that electroosmosis occurs and water flows down the slope (Yingchun
et al. 2020). For improving sludge dewaterability, physical conditioning like soni-
cation, freezing, thawing, adding porous substances, thermal treatment, etc. are
performed. Chemical conditioning like addition of coagulating or flocculating
reagents, acid/base treatment, enzymatic treatment or advanced oxidation processes
are also being applied.

7 Sludge Disposal

The last stage of sewage sludge treatment is sludge disposal. The sludge obtained are
either deposited on land as a landfill or disposed in the ocean which is not
favourable. Some part of the sludge is also incinerated. Sewage sludge contains
many essential elements like potassium, phosphorous, nitrogen and some minor
elements like magnesium, sulfur, boron, and zinc needed for the proper growth of the
plants making it suitable to be used as a fertilizer or a soil conditioner. It also reduces
soil erosion and has a high water holding capacity. The sludge components can also
be recycled and sold in the market. After sludge dewatering, the sludge must be
disinfected with quicklime at a dose of 500 kg CaO/ton. Quicklime treatment
increases the pH and temperature after reacting with the water, making the sludge
temporarily stabilized as it gets biodegraded after the pH drops. The sludge after
disinfection should not carry Salmonella sp., ova of helminth which is viable and not
more than 2500 of fecal coliforms (Paulsrud and Nedland 1996; (degaard et al.
2002). Raw primary sludge needs to be composted before using it as a fertilizer.
Production of compost by windrow composting using the biodegradable waste of the
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sludge is performed. Bio-oil having a neutral pH is also produced from the sewage
sludge by pyrolysis in a fluidized bed reactor. This leads to the minimization of
engine and pipeline corrosions (Arazo et al. 2017). The sludge must be disposed off
properly or it will lead to environmental hazards resulting in contamination of the
environment.

8 Role of Bacteria in Wastewater Treatment

The activated sludge derived after wastewater treatment contains a large number of
microbes which become activated during anaerobic digestion. Almost 17 phyla were
identified by high throughput sequencing of nine samples of waste activated sludge.
The main bacteria found in the waste activated sludge and bioreactors include
bacteroidetes, proteobacteria, and firmicutes, proteobacteria being the most abun-
dant. The main methanogens found are Methanosarcinales and Methanomicrobiales
(Shin et al. 2019). In another study, analysis of the bacterial community of activated
sludge revealed that the dominant phyla are Proteobacteria (26.7-48.9%),
Bacteroidetes (19.3-37.3%), Chloroflexi (2.9-17.1%), and Acidobacteria
(1.5-13.8%). About 55 genera including Dokdonella, Flavobacterium, Terrimonas,
Tetrasphaera, Nitrospira existed in almost all the samples (Xu et al. 2018). As
discussed previously, large amount of ammonia is released after breakdown of
protein rich wastes. This ammonia is oxidized by Nitrosomonas to nitrite followed
by conversion of nitrite to nitrate by Nitrobacter (Wagner 1996). The nitrate is then
reduced to dinitrogen gas by denitrifying bacteria and is liberated. The optimum
temperature and pH for denitrification is around 30-35 °C and 7.0-8.0, respectively.
However, it was found that during denitrification, the step of methanogenesis is
completely suppressed. The nitrogen oxides formed, completely inhibited the for-
mation of methane (Chen and Lin 1993). Though anaerobic digestion is mostly
preferred, many small communities use the process of aerobic digestion which
breaks down organic matter in presence of oxygen. Aerobic bacteria like
Chromobacter, Flavobacterium and Pseudomonas form biofilm during secondary
treatment. Formation of hydrogen sulphide by sulphate-removing bacteria becomes
disadvantageous for the treatment process as it is highly corrosive and inhibits the
growth of other essential microorganisms. Sulphate reducing bacteria include
mesophilic 8-Proteobacteria like Desulfobacterium, gram-negative thermophilic
bacteria like Thermodesulfovibrio and Thermodesulfobium and gram-positive bac-
teria like Desulfotomaculum and Desulfosporomusa (Mori et al. 2003; Muyzer and
Stams 2008; Thauer et al. 2007; Thevenieau et al. 2007).
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9 Role of Fungi in Wastewater Treatment

Although bacteria plays an important role in the degradation of the organic mole-
cules into simpler substances, use of filamentous fungi has also been found to be
effective during wastewater treatment. Valuable biochemical substances, large
amount of fungal biomass and high value fungal proteins are formed by the
conversion of the organic compounds. Fungi secrete enzymes like o-amylase
which can degrade complex carbohydrates like starch (Jin et al. 1998). Yeasts and
molds play an important role in the production of microbial biomass protein (MBP)
during wastewater purification. Yeasts can grow at a pH less than 5, are easier to
cultivate, less susceptible to contamination, can produce high energy rich biomass
and have a higher growth rate in comparison to molds (Gonzalez et al. 1992;
Bergmann et al. 1988; Satyawali and Balakrishnan 2007). However, the mycotoxins
produced by the fungi are harmful for the growth of the other beneficial microor-
ganisms. The vast majority of the fungi used in wastewater treatment have a few
advantages over bacteria. They are mesophilic in nature, require a temperature of
2040 °C and a pH less than 5.0 (Sankaran et al. 2010). Fungi have the capability of
greater resistance to inhibitory compounds as they have more genes compared to the
bacteria which confer them better reproductive selectivity, thus making them more
adaptive (Guest and Smith 2002; Bennett and Lasure 1991). While fungi are
cultivated in the industries for valuable products, sludge containing bacterial bio-
mass generated after wastewater treatment is expensive to treat and is of low value.
Also due to the presence of fungal hyphae, the biomass is easier to collect from the
mixed liquor, thus reducing the treatment cost.

10 Role of Protozoa in Wastewater Treatment

Although microorganisms like bacteria are directly involved in wastewater treat-
ment, there are a large number of other microorganisms which play an important role
in wastewater treatment. Protozoa like amoeba, ciliates, and flagellates are present in
the sludge solution and improve the quality of the effluent. They mainly feed on the
suspended bacteria and keep the density of dispersed bacterial population in check.
The protozoa acts as bioindicators for determining the presence of toxic heavy
metals present in the wastewater. A large number of protozoa like Euglena,
Euglypha, Paramecium, Chilodonella, Trochilia, Coleps, Acineria, Aspidisca,
Epistylis, Vorticella, Plagiocampa, etc. are found in the activated sludge plants. In
an activated sludge plant, the most common protozoa found are the peritrichs and
hypotrichs, while cyrtophorids and testate amoebae may also be observed. Though
protozoa were considered harmful for the activated sludge process earlier, it was
found that the wastewater with no protozoa has a higher level of biochemical oxygen
demand (BOD) (Curds et al. 1968). The protozoa helps in carbon mineralization and
the excretion of these mineral nutrients are then used up by the bacteria as energy
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source. Release of nitrogen, phosphorous, organic carbon and some growth stimu-
latory compounds by the protozoa influence the growth of the bacteria (Jurgens and
Matz 2002). Protozoa also helps in improving the quality of the effluent by bacterial
grazing. The clearance rates of protozoa are around 4 x 1077 to 1 x 107° ml
medium per protozoa per hour (Bloem et al. 1988).

11 Conclusion

The purpose of sewage sludge treatment is to reduce the organic matter and the
number of pathogens present in the sludge. The sludge obtained after wastewater
treatment needs to undergo vigorous processing before being disposed off. It should
be thoroughly checked for the presence of contaminants before using it for soil
amendment or landfill. Although many different types of techniques are used, much
more improvement needs to be done to maximize the reduction of the harmful
contaminants present in the sludge. Since quite a large number of microorganisms
are involved in the treatment process of sludge, some might be harmful for the
environment and needs to be removed from the final product. Therefore, more
scientific research needs to be done on sewage sludge treatment for sustainable
development in the future.
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1 Introduction

Because of rapid global population growth, water is expected to be one of the most
dwindling resources in the twenty-first century (Day 1996). As human numbers
grow, the existing resources are put under greater pressure and natural supplies are
becoming more endangered. Sewage is the world’s primary contributor to toxic
waste to water sources and the environment. Scientists, policymakers and the public
at large are increasingly aware of environmental challenges emerging in developing
countries from the processing of municipal debris. In the 1970s, however, law-
makers recognised the demands of scientists by enacting regulations that guarded
water sources from pollutant and organic waste disposal. According to a report
conducted by the “Secretary-General of the United Nations Commission on Sus-
tainable Development” (UNCSD 1997), existing natural water use perhaps by
developing and developed countries is not sustainable as well as industrial water
usage has increased by more than three times the world’s population, leading to
widespread public health concerns, limits and problems.

“The United States (US), which has been demanding secondary disposal of
wastewater by municipalities since 1972 under the Federal Water Pollution Control
Act, is the first example of this” (Stentiford 1983). “Law No. 319 (Rules for Water
safety from prevention)” was adopted in Italy in 1976 and a decree was issued on
January 1992 that would require it. Directive 278/CEE approved by the European
Communities (EC) in 1986 calling for the guidelines for water safety to be enforced
in all the EC countries. These laws have expanded the sewage sludge output, which
is becoming one of organic waste’s main significant sources. Animal and urban
agriculture contain comparatively large amounts of organic waste. A tonne of
civilization waste reaches the water supply via the discharge from domestic,
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industrial and non-point sources of waterborne waste containing undesirable content
(Welch 1992). Whilst wastewater treatment has been around since ancient times, it
was only developed in the late 1800s & early 1900s (Chow et al. 1972). However,
modern understanding of the need to sanitise and treat waste water started with John
Snow’s case in 1855, wherein he demonstrated that in London outbreaks of Cholera
disease were caused by pollution from the Thames river (Cooper 2001). Treatment
methods for waste water differ from country to country.

Untreated and/or contaminated lakes pose a major health danger because of the
illness caused by sewage. Water-borne diseases continue to pose a major global
threat to public health, despite major improvements in water and wastewater treat-
ment. Around 250 million people are reportedly infected by waterborne pathogens
every year, leading to 10 to 20 million dead (Anon 1996). In developed countries
with lower levels or healthcare, socio-economic issues and less knowledge of public
health are present for a majority of those diseases than in more industrialised
countries. However, it has been reported that the occurrence of incident or water-
borne diseases has also risen in the United States in the last 20 years and between
1971 and 1985 there have been more waterborne diseases relative to any recent
15 years since 1920.

Wastewater prevention policies vary across countries. In developed nations,
treatment and discharge systems for urban high-income & urban low-income users
can differ greatly around the world as well as within rural & urban users (Doorn et al.
2006). In most developed nations, the level of wastewater treatment varies. India
emits 62 billion litres of waste water per day according to the Central Pollution
Control Board (CPCB) environmental body. In certain countries across the world,
public concern over dirty water is a big problem. There seems to be a possibility that
the populace, influenced by the media, develops an inflated perception of the threats
wastewater. Furthermore, without wastewater treatment even developing nations,
there are still populations systems and in few situations, even in areas with a high
level of wastewater treatment, bacteria and some contaminants, many of which have
unknown ecological effects, can still be discharged into the atmosphere
(LeChevallier and Au 2004).

This massive volume of organic waste, whether discarded or recycled, is a major
environmental problem. Some habitats have been heavily polluted by sewage
sludge, which is tainted by pathogenic organisms and also contains organic and
inorganic contaminants as a result of past and ongoing waste management activities.
Farmers are worried about the spread of organic waste pathogens, which could put
staff and livestock feeding on drainage sludge-modified soil in risk. In addition,
sludge can pollute surface and groundwater with microbes.

Sewage treatment is a method in which the contaminants are separated. The
ultimate aim of the treatment of waste is to create an effluent that does not harm
the environment. The findings can be catastrophic in the absence of sewage treat-
ment, as sewage may disrupt the ecosystem. The consequences of inadequate
treatment modalities resulting in microbial pathogenic contamination of the aquatic
reception system, as is typical in developed countries, are discussed in this chapter.
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2 Sewage Sludge Composition and Its Features

Sewage sludge is a final product of removing pollutants from municipal wastewater.
It’s made mainly from the sediment deposition of wastewater’s organic matter, and
it’s located in basins designed specifically for wastewater treatment. Because of the
abundance and variety of its elements, as well as the presence of xenobiotic
compounds, Boyle (1990) referred to the organic fraction of sewage sludge as a
“chaotic mixture.” Human excreta make up the majority of the organic matter in
waste sludge, which has been changed through non-biological and biological
stabilisation procedures. Since the organic matter in sewage sludge is easily fer-
mentable, it must be stabilised before it can be used in any way. The following are
some examples of stabilisation procedures: (A) air or heat drying; (B) chemical
treatment; (C) aerobic stabilisation (liquid state); (D) anaerobic stabilisation (biogas
production) (E) composting.

“The efficacy of different sewage sludge treatment methods in reducing pathogen
levels varies greatly. When water activity falls below critical levels, drying reduces
the viability of most bacteria. When environmental conditions are favourable,
pathogens with appropriate survival techniques (bacterial spores, cysts, etc.) can
safely survive treatment and return to vegetative status. However, since drying waste
organic matter does not adequately stabilise it, re-contamination may occur if the
material is re-wetted, either inadvertently or on purpose, and its water content
reaches a value. Salmonella has also been found to flourish in wastewater sludge
of less than 10% water content” (Dumontet et al. 1999).

“The pathogen nature of the stabilising sludge and the chemical and physical
modifications imposed on the sludge by the composition determine the sanitation
efficiency of a physical and chemical stabilisation process. The effectiveness of
biological therapy is determined by a variety of factors, including temperature, redox
capability, pathogen-mineralizing microflora competition, and the susceptibility of
stable organic matter to pathogen development” (Stentiford 1983). The time/tem-
perature ratio is usually the most important factor in aerobic and anaerobic sanitation
procedures, while in the composting process, both temperature and antagonistic
species are involved in pathogen inactivation.

“Without any substantial volume reduction, the aerobic and anaerobic
stabilisation processes produce a still liquid material with poorly stabilised organic
matter and variable pathogen removal ability. Composting, on the other hand,
reduces the amount of sewage sludge treated and produces a sanitary, storable
solid product” (Dumontet et al. 1999; Havelaar et al. 1983). Regardless of the
hygiene requirements in the countries concerned, improper sewage sludge disposal
will increase oro-fecal disease transmission. Furthermore, poorly sanitised sludge
dumping, either by dredging or by dumping, will increase microbial contamination
of surface water.
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3 Microbes in Wastewater

Microbial pathogens that are likely to be present in waste water are classified into
three categories: (a) viruses (b) bacteria (c) protozoans/helmiths (LeChevallier and
Au 2004).

3.1 Viruses

Viruses are one of the most widespread and dangerous drainage pathogens (Tree
et al. 2003). According to Toze (1997), untreated waste water can contain a number
of viruses with more than 103—104 viral particles per litre of waste water. Viruses, in
general, are more resistant to medicine, are airborne, are more difficult to detect in
environmental screening, such as waste water, and take less energy to infect than
other pathogens (Gomez et al. 2006). Viruses in wastewater enter the atmosphere
through infected hosts’ or carriers’ faeces (Leclerc et al. 2000). “Enteroviruses,
which are small single-strand RNA viruses, are the most frequently encountered
pathogenic viruses in wastewater and include polioviruses type 1 and 2. Others are
various echovirus strains, enteroviruses and coxsackie viruses” (Tanji et al. 2002).

3.2 Bacteria

Among bacteria, microbial infections found in waste water are the most common.
Enteric pathogens include a large number of bacterial pathogens and opportunistic
pathogens that have been reported in the literature (Simpson and Charles 2000). GI
infections are the most common health problems caused by bacterial pollutants in
wastewater (LeChevallier and Au 2004). Diarrhoea, dysentery, leptospira interroga-
tions, contagious diseases, typhoid, human entercolites, legionels, melioidosis,
ulcers, and tumours are all common wastewater diseases, as are wastewater-induced
infections (Liang et al. 2006). “Water includes recognised species producing toxin
such as the Staphylococcus aureus, Salmonella Spp., E. coli of food poisoning or
perfering Clostridium can cause food toxic outbreaks” (Toze 1997) (Table 1).

3.3 Protozoa

“Pathogenic protozoa are found in greater abundance in sewage than in any other
environmental source” (Toze 1997). “Pathogenic protozoans correlated with waste-
water include, and most often are isolated from fecal matter wastewaters, such as
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Table 1 The most common human pathogenic bacteria and viruses found in waste water and
sewage sludge, as well as the diseases they cause

Virus Bacteria
Symptoms/

Symptoms/disease caused by disease caused
Enteroviruses respective virus Pathogen by bacteria
Polio virus Poliomyelitis, meningitis, Salmonella spp. Salmonellosis,

fever typhoid
Coxackievirus A Herpangina, respiratory dis- Shigella spp. Bacillary

ease, meningitis, fever dysentery
Coxackievirus B Myocarditis, congenital heart | Escherichia coli Gastroenteritis

anomalies, respiratory dis- (enteropathogenic
ease, pleurodynia, rash, fever | strains)

Echovirus Meningitis, respiratory dis- Pseudomonas Otitis externa,
ease, diarrhea, encephalitis, aeruginosa skin infections
acute hemorrhagic conjuncti- (opportunistic
vitis, fever pathogen)

New Enteroviruses Yersinia Acute

enterocolitica gastroenteritis

Adenovirus Respiratory disease, eye C. perfringens Gastroenteritis
infection (food poisoning)

Parvovirus Meningitis, encephalitis, C. botulinum Botulism
respiratory disease, acute
hemorrhagic conjunctivitis,
fever

Reovirus and Not clearly established B. anthracis Anthrax

Astrovirus

Hepatitis A, C and E Infectious hepatitis Listeria Listeriosis

virus monocytogenes

Rotavirus, Calicivirus Vomiting and diarrhea Vibrio cholera Cholera

and Norwalk agent and

other small round

viruses

Coronavirus Common cold Mpycobacterium Leprosy,

spp. tuberculosis

Adeno-associated Not clearly established, but Leptospira spp. Leptospirosis

viruses associated with respiratory
disease in children

Polyomaviruses Campylobacter Gastroenteritis

Spp.

IC Progressive multifocal Staphylococcus Impetigo,

leukoencephalopathy wound infec-
tions, food
poisoning

JC Infections of the urinary tract | Streptococcus Sore throat, nec-

rotizing fasciitis,
scarlet fever

Source: This table was constructed for this manuscript based on information obtained from
Veronica Arthurson 2008; Strauch D (1991; 1998)
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Entaméeba histolytica, Giadia intestinalis and Cryptoporidium parvum” (Caccio
et al. 2003; Toze 1997).

3.4 Helminths

“Helminths (nematodes and tapeworms) are popular intestinal parasites that spread
through human faeces, similar to enteric protozoan pathogens” (Feenstra et al.
2000). “Strongyloidiasis is caused by round worms (Ascaris lumbricoides), hook
worms (Ascaris duodenale or Nector americanus), whip worms (Trichuris
trichiura), and Strongloides stercolaris, which are commonly found in wastewater”
(Feenstra et al. 2000). “It is estimated that approximately 25% of the world’s
population is infected with the round worm A. lumbricoids”. “Population growth,
educational standards, rate of sanitation and irrigation, and cultural dietary patterns
are responsible for the prevalence of Ascaris infection” (Smith et al. 2001). Gut
nematodes are the most serious health concern in non—treated excreta and agricul-
tural/aquacultural waste water, according to the World Health Organization (1998).

3.5 Yeast and Fungi

Pathogenic yeast and fungi are likely to play a secondary role in sewage loam
infection of humans. Such species can cause a reasonable amount of illnesses,
from allergies to severe systemic infections. There are also fungi which may develop
mycotoxins when developing in particular plants and foods. Aspergillus fumigatus is
still found in wastewater sludge and is still extensively contaminating the environ-
ment with fungal opportunists and respiratory allergens of medicinal importance.
The most significant pathogenic yeast and fungi in sewage sludge are mentioned in
Table 2. Up to 75% of the airborne micro-flora of the plants is composted in waste
sludge A. fumigatus, which is still present in the atmosphere. Milner et al. (1977)
stress that the health threat represented by A. fumigatus cannot be removed because
cellulose is used as carbon source for this fungus and sometimes cellulose-rich
products are used as bulking agents.

4 Microbial Indicators

It will be challenging, time intensive and exceedingly costly to locate, isolate and
identify the multiple forms of microbe pathogens associated with wastewater as
attempted routinely. “The indicator microorganisms are used to measure the relative
risk of possible disease agents on a sample to minimise the need for these massive
programmes” (Ashbolt et al. 2001). “These microorganisms must be part of the gut
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Table 2 Pathogenic yeast, fungi and bacteria that are extracted from sewage sludge

Bacterial pathogens

Yeast Fungi Primary Opportunistic

C. albicans, Aspergillus spp., Motile Aeromonas, Citrobacter spp.,
Trichosporon, Geotricum Arcobacter spp., Enterobacter spp.,

C. neoformans, candidum, B. anthracis, Brucella Escherichia coli,

C. tropicalis, Epidermophyton spp., C. coli, C. fetus Klebsiella spp., Pro-
C. krusei, Candida spp., Phialophora ssp. fetus, C. jejuni, teus spp., Providencia
guillermondii richardsii, C. botulinum, spp., Serratia spp.

Trycophitum spp. C. perfringens,
Escherichia coli O111:
NM, Escherichia coli
0157:H7, Escherichia
coli O184:H21,
Leptospira spp.,
Listeria
monocytogenes, Myco-
bacterium spp., Pseu-
domonas aeruginosa,
Salmonella spp., Shi-
gella spp., Staphylo-
coccus (coagulase
positive strains), Strep-
tococcus (beta-
hemolyticus strains),
Vibrio cholera, Vibrio
parahaemolyticus,
Vibrio vulnificus,
Yersinia enterocolitica.

Source: This table was constructed for this manuscript based on information obtained from Strauch
D (1991; 1998)

microbiota of warm, blood-filled animals to function effectively as markers; must be
present when pathogens of infected specimens are present and missing; should be
more present than pathogens; must be at least equally resistant to external factors and
wastewater disinfestation as they are to pathogens” (Bitton 2005).

Escherichia coli has long been used as fecal material contamination measurement
of water supply but is well known for its production and operation in the environ-
ment (Ashbolt et al. 2001). “It has been named as thermotolerant coliforms (TTCs)
because E. coli can be grown at a high temperature (44.5 °C) and have been a key
indicator in the water industry (Leclerc et al. 2000).” “Thermotolerant coliform
bacteria are more likely to trigger environmental improvements and treatment
systems to withstand more resistant bacterial pathogenes and almost all viruses,
protozoan cysts and helminths (Ashbolt et al. 2001).” Further downside to using
TTC as an indicator of faecal contamination is that certain warm-blooded bacteria in
their intestines have coliform. Consequently, the detection of TTC in a water source
is not necessarily confirming that the water body is contaminated by human excre-
ment or that human pathogenic agents exist. Faecal coliforms or TTC’s
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inappropriateness as markers of human faecal pollution of water supplies and
efficacy of treatment has lead to more suitable indicator microorganisms being
pursued.

“According to Ferguson et al. (1996), Clostridium perfringes is the most useful
markers of human faecal contamination and, relative to faecal streptococci and F
RNA bacteriophages, the only accurate indication for the existence of Giardia
intestinalis. The enterococci, bifidobacteria and bacterioiphages are other possible
bacterial markers of the existence of microbial pathogens in water (Leclerc et al.
2000). However, anaerobic indicator bacteria like the bacteroiphages and
bifidobacteria are difficult to use as markers of large-scale faecal pollution due to
the difficulty involved with these extreme anaerobic in handling. Recent production
of DNA probes for the identification of polymerase chain reaction (PCR) alleviates
the need for culture and enhances the ability of anaerobes as indicators of faecal
contamination (Kreader 1995). The higher tolerance of protozoan cysts and viruses
to environmental conditions and treatment processes is one of the issues associated
with using bacteria as a measure of the presence of microbial pathogens in water
(Tree et al. 2003; Hijnen et al. 2004; Gomez et al. 2006).”

“The low number, complexity and high cost of cultivation are especially difficult
for viruses to detect in many water sources (Tanji et al. 2002)”. “Bacterial viruses
were investigated in order to solve these problems for the purpose of fecal matter
infection and for the treatment methods to remove entry viruses (Ashbolt et al.
2001)”. “Although a series of alternatives were evaluated for alternative uses of
faecal coliforms, none were completely suitable. All possible markers tested to date
have one or more characteristics which prevent their use as proxies for faecal
coliforms” (Ashbolt et al. 2001; Bitton 2005). “Thus, despite its drawbacks, faecal
pollution and productivity processes remain the most important organisms that are
used to show faecal contamination” (Toze 1997). “However, progress in the detec-
tion of molecular methods used in the last 10 years may suggest that metrics may no
longer be relevant” (Bitton 2005).

5 Isolation and Identification of Wastewater Pathogens

Approaches used to identify and quantify microbial populations of waste water can
be divided into three categories: (a) culture, (b) immunology, & (c) nucleic acid-
based.

5.1 Culture-Based Methods

In this method, selective and/or differential media are used, providing a ‘presump-
tive identification’ and may be supplemented by a number of other steps. The studies
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validate the characterization of isolates using biochemical, immunological, or
molecular methods.

5.2 Nucleic Acid Based Methods

“Advances in molecular biology have transformed waste water microbiology by
promoting the identification of new microbes, the detection of microbial species, and
the differentiation of pathogenic and non-pathogenic bacteria that are closely asso-
ciated (Persing et al. 2003)”. “Nucleic acid hybridization between genes whose
frequency is specific to a human or whose sequence differentiates species is the
most common method of discrimination in nucleotide variation; other methods
depend on chromosome restriction”. “Fluorescence in situ hybridization (FISH)
(Loge et al. 1999; Moter and Gobel 2000; Baudart et al. 2002; Rompre et al.
2002) and filter hybridization (Polz and Cavanaugh 1997; Jiang and Fu 2001) and
polymerase chain response (PCR) are hybridization-based approaches” (von
Wintzingerode et al. 1997; Polz and Cavanaugh 1998).

5.3 Immunological Methods

“Immunological profiling has been used to identify and, in some cases, enumerate
pathogenic populations in waste water samples. These methods are focused on the
innate susceptibility of immune reactions and are typically aimed at pathogen-
specific antigens such as lipopolysaccharides (LPS) on cell walls, membrane and
flagellar proteins, or toxins. There are three types of immunoassays: enzyme-linked
immunosorbent assay (ELISA), immunofluorescent microscopy, and agglutination
assays” (Besnard et al. 2000; Bitton 2005).

6 Sources of Pathogens

“The contaminants most commonly present in sewage sludge and its derivatives are
determined by the state of public health as well as the presence of hospitals,
tanneries, meat-processing plants, and slaughterhouses in the same area. Foodborne
bacteria are one of the most serious causes of water waste in developed countries.
Public health authorities around the world emphasise that only a limited proportion
(10-20% of all food and waterborne disease outbreaks are actually reported, imply-
ing that the incidence of these diseases is likely to be far greater than seen in
observational research. It has been calculated by the World Health Organisation
that only 10 percent of European outbreaks are registered” (Bruce and Davis 1983).
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In view of the pervasive dissemination of undiagnosed and unreported infectious
diseases arising in single homes, contaminated people are very likely to supply
oro-fecal pathogens to sanitation systems. “Barker and Bloomfield (2000) found that
after household salmonellosis, Salmonella enteritidis lived up to 4 weeks in biofilms
in the home toilet. Salmonella spp. was isolated from below the waterline of the
toilet bowl by the same scientists, up to 50 days after experimental seeding. These
results demonstrate the significance of household events of gastroenteritis in path-
ogenic microorganisms for the long-term enrichment of sewage”. “Sadik et al.
(1998) revealed that wastewater treatment workers were at high risk of infectious
diseases being contracted. This research conducted on 242 employees of various
wastewater treatment plants, showed that the occurrence of gastroenteritis and
gastrointestinal symptoms among these workers had risen”.

For employees exposed to water, the high prevalence of zooparasites in sewage
and their low minimum infective doses are likely to pose a health danger. “Schlosser
et al. (1999) found an overall intestinal zooparasite carriage of 11.8 percent after
analysing 126 waste water employees in Paris. Four zooparasites were found:
Trichiurus sp, G. lamblia, Entamoeba coli, and Endolimax nanus, respectively”.

7 Treatment of Wastewater

The disposal of water is a method in which the contaminants are separated. The
ultimate aim of the treatment of waste is to create an effluent that does not harm the
environment. The findings can be catastrophic in the absence of sewage treatment, as
sewage may disrupt the ecosystem. Primary, secondary and tertiary treatment are the
common water treatment systems. Primary disposal requires physical sorting of
sewage using a settling basin into solids and liquid. The liquid waste is moved to
secondary storage, which relies on the use of micro-organisms to extract the
dissolved biological compound. To degrade the biological matter in the liquid
sludge, micro-organisms typically use aerobic metabolism. In order to clean the
waste, tertiary treatment is then needed so that it can be discharged into the
environment.

7.1 Procedures

Sewage sludge has to be stabilised prior to land use (Fig. 1). “The stabilisation
procedure typically reduces organic matter and water content, as well as the emission
of unwanted odours and pathogenic microorganism concentrations. Stabilization
will produce either an end product with pathogens below detection limits or sludge
with reduced but detectable pathogen concentrations” (Straub et al. 1993). Common
stabilisation strategies include anaerobic and aerobic digestion, lime stabilisation,
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Fig. 1 Sewage Composition in Urbanized cities. (Source: This figure was obtained from Residen-
tial End Uses of Water (1999) Water Research Foundation)

composting, and heat drying. These pathways differ greatly in their capacity to
reduce pathogenic microbial content in sewage sludge (Fig. 2).

7.2 Anaerobic and Aerobic Digestion

“Anaerobic treatment or biodegradation produces small concentrations of hydrogen,
carbon dioxide, and a host of other contaminants, as well as heat and a stabilised
sludge end product of a higher nitrogen content than aerobic digestion. Aerobic
digestion produces small volumes of carbon dioxide, ammonia, and other contam-
inants, as well as vast amounts of heat and a final sludge substance. About the fact
that anaerobically digested sewage sludge has higher nitrogen concentrations, after
16 weeks of incubation at 30 °C, aerobically digested sludge has higher N mineral-
ization rates (19 to 50 percent and 16 to 41 percent, respectively)” (Douglas and
Magdoff 1991). “Carbon deficiency in anaerobic sludge can explain the result and
lead to insufficient C to mineralize the soil N for the decomposition of microbial
biomass. Variations in N mineralization may also affect specific groups or com-
pounds present in sludge, such as polyphenols (which prolong mineralization by



194 S. Mane and P. Khaire

Escherichia coli Vibrio cholera Nitrosomonas Nitrobacter
europaea hamburgenesis

_3 e %l
Giardia lamblia Cryptosporidium

Polio Virus Adenovirus Coronavirus

-

Trichosporon Aspergillus spp.  Trycophitum spp.

Fig. 2 The most important microorganisms in wastewater and sewage waste in urban areas.
(Source: This figure was complied for this manuscript from open source Google links. https://
www_slideshare.net/vaishali789/use-of-microorganisms-in-waste water-treatment)

binding to N in proteins), soluble carbohydrates, or soil water content” (Cabrera
et al. 2005).

The digestion process is either mesophilic (30-38 °C) or thermophilic, which is
an important inactivation parameter (50-60 °C). Indeed, most bacteria are
inactivated during heat exposure, since they are significantly above the optimal
growth temperature and the duration of exposure is sufficient. Thermophilic waste
treatment is clearly more useful in that the levels of vegetative pathogens and
intestinal parasites than the mesophilic option (Fig. 3).
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For example, “Olsen and Hammack (2000) showed that in a thermophilic anaer-
obic digester, Salmonella enterica serovar Typhimurium and Mycobacterium
paratuberculosis are inactivated within 24 h, but the process in its mesophilic
counterpart takes weeks and months.

A major benefit of anaerobic digestion over aerobic digestion is that as end
products, methane and carbon dioxide (biogas) are produced, thereby providing
the treatment facility with energy needs. Typically, biogas contains about 60 to
70 percent methane, 30 to 40 percent carbon dioxide, and minor quantities of other
gases, including ammonia, hydrogen sulphide, and mercaptans, rendering it an
incredibly useful gas rich in energy that is easy to obtain. In comparison, anaerobic
digestion needs no input of air or oxygen into the system, which is highly cost-
effective in contrast to oxygen-requiring sludge treatment methods” (Strauch 1991,
1998).

“Kearney et al. (1994) used mesophilic anaerobic digestion to determine the
persistence of pathogenic bacteria in animal waste. The group observes that there
have been decreases in viables E. coli, S. enterica serovar Typhimurium, Yersinia
enterocolitica, Listeria monocytogenes and C. jejuni during their treatment and that,
along with the previous results, indigenous bacterial strains remain stronger than
laboratory strains. Y. enterocolitica was the lowest resistance to anaerobic digestion
(90% inactivation period, 18.2 days). While C. jejuni was the most resistant species,
it showed discrepancies in susceptibilities of disinfection among the different bac-
teria species (time required to inactivate 90 percent of the population, 438.6 days).
These results are consistent with the findings published in Jepsen et al. (1997) that
the pathogens and indicator organisms may not decrease to amounts that are
appropriate for uncontrolled agricultural use by means of aerobic stabilisation”
(Table 3).

7.3 Chemical Treatment

“Lime stabilisation is an interesting alternative to anaerobic and aerobic digestion,
largely because of its cost efficient and functional existence” (Czechowski and
Marcinkowski 2006). Hydrated lime is added in liquid waste sludge (calcium
hydroxide) at a level adequate to raise pH to 12.0 for at least 2 h. The NH4 ions of
the sludge are deprotonated at pH 12.0 to release ammonia gas that bactericidally
acts via cell membranes of microorganisms. The elevated pH and ammonia mixture
reduces the coliform bacteria by 2—7 orders of magnitude and the presence of faecal
straptococci indicator bacteria to a small extent. Several trials have validated the
need for the effective removal of Salmonella from sewage sludges of a robust pH of
12.0 over 20 to 60 day. Lime stabilisation was technically classified as a relatively
time consuming treatment option. By contrast, Strauch confirmed that “Salmonella
had been removed within 24 h at a steady pH of 10. The investigator found that their
removal relies on a collected pH, liming period and dryness of the sludge”. Bina
et al. (2004) demonstrated, in line with previous results, that “the microbial content
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of sewage sludge met the criteria for class B at pH 12 within 2 h, while class A
sludge was collected at the same pH for Salmonella and faecal coliforms after 2 and
24 h respectively. Quicklime (calcium oxide), which causes an exothermic reaction
with water, is an alternative to hydrated lime. The heat release normally increases the
sludge temperature to 70 °C, equivalent to that achieved during pasteurisation”.

7.4 Composting

Fluid sludge shall be processed before composting by a bulking agent like timber
pipes, dry manure or municipal waste. Indigenous microorganisms oxidise the
usable substrates present in sludge in the compost pile, leading to an extreme rise
in temperature, particularly in the middle of the pile (up to 60 °C and above). The
temperature of the compost pile falls to the ambient until the nitrogen sources have
been exhausted and the organic content of the sludge mineralized to CO, and H,O or
transmitted to humic compounds. Various independent composting methods exist
and the results are not necessarily the same, but the effectiveness of the process in
waste sludge for the elimination of human bacteria is not determinable. This method
is thus unlikely. Temperature and time are, nevertheless, the major factors that
regulate pathogens inactivation, showing the value of homogenising compost in
both the central pile and edge of high temperatures. In addition, the microbial
inactivation process is affected by other agents including ammonia, chemical con-
stituents, solved solids and hydroxide anions. The reduction in the amount of
pathogenic bacteria in the compost can also, in theory, rely on biological control
(e.g. antagonism) or rivalry among the different bacteria in the pile. “Hussong et al.
(1985) observed an increase in the amount of Salmonella in the sludge treated with
irradiated compost in relation to the amount treated with unirradiated compost. The
authors suggested that the changes in the salmonella level can be explained by
competitive composting practises between microorganisms’.

7.5 Pasteurization

“The best way of removal is for biowaste pasteurisation at 70 °C for at least 1 h
(Bendixen 1999). For eg, Salmonella is killed within 30 minutes by sludge heated at
70 °C” (Bagge et al. 2005; Bendixen 1996; Mitscherlich and Marth 1984). Pasteur-
ization can be used either before or during the usual stabilisation process to create a
material suitable for use as a fertiliser (digestion, composting, or liming). However,
traditional methods of pasteurisation do not remove bacterial endospores present in
sewage sludge (Clostridium spp. and Bacillus spp.) and determine the likely occur-
rence of those bacteria until the application of the sludge area. For the removal of
endospores, an expensive procedure needs at least two different rounds of
pasteurisation. Spores can be activated by primary heating into vegetative stages,
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which will start germinating and expanding eventually. The secondary
pasteurisation phase should kill these thermal bacteria, and the incubation period
between the two pasteurisation stages should be brief enough to prevent the forma-
tion of new endospores. Alternatively, “the irradiation technology of waste sludge
can be more studied in order to determine whether it is an adequate solution for the
elimination of pathogenic bacteria and bacterial endospores” (Cuba et al. 2003a, b).
Most bacteria forming endospores are still soil endemic, so more research is required
to determine whether application of treated sewage sludge could pose a higher risk.

Pasteurisation is a major choice in general for sanitization, but the procedure does
not kill bacterial endospores. Regardless of the effectiveness of sanitization, it is
crucial to remember the fundamental microbial principles in order to mitigate
bacterial recontamination and growth while organising and handling biological
products like wastewater sludge. Furthermore, pasteurisation is a detriment to
costs. In particular, the heating stage usually occurs with a steam or a heat exchanger
and needs considerable energy, which further illustrates the benefits of using anaer-
obic digestion in combination with pasteurisation, which results in energy-rich
output biogas in the same plant.

8 Conclusion

Environmental protection and biodiversity are recognised at the greatest concern
levels that need important worldwide intervention because it is necessary to move
forward into the future. In order to ensure health, waste control, NR and ecosystem
protection and toxic and pollutant treatment are the main areas that also need to be
prioritised. Today, protecting the environment from deterioration isn’t just the
elimination of contaminants and toxins, but also the reusing and recycling of harmful
substances by converting various waste into a prosperous environment.

Useful things in an aesthetic and eco-friendly way. In the current circumstances
there has been an increasing trend in using certain microorganisms and a focus in
terms of community seeking sustainable ways to clean up polluted habitats and
waste. The potential of microorganisms with the emergence of biotechnology,
increased emphasis and analysis has been given to chosen uses. In nature, microbes
are specific and sometimes unpredictable. As an important agent for addressing
certain environmental issues, microorganisms may be used. The experimental and
reliable application of microbes is inevitably unfeeling and explores a fast develop-
ment of research and novel tools to help protect our world and existing biological
World Cup and environmental management methods. Finally, the use of microor-
ganisms and microbiological techniques, especially in the form of atmosphere and
other important environmental issues, has opened up new perspectives into the field
of sustainable development.
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1 Introduction

It is a traditional practice to apply sewage sludge in soil, wastewater in soil, and
excreta in most countries’ soil. Many civilizations in Europe, the Mediterranean, and
Asian countries applied excreta of human as well as animal in the soil as fertilizers
and manures. To cite an example, we may indicate the use of treated wastewater
between the 14th and the fifteenth century in Milanese Marcites and Valenian
Huertas (Soulié and Tréméa 1991). Most of the cities of North American and
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European nations use to dispose of the wastewater in agricultural lands to avoid the
water bodies get contaminated because technologies of wastewater treatment were
not yet invented (Asano et al. 2007).

In developing countries in Asia, North America, the gulf, etc., wastewater and
sewage sludge are used for decades as a fertilizer source for the crops. Thus, it is
evident that wastewater and sewage sludge are used as fertilizers and as a source of
irrigation water in agriculture. However, developed countries have now adopted the
improved technologies to treat the wastewater, and in view of the environmental and
risk of the health hazard, they stop using untreated water and sewage sludge as crop
nutrients in agriculture. On the contrary, the developing countries are still using
untreated wastewater and sewage sludge in agriculture despite its adverse impacts on
crops and the general population’s health. On the basis of the available data in
respect of irrigated agricultural lands, an area of 4-6 M ha approximately in the
world is irrigated with wastewater for irrigation (Keraita et al. 2008). WHO (2006)
estimated that 7% of the agricultural land of the world are irrigated with wastewater.
Treated sewage sludge is applied on 10% of the irrigated area as compared to the
area irrigated with untreated wastewater. The dose of wastewater and its application
in agriculture is different from region to region. The developing countries consisting
of 75% of the world’s total irrigated agricultural lands are still using untreated
wastewater as fertilizers and as a source of irrigation water in agriculture. However,
in developed countries, the practice has become unpopular due to environmental and
risk of health hazard (Jiménez and Asano 2008). They have also indicated in their
review report that 46 (forty-six) countries of the world apply untreated wastewater
for irrigation (Fig. 1).

WHO (2006) has published statistics concerning the effects on the use of waste-
water after treatment and untreated wastewater on Gross Domestic Product and the
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Fig. 1 Application of untreated wastewater for irrigation in various regions (Source: Jiménez and
Asano 2008)
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Table 1 Statistics of wastewater application in various regions for irrigation purpose
S1. Types of Number of Coverage of Gross Domestic/Capita
No. wastewater countries Sanitation (US$)
1 Untreated 23 15-65 8804800
2 Treated and 20 41-91 1170-7800
Untreated
3 Treated 20 87-100 4313-19,800

Source: WHO (2006)

improvement in sanitation (Table 1). A range between 15% and 65% of sanitation
has been covered in 23 countries where untreated water is used for irrigation in
agriculture, and a range between 41% and 91% of sanitation has been covered in
another 20 countries which use both treated and untreated water as a source of
irrigation water in agriculture whereas a range between 87% and 100% of sanitation
has been covered in 20 countries where treated water is used for irrigation in
agriculture.

In view of the above facts, we may conclude that due to the upsurge in population
in the world has increased the production of sewage sludge, and its application in the
soil is one of the options for disposal. Lack of scientific knowledge and injudicious
use of sewage and sludge water in agriculture may cause several diseases like
ascariasis, diarrhoea, cholera, etc.

2 Sewage Sludge

The liquid waste, which is released by houses or societies, is called sewage, whereas
the sludge consists of solid waste and liquid waste generated at the time of treatment
of sewage. The reutilisation of sewage sludge for cultivation is the most important
option for its control and disposal adopted by the whole world (Kacprzak et al.
2017).

As per the Environment Protection Act (2001), sludge refers to

(a) The secondary product released by the treatment plants of sewage during the
period when treatment of urban or domestic wastewater is carried out and other
wastewater treatment plants having the same compositions in respect of urban or
domestic wastewater.

(b) Secondary products released by septic tanks and similar wastewater treatment
plants.

(c) Secondary products released by the treatment plants of sewage water except for
the byproducts that are indicated in (a) and (b) above.
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3 Sewage Sludge and Its Implication on Human Health

Exposure to sewage sludge may cause different infectious diseases to human health,
but the main reasons are (i) direct contact of sewage sludge in agricultural lands by
the farmers and (ii) consumption of fruits, grains, vegetables, etc., that are grown in
sewage applied agricultural lands. The workers working in the sewage treatment
plant are vulnerable to many infectious diseases because of their direct contact to
untreated wastewater. Such occupation falls under the category of highly hazardous
occupation. The other possible ways of spreading infectious diseases could be
(1) peoples who reside near the sewage treatment plant, (ii) children playing near
the contaminated ponds or lakes, (iii) the peoples who reside near the waste dumping
site. Another way for infection of diseases is handling of sludge improperly and lack
of proper hand washing and sanitization. Farmers who apply sludge in their field
come to direct exposure to sludge (Westrell et al. 2004). The farmers who apply
sludges in their fields and the people who work in the sewage treatment plant are
frequently exposed to infectious diseases owing to their contact with sewage sludge
directly for a more extended period. The people who work for the dewatering of
sludge and those who work for digested sludge settlement come under the highest
risk of health hazard. Many sewage sludge pathogens are reduced due to the dilution
and wastewater treatment by applying different techniques. Westrell et al. (2004)
indicated that exposure to sewage sludge leads to the risk of infections through
various pathogens to human being according to their exposure at a different level
(Table 2).

Table no. 2 shows that exposure to the virus even for a single time causes the
highest risk to human health compared to protozoa and bacteria because it is
removed from the sewage sludge in a lesser quantity. According to the computations,
as shown in Table 2 regarding the risk of infections through various pathogens, it is
seen that Giardia poses a severe risk to human health as compared to Cryptospo-
ridium. Westrell et al. (2004) also observed that the non-viral microorganisms

Table 2 Risk of infections through various pathogens to human health in many exposure levels

Levels Salmonella | EHEC Giardia Adenovirus | Rotavirus
of (x10710 (x1071° | Cryptosporidium | (x107"° | (x107'° (x10710
exposure | level) level) (x10™ 10 level) level) level) level)

1 3 x 10° 6 x 10° |2 x 10° 1x10" [2x10° 9 x 10°

2 1 x 108 2x 10" |9 x10° 4%x10° |1 1

3 2 x 10* 3x10° |3x10° 3x10° |1x10° 5 x 108

4 6 x 10? 1x10* |1x10* 1 x10° |4 x 107 2 x 107

5 5% 107" 9 5% 10% 2x10° |6x10° 1 x 10+
6 6 x 10° 1x10% |6 x 10 2x10% |9 x10° 4 % 10+
7 3 x 10° 5x 107 |2 x 107 1x 108 |1 3 x 10°

8 9 x 10? 2 x 10* |9 x 10* 2 x 10* |4 x10° 2 x 10°

Source: Westrell et al. (2004)
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Table 3 Infection of skin diseases to the farmers who cultivate the rice field with sewage as a
source of irrigation in Nam Dinh, North Vietnam

A community of My Trung A community of My Tan
Diseases Diagnosed Number = 557 | Percentage | Number = 546 | Percentage
Urticaria 2 0.4 6 1.1
Fungal infections in nail 18 32 29 5.3
Fungal infections in Skin 18 32 93 17
Bacterial infections in Skin | 27 4.8 31 5.7
Eczema 42 7.5 117 21.4

Source: Trang et al. (2007)

(<<1) are insignificantly infectious to human health, whereas the virus causes
severe infections to the people who deal with sewage sludge directly. They also
observed that eating vegetables grown on sewage sludge treated soils is compara-
tively lesser infectious to human health than those who deal with sewage sludge
directly. As for society’s perspective, the level of exposures, as shown in serial
1, serial 2, and serial 7 in Table 2, must be checked. Thorn and Kerekes (2001)
observed that those workers working in the wastewater treatment plant are prone to
gastrointestinal ailments, headaches, tiredness, respiratory ailments, and allergies in
the skin and eyes. Trang et al. (2007) investigated about the farmers affected by skin
diseases for their exposure to wastewater in Nam Dinh, North Vietnam. They
carried out the study only in the areas where wastewater is used as a source of
irrigation and witnessed that the skin diseases varied from community to commu-
nity (Table 3).

Blumenthal et al. (2000) carried out a study and reported that Ascaris poses skin-
related diseases among the farmers along with their families for their direct expo-
sure to wastewater for irrigation and apply sludges as a source of fertilizer on their
agricultural fields than the farmer community who use rainwater as a source of
irrigation. The children are more prone to disease causes diarrhoea than the adult
owing to weak immunity to fight the diseases. Wastewater needs to be stored for
some time and then brought to use for different purposes to lower the infestation
risk of Ascaris in both adults and children than the utilization of untreated
wastewater.

4 Major Pathogens Associated with Human Ailments
Contained in Sewage Sludge

Sewage sludge contains many pathogens of different microbes, namely virus, pro-
tozoa, helminth worms, and bacteria, etc. cause different types of diseases in the
general population (Gerba and Smith 2005), as shown in Table 4.
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Table 4 Primary Pathogens associated with many diseases that are present in sewage sludge

Symptoms of the concerned diseases

Pathogens associated with human
ailments

Group-Bacteria

Gastroenteritis Escherichia Coli
Gastroenteritis Campylobacter jejuni
Cholera Vibrio cholera

Severe gastroenteritis such as abdominal pain,
diarrhoea)

Yersinia spp.

Dysentery Shigella spp.
Typhoid, Salmonellosis Salmonella
Group-Virus

Infection in the respiratory tract and Gastroenteritis Adenoviruses
Fever, Pneumonia, Hepatitis, Meningitis Coxsackievirus

Group-Protozoa

Toxoplasmosis

Toxoplasma gondii

Dysentry, Diarrhoea

Balantidium coli

Cryptosporidiosis, gastroenteritis

Cryptosporidium

Cramps in Abdominal and diarrhoea

Giardia lambia

Severe enteritis

Entamoebahistolytica

Group- Helminth worms

Taeniasis

Hymmenolepsis

Diseases associated with Hookworm

Necatoramericanus

Insomnia, anorexia, anxiety

Taeniasasginata

Stomach ache, fever, an ache in the muscle

Toxocaracanis

Diarrhoea, stomach pain, loss of body weight

Trichuristrichiura

Pain in chest and cough

Ascarissum

Problems in digestion, stomach pain

Ascarislumbricodes

Source: Gerba and Smith (2005)

S Sewage Sludge Application and Its Impact on Plant

Pathogens

Different studies on the application of sewage sludge and its impact on plant-
pathogen were carried out in the world and reported that use of sewage sludge in
the soil plays a vital role to suppress different pathogens as follows:

Pathogens Plant

1. Sclerotinia sclerotiorum Tomato

2. Ralstonia solanacearum Bean

3. Sclerotium rolfsii Bean

4. Rhizoctonia solanin Radish

5. Pythium spp. Cucumber
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The microbes population increases due to sewage application, which contains an
increased amount of organic matter, and subsequently, it suppresses different plant
pathogens. Since the microbes population is increased due to the use of sewage
sludge and as a result, it causes competition between the natural populations of
microbes and pathogens for water, space, and nutrients, and this is how the popu-
lation of microbes suppresses the pathogens. Sewage sludge application in the soil
has an antagonistic impact on the pathogen, and thus it acts as an agent to control
pathogens (Chen et al. 1986). At high-temperature, pathogens that are mesophilic in
nature, unable to exist. Therefore the compost, which is made of sewage sludge,
lowers the risk of plant health than the untreated sewage sludge application in the
soils. Verticillium, which causes wilt in pepper plant, is affected by various causes
such as (1) Application of compost made of sewage sludge at various doses in the
field, (2) various methods applied for the treatment of sludge, and (3) various
temperatures during the period of composting. Application of sewage sludge at an
optimum dose increases the yield, area of the leaf, the height of the plant, dry matter
of the leaf, dry matter of the shoot in different crops. However, sewage sludge
application at a high dose decreases many field crop yield and growth. The applica-
tion of sewage sludge in soils has negative impacts on the physico-chemical prop-
erties, namely pH, EC and nutrients’ status. Sewage sludge application in higher
doses causes soil phytotoxicity, heavy metal accumulation in plants, and soil salinity
(Ghini et al. 2007). Composts made of sewage sludge incapable of suppressing
Phytophthora spp. and Pythium ultimum. Cellulose and lignin-rich composting
materials improve the microbes’ diversity in sludge compared to anaerobic
composting sludge. A substrate that contains a higher percentage of oxygen and
having good aeration decreases the severity of diseases such as Phytophthora spp.
which can overgrow below the oxygen level of 15%. Compost made of sewage
sludge has a lower bulk density than the raw sewage sludge. Chemical properties like
EC, pH, and biological properties are conducive medium for germination of seeds
and the diversity of microbes are significantly increased when it is applied with
composts made of sewage sludge (Leoni and Ghini 2006). They also observed an
inverse relationship between electrical conductivity and Phytophthora nicotianae in
the plants of tobacco.

It is advantageous to apply sewage sludge in agriculture beyond doubt, but it also
poses serious health hazards. Mention may be made that besides others, sewage
sludge contains organic pollutants, heavy metals, and pathogens (Smith 2009;
Oleszczuk 2006; Harrison et al. 2006). The standard pathogen concentrations upto
the maximum levels are shown in Table 5.

The permissible limit of heavy metals concentrations in the soil and also in sludge
is shown in Table 6.

In Russia, agricultural utilisation of sewage sludge is monitored by the State
All-Union Regulations (17.4.3.07-2001), and in order to use as fertilizers in agri-
cultural fields, the sewage sludge to be used should have the permissible limits of
heavy metals and arsenic concentrations as shown in Table 7.
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Table 5 The standard pathogen concentrations up to the maximum levels

Country Others pathogens Salmonella
Finland Contains Escherichia coli- less than 1000 Nil in 25 gram
Colony-forming unit
France Contains Enterovirus of about 3 MPCN/ 8 Most Probable Number per
10 g of Dry Matter 10gm of Dry Matter
Eggs of Helminth @ 3/10gm of DM
Hungary It contains Faecal coli and also contains Nil
faecal streptococci (its number less than
10%)
Italy Nil Contains 1000 Most Probable
Number per gm of Dry Matter
Luxembourg | It contains enterobacteria @ 100 per gm, Nil
and its eggs are not transmittant
Poland Nil The sludge that contains salmo-

nella is banned from use in

agriculture

Source: European Commission (2009)

Table 6 The permissible limits of heavy metals concentrations in the soil and also in sludge

Soil
Heavy pH greater pH less than 6 to pH less | pH less than 5 to pH less | Sewage
metals than 7 than 7 than 6 Sludge
Zinc 200 150 100 2500
Lead 100 70 70 750
Nickel 70 50 30 300
Mercury 1 0.5 0.1 10
Copper 100 50 30 1000
Chromium | 100 75 50 1000
Cadmium | 1.5 1 0.5 10

Source: European Commission (2009)

Table 7 The permissible
limits of heavy metals and
arsenic concentrations in the
sludge

Concentration in terms of ppm
Heavy metals 1 2
Zinc 3500 1750
Lead 500 250
Nickel 400 200
Mercury 15 7.5
Arsenic 20 10
Copper 1500 750
Chromium 1000 500
Cadmium 30 15

Source: Delibacak et al. (2020)
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Table 8 Standards for sanitary sewage sludge for irrigation

Pointer Standards
Group 1 | Group 2

Eggs of Geohelminth and intestinal cysts consisting of pathogenic protozoa | — -
(sample per kg)

Salmonella (Cell per gram) - _
Group of E. coli bacteria (cell per gram) 1000 100

Source: Delibacak et al. (2020)

The hygiene required for wastewater used in agriculture is regulated by Sanitary
and Epidemiological rules (2.1.7.573-96) in Russia, and its standards are shown in
Table 8.

Group land Group 2 are sewage sludge.

Group 1 type of sewage sludge is applied for industrial crops, cereals, and legumes.

Group 2 type of sewage sludge is applied for crops excluding strawberries, mush-
rooms, and vegetables.

Both the group (1 & 2) are utilized for landfills, correction of problematic soils,
aesthetic nurseries, forest, and industrial floriculture. Effluents of industries and
rainwater are often run from roads to the sewage system, and as a result of which
sewage sludge becomes toxic and may contain materials of organic origin as well.
Many detrimental toxins may also be found in the sewage sludge-like pesticides,
detergents, and various salts owing to the dumping of municipal effluents, effluents
of industries, and lethal organic materials (Sommers et al. 1976). The diversity of
lethal organic materials is significant and it also relates to the diverse impacts of
toxins on the health of human being, i.e., mutagen, the effect of carcinogens etc.
(Singh and Agrawal 2008). Modern-day advanced techniques for analysis of sewage
sludge can recognize various new lethal organic materials in sewage sludge (Clarke
and Smith 2011; Davis et al. 2012; Miiller et al. 2006). In order to identify these
lethal organic contaminants from the sewage sludge, competent professional instru-
ments will be required. The information on lethal organic pollutants in sewage
sludge is essential to prevent from dangerous health hazards. Under the circum-
stances, we must conduct biological tests to identify probable threats. These tests can
also identify the probable interactions among specific contaminants, i.e., antagonis-
tic and synergistic effects.

It is imperative to test the sewage sludge to detect phytotoxicity because it is often
used in agriculture. Domene et al. (2010) observed in their study that the toxicity of
the sewage sludge is significantly affected by different soil type, and by the arrange-
ment of solid particles and pore space during the time of estimation (Domene et al.
2008). Suchkova et al. (2010) observed that plant species which are grown on
sewage sludge applied soil affect the sewage sludge phytotoxicity.
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6 Organic Pollutants

Guo et al. (2009) observed a high concentration of heavy metals toxicity and
pollutant of organic origin in the sewage sludge. Industrial and domestic effluents
and deposition from the atmosphere are the primary sources of the pollutants in the
sewage sludge (Blanchard et al. 2001; Harrison et al. 2006; Guo et al. 2009). The
pollutants as mentioned above are, therefore, built-up in the sewage sludge during
the treatment of wastewater. Such pollutants may pose severe health hazard owing to
their involvement in the food web of humans from the field crops, and livestock that
grazes on sewage sludge applied soils (McLachlan et al. 1996). Among the contam-
inants, polycyclic aromatic hydrocarbons (PAHs) are the most hazardous for the
atmosphere, and it originates from the smoke released by the vehicle, industrial gases
etc. (Ozcan et al. 2013). Kasatikov et al. (2017) studied Moscow’s sewage sludge
and found 200 pollutants of organic origin produced by erroneous human activities.
They belong to compounds of different chemical groups (i) unsaturated hydrocar-
bons, (ii) acyclic aromatic hydrocarbon, (iii) polycyclic aromatic hydrocarbon,
(iv) compounds containing oxygen, and (v) aromatic cyclic hydrocarbons. The
permissible limit of organic compounds in the sludge of various countries is
shown in Table 9.

7 Sources of Polycyclic Aromatic Hydrocarbons

Among the exotoxicants, polycyclic aromatic hydrocarbons are the most significant
which have high levels of toxicity. Polycyclic aromatic hydrocarbons are chemically
inactive and are rarely affected by acids and other oxidizing agents. Zhai et al. (2011)
indicated that sewage sludge contains polycyclic aromatic hydrocarbons like
acenaphthene, anthracene, acenapthylene, benzo(b)fluoranthene, benzo(a)pyrene,
benzo(k)fluoranthene, benzo(g,h,i)perylene, 1,2 benzanthracene, fluoranthene,
pyrene and indeno (1,2,3-cd) pyrene. Polycyclic aromatic hydrocarbons in sewage
are originated from the burn