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Biosolids (BS) are organic dry matter produced from wastewater treatment plants

(WWTPs). The current yearly worldwide production of BS is estimated to be around

100–125 million tons and is expected to continuously increase to around 150–200 million

tons by 2025. Wastewater treatment industries across the globe strive to achieve a

green and sustainable manufacturing base for the management of enormous amounts of

municipal BS, which are rich in nutrients and organic dry matter along with contaminants.

The management of these organic-rich wastes through environmentally friendly recovery

technologies is a major challenge. The need to improve waste biomass disposal by

biological development and develop more economically viable processes has led to

a focus on the transformation of waste resources into value-added products (VAP).

This paper assesses the leading disposal methods (based on volume and contaminant

reduction) and reviews the state of biotechnological processes for VAP recovery from

municipal wastewater sludge (untreated solid waste residual) and BS (stabilized solid

waste which meets criteria for its use in land). A review of the anaerobic and aerobic

digestion processes is presented to provide a holistic overview of this growing research

field. Furthermore, the paper also sheds light on the pollutant reduction and resource

recovery approaches for enzymes, bioflocculants, bioplastics, biopesticides, and biogas

as a mean to represent BS as a potential opportunity for WWTPs. However, only a few

technologies have been implemented for VAP resource recovery and a shift fromWWTPs

to waste resource recovery facilities is still far from being achieved.

Keywords: biosolids, sludge, aerobic digestion, value-added products, contaminants

INTRODUCTION

Biosolids (BS) are nutrient-rich organic dry matter produced from wastewater treatment plants
(WWTPs). Apart from their nutrient content, BS are also rich in microbial sources, pathogens,
organic and inorganic contaminants (Marguí et al., 2016; Fijalkowski et al., 2017). There are many
published works that describe the production of these solid wastes around the globe (Verlicchi
and Zambello, 2015; Kumar et al., 2017; Sharma et al., 2017; Gao et al., 2020; Mohajerani and
Karabatak, 2020; Vaithyanathan et al., 2020). The amount of BS produced annually worldwide
has increased dramatically due to the construction of treatment plants and upgrading of existing
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facilities as a result of increased water demand and WWTP
regulations (Suksiripattanapong et al., 2015). Currently, the
worldwide production of BS is estimated to be around 100–125
million tons and is expected to continuously increase to around
150–200 million tons by 2025 (Mohajerani et al., 2017). The high
volume of municipal and industrial BS produced all over the
world is amajor cause of concern to environmentalists these days.
At the current global population growth rate, the generation of
solid wastes like BS is bound to increase dramatically. Canada
produces 660,000 dry tons of biosolids annually (CCME, 2012;
Jin et al., 2018; Vaithyanathan et al., 2021b). These BS are
either disposed of or used in land applications (CCMEA, 2010;
Gherghel et al., 2019). To promote the beneficial use of the
otherwise discarded BS, the Canadian Council of Ministers of
Environment (CCME) has reviewed and published the accepted
methods of BS treatment. According to this report, dewatering,
drying in rotary vacuum dryers and nutrient recovery from
wastewater is employed to improve the quality of BS produced
(CCMEA, 2010).

The enormous quantity of BS produced fromWWTPs always
poses difficulties for environmental scientists and engineers due
to the handling and disposal processes and thus, its management
requires careful consideration (Ahmad et al., 2017). The presence
of contaminants and pathogens in BS, which are hazardous to
human and animal health, makes government bodies rethink
their use in agricultural land application. Alongside the waning of
traditional BS disposal routes, due tomounting pressure from the
public, there is a great demand for environmentally acceptable
and cost effective alternative routes (Saetea and Tippayawong,
2013).

Generation of these solid wastes is increasing due to rapid
global urbanization and has created a threat to the environment,
forcing public/private solid waste generators to rethink current
BS management strategies (Tyagi and Lo, 2013). Furthermore,
an increasing demand of primary energy due to the depletion
of fossil fuel reserves along with the combination of various
scenarios such as climate change, public awareness and recent
advancements in technology have driven the attention toward
renewable energy (Tyagi and Lo, 2013). Moreover, from an
industrial point of view, manufacturing of commercial microbial-
based value-added products (VAP) requires an inexpensive
route and availability of abundant raw materials throughout the
year without any supply disruption. Considering these facts,
BS could serve as a prominent viable option as raw material
in industries. Microbial strain selection and proper choice
of appropriate technologies for pre-treatment, fermentation,
harvesting and recovery are the best ways to achieve a higher
yield of VAP, which also introduces a circular economy to
WWTPs (Barnabé et al., 2009; Cao et al., 2020). Nevertheless,
high energy input and operating costs for recovery, minimal
market prices and social unacceptability are major obstacles
for the development and implementation of BS resource
recovery technologies (Cao et al., 2020). So, the recovered
resources with high economic value, market demand, and
moreover with public acceptance, thus the, current attention
has focused on these techniques (Xue et al., 2019; Cao et al.,
2020).

BS can be described as a heterogenous matrix consisting
of bacterial constituents such as proteins, lipids, cellulose
coupled with inorganic matter, other organic matter,
pathogens, and organic and inorganic pollutants. Disposal
of BS with the presence of many biohazardous components,
pathogens, and chemical contaminants into the soil via land
application/landfilling can lead to widespread environmental
problems due to their potential toxicity, carcinogenicity,
mutagenicity and ability to be bioaccumulated in the food chain
(Barnabé et al., 2009). Specific regulations must be fulfilled
when disposing BS for land application. Different countries have
implemented limits on the occurrence of heavy metals, linear
alkyl alkynoates, polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs) and phthalates in BS and
monitor their impacts while applied on land (Mininni et al.,
2015; Fijalkowski et al., 2017; Delibacak et al., 2020). However,
no limits have been proposed for most of the trace organic
contaminants (TrOCs) present in BS (Verlicchi and Zambello,
2015).

TrOCs such as pesticides, industrial chemicals, hormones,
PhACs like antibiotics, antimicrobial agents, non-steroidal anti-
inflammatory drugs and other organic pollutants pose a major
threat as they induce direct biological action in the living
system (Semblante et al., 2015; Rathankumar et al., 2020).
Subsequently, a bioaccumulation of antibiotics in plants has been
reported due to a direct application of contaminant-containing
BS (Rathankumar et al., 2020). A risk quotient evaluation
of the common pharmaceuticals found in BS concluded that
penicillin, tetracycline, macrolide, quinolone, trimethoprim and
sulfonamides pose the maximum risk in the environment, such
as hindering the soil ecosystem, inducing antibiotic resistance
in microorganisms and affecting soil lifeforms (Rathankumar
et al., 2020). Moreover, TrOCs which were released into
the environment through anthropogenic activities and their
“natural levels” continue to increase due to urbanization and
industrialization (Verlicchi et al., 2012; Rathankumar et al.,
2020).

BS containing pathogens and hazardous contaminants affect
the soil vegetation and ground water level, so proper treatment
and disposal of BS are necessary to protect the environment;
this disposal could represent up to 50% of the total operating
cost of WWTPs (Rathankumar et al., 2020; Vaithyanathan et al.,
2021b). Moreover, BS disposal could be responsible for up to
40% of greenhouse gases (GHG) emissions from WWTPs (Qian
et al., 2016; Gherghel et al., 2019). Meanwhile, BS, which are a
considerable source of energy and resources, can be used as an
alternative for non-renewable resources, which produce the same
amount of energy but have an adverse impact on the environment
(Fijalkowski et al., 2017).

The solution for the above-mentioned issue is a sustainable
circular economy. The major principle involved in a circular
economy is recycling and reuse of products for design and
optimization (González-García et al., 2019). It replaces the “end
of life concept” with restoration, by eliminating the use of toxic
chemicals and shifting toward the use of renewable energy and
resources (EMF, 2015). Moreover, reutilizing municipal waste
to gain energy or resources and then disposing that waste, has
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FIGURE 1 | Different solid waste management options for biosolids (Adapted from Sharma et al., 2017).

reduced adverse effects on the environment as well as boosted
economic growth (González-García et al., 2019). In addition,
it has created more job opportunities by converting residual
municipal waste into high valued resources such as biogas,
biopolymers, building aggregates etc. (Figure 1) (Gherghel et al.,
2019).

In the context of a circular economy, VAP obtained as
energy from waste can be a substitute for existing energy
resources and reduce the associated CO2 emissions (Gherghel
et al., 2019). Sustainable management of BS is about developing
innovative technologies to harness the benefits by maximizing
waste utilization while considering appropriate social, economic
and environmental conditions of the site localization (Fijalkowski
et al., 2017). BS-based VAPs, free of contaminants, are important
for protecting biodiversity and addressing the public concern
over the beneficial uses of BS (Barnabé et al., 2009).

In this paper, solid waste from WWTPs is differentiated into
two types: biosolids, defined as a stabilized solid waste, which
meets land application and sludge criteria or unstabilized or
undigested solid waste residual. For the past 20 years, work
on solid waste management has been growing and this paper
summarizes the various resources, which can be recovered from
BS and sludge. Furthermore, the paper focuses on volume
reduction and TrOCs removal from BS and sludge. This paper
also covers the recent developments in waste valorization and
VAP production for the period from 2008 to 2020.

NUTRIENTS CONTENT AND ORGANIC
CONTAMINANTS IN BIOSOLIDS

Depending on the treatment process, BS are usually comprised
of 45–70% organic matter with 1–7% nitrogen and ≤4%
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calcium, sulfur, phosphorus, magnesium and potassium, which
can serve as an extensive source of nutrients for both plants and
microorganisms, and can improve soil quality when applied on
the land (Sullivan et al., 2015; Sharma et al., 2017; Brown et al.,
2020). Depending on the application rate, the response of BS
nitrogen is similar to or greater than that of synthetic nitrogen.
The concentration of BS phosphorus exceeds crop demands,
but its bioavailability is low and has less environmental impact
when compared to synthetic phosphorus. The concentration
of potassium in BS is low, however, since potassium is highly
soluble and is partitioned more into the effluent than into the BS.
However, BS have a full source of essential plant nutrients like
nitrogen, phosphorus, and potassium, which are helpful in crop
fertility (Brown et al., 2020). The carbon and nutrients contained
in BS have value both independently and in combination. Fixed
carbon can be used as a source of energy or as a soil conditioner
(Sharma et al., 2017).

For several years, there has been a growing concern
regarding emerging contaminants of interest in BS and
effluents from WWTPs (Luo et al., 2014; Gonzalez-Gil
et al., 2016). Several major categories have been reported as
substances of concern in BS (WEAO, 2010). These include
industrial chemicals (pesticides, plasticizers, and alkylbenzene
sulfonates, etc.), alkyl phenols, flame retardants, hormones,
pharmaceuticals, personal care products, certain metals
(arsenic, mercury, silver, and selenium, etc.), polycyclic
aromatic hydrocarbons, polychlorinated dioxins and furans,
and pathogens (Rathankumar et al., 2020). However,
their environmental fate and significance is not known or
well-understood (Kinney et al., 2006; CCMEA, 2010).

Presence of above mentioned emerging contaminants such
as pharmaceuticals and personal care products in sewage sludge
were tested in nationwide by US Environmental Agency. Out
of the 72 pharmaceutical and personal care products that
were tested for in BS, triclosan and triclocarban top the list
with concentrations of >1,000 mg/kg (USEPA, 2009). The
hydrophobic antimicrobial agents, triclosan and triclocarbans,
have been reported to be present in effluents and BS in
concentrations that pose a threat of bioaccumulation in
snails and earthworms (Coogan and Point, 2008; Higgins
et al., 2011). The environmental persistence of these agents
is mainly due to the incomplete removal by biodegradation
in wastewater treatment systems. The endocrine disruptive
nature and bioaccumulation in snails and algae proves that the
existence of these compounds in the environment is a serious
issue (Coogan et al., 2007; Ahn et al., 2008). Contaminated
BS applications on land fields have been reported to induce
antibiotic resistance in microbes and also affect earthworms
and horsetails (Ernervik, 2011). Bisphenol-A (BPA) leaches
from the polycarbonate and epoxy resins, and is found in the
surface water and BS. On assessing the BPA levels in North
America, high concentrations in the range of 0.197–36.7 mg/kg
were found in Canada (Lee and Peart, 2000). Though they
have lesser half-lives in soil and are efficiently degraded, the
anti-androgenic properties and evidences of their toxicity to
plants and invertebrates and their endocrine disruptive nature
in mammals have been reported (Tyl et al., 2002; Klečka et al.,

2009). Due to their hydrophobicity, polyaromatic hydrocarbons
(PAHs) are emerging as one of the priority contaminants found
in soil. PAH degradation in BS amended soil is slow due to their
low bioavailability and high molecular weight (Baran et al., 2003;
Haynes et al., 2009). Limits for PAH concentrations in BS have
been assigned in the EU; the maximum allowable concentration
is 6 mg/kg (USEPA, 2009).

With the increasing energy demand and lack of supply, the
need for the sustainable development of these resource-rich BS
toward environmentally sound solid waste management becomes
unavoidable (Pappu et al., 2007). The contaminants in the BS,
however, can damage the soil ecosystem, pollute the surface
water, groundwater and land, contaminate food chains etc.,
making them unsuitable for disposal without prior treatment.
As the physico-chemical nature of the BS is purely dependent
on the nature of the wastewater, which may vary with seasonal
and treatment processes, the digested sludge must be analyzed
properly prior to land applications (Sharma et al., 2017). BS
which have gone through various treatment processes to become
solid residue, high in nutrient content and organic matter, can
then be utilized for various applications.

BIOSOLIDS MANAGEMENT AND
DISPOSAL

Sludge produced by a WWTP is transported to a sludge
treatment line for further treatment; but this process depends
on the type and size of the WWTP. The final output
of the sludge treatment process is stabilized solid residue
containing organic matter, known as BS (Bianchini et al., 2015).
However, because of infrastructure and financial restrictions,
most developing countries and a few developed countries
lack proper sludge management processes (Wainaina et al.,
2020). Conventional technologies for sludge management are
landfill, incineration, aerobic or anaerobic digestion. Depending
on the characteristics of the BS, they can be transported
directly to landfills, converted into fertilizer or incinerated
(Cerda et al., 2018). However, lower land availability, operating
costs and strict regulations have resulted in processes like
landfilling being banned and discouraged in some European and
North American countries (Kor-Bicakci and Eskicioglu, 2019).
However, landfill is mostly applied as a management technique
in many developing countries and, incineration in most
developed countries (Wainaina et al., 2020). Compared to various
technologies, biological processes are economically feasible
because of lower energy consumption, low-cost investment, and
efficient organic removal rates (Siddique and Wahid, 2018).
Biological treatment for BS stabilization can be achieved by either
anaerobic or aerobic digestion. Indigenous microorganisms in
the BS are able to withstand stressful environments and utilize the
nutrients, thereby converting these wastes into valuable energy or
resources through digestion (Wainaina et al., 2020). Anaerobic
digestion is a widely used approach; however some treatment
plants prefer aerobic digestion due to its social acceptability,
effective contaminant removal and enhanced nutrient removal
(Vaithyanathan et al., 2021a).
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FIGURE 2 | Various pretreatment techniques and mechanisms for different pretreatment methods. (A) Ultrasonication, (B) microwave irradiation, (C) hydro dynamic

cavitation, (D) disperser, (E) chemical, and (F) biological pretreatment (Adapted from Guan et al., 2018; Mancuso et al., 2020; Banu et al., 2021).

Pretreatment—An Effective Technique for
Enhancing Municipal Solid Waste
Solubilization
The handling and disposal of BS is considered to be one
of the biggest challenges due to the enormous volume and
high moisture content level (80%) of BS. They also contain a
substantial amount of biomass, such as carbohydrates, proteins,
and lipids, along with various pollutants. The cost of BS
management accounts for up to 60% of the entire operating costs
of the WWTP (Coma et al., 2013). Consequently, the volume
of BS has to be reduced using various treatment methods in
order to meet the proper disposal standards and to reduce the
operating costs of municipal WWTPs (Gayathri et al., 2015).
Sludge biodegradability is limited due to its complex nature
(Kavitha et al., 2014b). The rigid arrangement of microbial cell

walls and membranes also forms a barrier in sludge digestion
by forming a protective layer which hinders the permeation of
hydrolytic enzymes.

In aerobic or anaerobic digestion, nutrient-rich BS are
converted into energy or bioproducts and stable organic
residue is obtained (Wainaina et al., 2020). However, in the
biological process, hydrolysis is the rate-limiting step because
extracellular enzymes produced by indigenous microorganisms
are immobilized inside the floc, which makes them unavailable
for the hydrolysis of readily available and large organic matter,
which in turn affect the stabilization of BS (Vaithyanathan et al.,
2021b).

Pretreatment (PT) techniques were employed to overcome
the above-mentioned problem, and fragmentation processes
were applied to disrupt the cell walls in the sludge floc
structure and push the organic material from the inner layer
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to the outer layer, making it readily available for microbial
degradation during the biological process (Anjum et al., 2016;
Wainaina et al., 2020). Enhanced biodegradability, increased
organic loading rate, reduced sludge volume and odor reduction
are the some of the merits of this PT process (Pilli et al.,
2015; Barber, 2016; Wainaina et al., 2020). PT can be either
mechanical, chemical, enzymatic or combinations thereof. This
part of the section discusses the impact of PT before biological
processing of sludge (Figure 2). VAP recovery, contaminant
removal and volume reduction that occurred during various
PTs of sludge are listed in Table 1. During mechanical PT,
breakdown of floc particles increases the specific surface area,
which subsequently provides better contact with substrate and
indigenous microorganisms thus enhancing anaerobic digestion
(Jain et al., 2015). The mechanical PT encompasses an extensive
range of processes such as ultrasonication, microwave, freeze-
thaw, thermal, hydrodynamic cavitation.

Ultrasonic PT is applied as it mechanically disrupts the cell
structure and low frequencies of 20–40 kHz are effective in
sludge treatment (Chu et al., 2002). However, high energy input
is required for thorough cell lysis (Chu et al., 2002). Sonic
waves produced during ultrasonication cause rarefaction and
periodical compression when propagating through the medium.
During this process, microbubbles form which collapse when
they reach critical size which in turn initiates the powerful
hydro-mechanical shear forces and highly reactive radicals
(H· and ·OH). These shear forces and reactive radicals are
responsible for the breakup of sludge flocs and release of
intercellular materials (Kesari et al., 2011) (Figure 2). Salsabil
et al. (2010) compared three different sludge PTs; ozonation,
thermal and ultrasonication. Of the three, ultrasonication is
very effective in total suspended solids (TSS) reduction (47%)
followed by ozonation (19%) and thermal treatment which
was least effective (∼5%) (Salsabil et al., 2010). Yu et al. and
Kavitha et al. evaluated the effect of ultrasonication PT of sludge
on extraction of extracellular enzymes such as amylase, and
protease from sludge. Moreover, no enzyme inactivation was
observed during ultrasonication PT (Yu et al., 2008; Kavitha et al.,
2016c).

Microwave PT is also a widely used technique for the sludge
solubilization (Toreci et al., 2009; Chang et al., 2011; Appels et al.,
2013; Kavitha et al., 2016b). Kavitha et al. studied microwave
pretreatment and disperser induced microwave pretreatment
experiments. Microwave pretreatment of sludge at a specific
energy input of 18,000 kJ/kg TS achieved a COD solubilization
and solids reduction of 16 and 9.3% respectively. On the
other hand, disperser induced microwave pretreatment of sludge
at the same energy input increased the COD solubilization
and solids reductions to 22 and 17.3%, respectively (Kavitha
et al., 2016b). The major pathway for sludge disruption in
microwave irradiation technique, can be explained in two ways:
(i) the rotation of dipoles under oscillating electromagnetic
fields generates a thermal effect, and as a result, intercellular
liquor reaches the boiling point which eventually leads to
the breakup of bacterial cells and (ii) the changing dipole

orientation of polar molecules induces a thermal effect which
may break hydrogen bonds and denature biological molecules
causing microorganisms to die at lower temperatures (Zhen
et al., 2017) (Figure 2). Employing microwave irradiation
breaks the hydrogen bonds as the polar side chains of larger
molecules combine with the path of the electric field. This
method requires high energy consumption and is costly, which
can be addressed by combining other treatment methods
(Kavitha et al., 2016b).

Thermal disintegration is a promising PT for sludge
solubilization. Thermal hydrolysis PT processes employ elevated
temperatures and pressures in the presence of water. At these
high temperatures and pressures, water is able to cleavage of
chemical bonds in complex molecules like sludge and convert
them into simpler components (Cheah et al., 2016; Zhen et al.,
2017). Şahinkaya and Sevimli (2013) studied the effect of
thermal, sonication PT and its combinations, and found that the
combined effect of sonic mediated thermal PT achieved a higher
degree of COD disintegration (17.8–27%) than individual PT
(Şahinkaya and Sevimli, 2013).

During the hydrodynamic cavitation process, in which high
intensity shockwaves are formed, extreme microjets drive the
mechanical and chemical effects. Reflection of these effects
results in the release of shear forces and decomposition of
water molecules to produce •OH, which subsequently breaks
the sludge floc and influences sludge disintegration (SeŽun
et al., 2019) (Figure 2). Mancuso et al. (2019) concluded that
the low-level hydrodynamic cavitation (2 bar) assisted thermal-
alkaline treatment (50◦C & pH = 10) was energy efficient and
effective in sludge solubilization, which improved the soluble
chemical oxygen demand (SCOD) from 118 mg/L to 10,673
mg/L. Moreover, the degree of disintegration (DDCOD) improved
to 53%, which was 46.5% for low level thermal-alkaline and 1.4%
for low level hydrodynamic cavitation, respectively (Mancuso
et al., 2019).

Chemical PT involves addition of chemical dosage for
enhanced solubilization, floc disruption and effective recovery
of biopolymers from sludge. The main reaction that occurred
during acidic pretreatment was the hydrolysis of hemicellulose,
which broke the cell matrix and released monomeric sugars
and oligomers (Zhen et al., 2017) (Figure 2). During alkali
PT, an increase in pH causes a major reaction such as
saponification and solvation. Saponification of particulate
organics increases COD solubilization, which can be
attributed to repulsions between the negatively charged
extracellular polymeric substances (EPS). An increase of
this electrostatic repulsion increases negatively charged
bacterial surfaces, which causes desorption of extracellular
polymers (Nazari et al., 2018) and makes them easily accessible
to microorganisms.

Xiao et al. (2017) investigated the recovery of protein from
sludge by using three PTs such as ultrasonication, thermal and
alkali (chemical), and they found that chemical PT at pH 12.0 is
very economic and effective in protein solubilization compared
to other PTs (Xiao et al., 2017). Various chemicals such as H2O2,

Frontiers in Water | www.frontiersin.org 6 October 2021 | Volume 3 | Article 729679

https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles


Vaithyanathan and Cabana Value Added Products From Biosolids

TABLE 1 | Summary of key information of sludge pretreatment prior to biological process.

Type of pretreatment Pretreatment Sludge valorization References

Solids reduction (%) COD solubilization (%) Value added

products

Mechanical Ultrasonication 0.35 U/mL of protease

and 0.24 U/mL of

amylase

Kavitha et al., 2016c

Mechanical Microwave 9.3% 16% Kavitha et al., 2016b

Mechanical Microwave 17.3% 22%

Chemical H2O2 protease of 0.123

U/mL and 0.085 U/mL

of amylase

Eswari et al., 2017

Mechanical Microwave 24.7% 30.2%

Mechanical - Chemical Microwave + H2O2 +

H2SO4

35% 46%

Mechanical Microwave 20.9% 30.2% Eswari et al., 2016

Mechanical Microwave + H2O2 29.5% 50.3%

Mechanical - Chemical Microwave + H2O2 +

H2SO4

33% 56.1%

Chemical Dioctyl sodium sulpho

succinate

0.04 U/mL of protease

and 0.0.04 U/mL of

amylase

Ushani et al., 2017b

Mechanical Thermal 22.3% Mancuso et al., 2019

Chemical Alkaline 41.6%

Mechanical Hydro dynamic cavitation 1.4%

Mechanical -Chemical Thermal-Alkaline 46.5%

Mechanical -Chemical Hydro dynamic cavitation -

Alkaline

44.2%

Mechanical -Chemical Thermal-Hydro dynamic

cavitation- Alkaline

53%

Chemical Ozonation 13. 4% 20.8% Packyam et al., 2015

Mechanical- Chemical Ultrasonication - Ozonation 17.8% 25.4%

Mechanical Sonication 23% 23.2% Kavitha et al., 2016a

Mechanical -Chemical Fenton medicated

Sonication

30% 34.4%

Mechanical Microwave 25.7% 33.7% Banu et al., 2018

Chemical- Mechanical Rhamnolipid-Microwave 32.6% 45.7%

Chemical- Mechanical Alkali-Rhamnolipid-

Microwave

55.1% 42.8%

Chemical Sodium thiosulphate 0.04 U/mL of protease

and 0.03 U/mL of

amylase

Ushani et al., 2018

Chemical MgSO4 0.53 U/mL of protease

and 0.19 U/mL of

amylase

Ushani et al., 2017a

Chemical KOH 0.15 U/mL of protease

and 0.10 U/mL of

amylase

Banu et al., 2017

Chemical MgCl2 0.084 U/mL of

protease and 0.052

U/mL of amylase

Kavitha et al., 2015

Mechanical Ultrasonication 11.1–15.1% Şahinkaya and Sevimli,

2013

Mechanical Thermal ≈6–7.9%

Mechanical Sono-Thermalization ≈17.8-27%

(Continued)
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TABLE 1 | Continued

Type of pretreatment Pretreatment Sludge valorization References

Solids reduction (%) COD solubilization (%) Value added

products

Mechanical Ultrasonication 22–31% Dhar et al., 2012

Mechanical Thermal 25–39%

Mechanical Thermal -sonication 29–38%

Mechanical Ultrasonication Protein Xiao et al., 2017

Mechanical Thermal Protein

Chemical Alkaline Protein

Mechanical Ultrasonication 47% Salsabil et al., 2010

Mechanical Thermal 5–16%

Mechanical Ozonation 19%

Chemical Potassium ferrate -NaOH 8.11% Li et al., 2019

Chemical- Mechanical NaOH- Ultrasonication 13.77%.

Chemical-Mechanical Potassium ferrate

-Ultrasonication

17.51%

Mechanical Microwave 8.5% Chang et al., 2011

Chemical Alkaline 18%

Mechanical-Chemical Microwave-Alkaline 46%

NaCl, MgSO4, and sodium thiosulphate and were also added
to sludge prior to biological processes for protease and amylase
extraction (Kavitha et al., 2015; Eswari et al., 2017; Ushani et al.,
2017a, 2018) (Table 1).

The combined effects ofmechanical and chemical PT of sludge
on resource recovery are listed in Table 1. According to the
literature, H2O2 at a dosage of 0.5 mg/g SS at pH 5.0 (H2SO4)
along with microwave (10,810 kJ/kg TS) PT, improved the SS
reduction and COD solubilization to 35 and 46%, respectively
(Eswari et al., 2017). Surfactant mediated microwave extraction
in alkaline conditions improved the COD solubilization and
solid reductions compare to individual PT (Banu et al., 2018).
Li et al. (2019) studied the combination of two chemical agents
such as potassium ferrate and NaOH in sludge and observed
that volatile suspended solid (VSS) reduction was around 8%.
The impacts of ultrasonication of the chemically treated sludge
were also examined; mechanical-chemical PT incurred high
VSS removal efficiencies (13.77% for NaOH + ultrasonication;
17.51% for potassium ferrate + ultrasonication). However,
adding ultrasonication to the combination increased costs by
45–66% (Li et al., 2019) (Table 1).

Whether it was mechanical, chemical, enzymatic or combined
PT, sludge disintegration was equally effective, but contaminant
removal and VAP production were less effective. Disruption
of sludge flocs, effectively released the EPS, however, the
macromolecules released along with contaminants were available
in the liquid phase, which implies that these components
were not removed but readily available for degradation
in another manner (Semblante et al., 2015; Rathankumar
et al., 2020). So, contaminant removal or resource recovery
will be improved when this PT is further accompanied by
biological processes.

Pretreatment Assisted Biotechnological
Process—Amalgamated Strategy for
Resource Recovery and Municipal Solid
Waste Stabilization
The energy recovery outlook implies that anaerobic degradation
is the most proficient and economical sludge treatment method
(Appels et al., 2008; Nazari et al., 2018) as it produces
methane, an energy-rich gas. However, hydrolysis of the organic
matter is the rate-limiting step during anaerobic digestion
resulting in a long retention time (20–30 days) and lower
degradation capacity (30–50%) (Tyagi and Lo, 2011; Dai et al.,
2013). Hence, to aid in the solubilization of organic matter
for biodegradation and disintegrating the sludge, several PT
methods, such as mechanical, chemical, thermal and biological
(Kavitha et al., 2014a) or a combination thereof are required
prior to anaerobic treatment. Use of these PTmethods accelerates
the rate of hydrolysis, and improves the dewaterability of sludge
while reducing pathogens (Müller, 2001). PT made substrate
more accessible to the indigenous microbial consortium,
which accelerated the digestion process as demonstrated by
the improved degradation and reduction in sludge volume.
PT applied to sludge prior to anaerobic digestion converts
harder to degrade complex organic matter into more easily
degradable compounds and releases them into the soluble
phase. These organic molecules present in the soluble phase are
eventually available for biodegradation. Moreover, PT followed
by subsequent biological processes achieves improved sludge
degradation, enhanced biogas production, VAP extraction,
reduced retention time in digesters and lessens the cost of sludge
disposal (Kor-Bicakci and Eskicioglu, 2019). The following
section discusses the importance of anaerobic/aerobic digestion,
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which is assisted by PT. Moreover, it will show the impact of
PT over anaerobic/aerobic digestion on methane production and
other VAPs.

Aerobic Digestion

Three different PTs, ultrasonication, ozonation, and thermal,
were used prior to aerobic digestion. Total solid reduction
and aerobic biodegradability were monitored to assess the
performance of PT (Jaziri et al., 2012). TSS removal improved
by 15 and 5% for ultrasonication and thermal assisted aerobic
digestion. On the other hand, no TSS removal was obtained
with ozonation PT assisted aerobic digestion. This might be
explained by the release of radical scavengers, which are
inefficient at materializing the sludge because of high ozone
dosage (>0.1 g O3/g TS). Aerobic biodegradability can be
expressed by three factors i) global CO2 production ii) maximum
specific CO2 production rate and iii) initial CO2 production
rate. The global CO2 production, initial CO2 production rate
and maximum specific CO2 production rate improved to
19, 11, and 3.4% respectively for thermal assisted aerobic
processes, nil, 2 and 30.3% respectively, for ultrasonication
assisted aerobic processes and 5, 10, and 20% respectively,
for ozonation assisted aerobic processes. Based on the global
CO2 production, sludge degradability improved for thermal and
ozonation PT. But, no real improvement in biodegradability was
observed for sonication assisted aerobic digestion (Jaziri et al.,
2012). Combining microwave and alkali PTs improves the rate
of solubilization while reducing the energy consumption and
reaction time when compared to microwave or alkali PT alone.
A 63% reduction of VSS was observed for aerobic digestion of
sludge by integrated microwave and alkali PT (Chang et al.,
2011).

Wang et al. (2018) studied free ammonia PT with subsequent
aerobic digestion for 15 days, which resulted in a 36% volatile
solid reduction with improved biodegradability. Degradation in
the first 6 days of the 15 days of the aerobic digestion was faster
since it occurred in the more easily biodegradable molecules
first. After 6 days, the degradation was slow, and it becomes
stabilized. However, PT becomes practically feasible when sludge
disposal and transportation costs are higher than US$40/ton of
dried sludge (Wang et al., 2018). Ultrasonication, ozonation and
thermal PT with subsequent aerobic and anaerobic digestion
were tested separately, and ultrasonication or ozonation PT
assisted biological processes were found to be energy efficient
and cost effective. PT of anaerobic waste resulted in higher total
suspended solids (TSS) reduction in contrast to aerobic waste,
implying that anaerobic treatment is effective when compared to
aerobic treatment during sludge reduction (Salsabil et al., 2010).

A degradation study on diclofenac was carried out on digested
dewatered sewage sludge. During this study (Haiba et al., 2017),
anaerobic digested sludge was mixed with sawdust in two
different ratios of 1:2 and 1:3, followed by aerobic composting.
Over 95% removal of diclofenac was observed in both compost
mixtures. However, the PhAC degradation was comparatively
higher in the 1:3 compost mixture (Haiba et al., 2017). Ten
different commonly occurring PhACs and their degradation
by composting of sludge with enrichment (rice straw) were

analyzed. Reduction due to composting (C/N:20) occurred for
azithromycin (upto 50%), irbesartan, fluoxetine (100%), and
citalopram (15%) but telmisartan and venlafaxine showed no
signs of degradation. Composting with five different C/N ratio
blends (C/N:17; C/N:20; C/N:24; C/N:29; C/N:37) for PhACs
removal were also examined. Five out of 10 PhACs, azithromycin,
ibuprofen, irbesartan, olanzapine, and benzylpenicillin, were
reduced in all the composting studies. Degradation pathway for
benzylpenicillin, a β-lactam antibiotics was hydrolytic cleavage of
beta-lactam ring followed by decarboxylation step. β-lactamase
enzyme is responsible for the hydrolytic cleavage of beta-lactam
ring and presence of these enzymes are responsible for the
degradation of benzylpenicillin all composting samples (Dantas
et al., 2008; Gatica and Cytryn, 2013). However, telmisartan
was only reduced in C/N:37 and fluoxetine, venlafaxine, and
citalopram were only reduced in C/N:20. The trend shows that
the degradation effect of PhACs depends on different composting
blends with different half-life periods. Microorganisms use
azithromycin and ibuprofen as carbon sources and irbesartan as a
sole nitrogen source during degradation and composting (Iranzo
et al., 2018) (Table 2). PhACs concentrations in dehydrated
sludge were reduced more in anaerobic digestion than in aerobic
digestion (Martín et al., 2015). Biodegradation followed by
irreversible radiation and volatilization alleviated pharmaceutical
removal for aerobic treatment (Wang et al., 2019).

Anaerobic Digestion

Thermal PT has also been extensively studied for the temperature
range from 60–270◦C (Climent et al., 2007). Thermalization
at low temperatures enhances the methane production and
removal of organic matter. The combination of sonication
and thermalization, known as “sono-thermalization,” uses
the temperature rise during sonication for subsequent low
temperature thermalization (Şahinkaya and Sevimli, 2013).
This combined treatment method significantly improved the
reduction of organic matter and production of methane when
digested anaerobically. The increase in methane and biogas
production by sono-thermalization were found to be 13.6
and 14% respectively, as reported by Şahinkaya and Sevimli
(2013). This method was not, however, economically feasible
due to its high energy requirements. In decreasing order, the
disintegration efficiencies were sono-thermalization, sonication,
and thermalization (Şahinkaya and Sevimli, 2013). Dispersion
induced microwave PT followed by anaerobic digestion were
also investigated, and floc dispersion of biomass was highly
effective at 25.3 kJ/kg TS. Whereas, at a specific energy of
18 kJ/kg TS, COD solubilization, SS reduction and volatile
fatty acid (VFA) production were 17.3%, 22%, and 770 mg/l,
respectively (Table 2). However, based on the economic analysis,
the disperser induced microwave treatment with subsequent
anaerobic digestion was found to be profitable (US$104.8/ton of
sludge) (Kavitha et al., 2016b) (Table 2).

Banu et al. (2018) studied the impact of microwave
PT, surfactant assisted microwave PT and surfactant assisted
microwave PT at alkaline conditions followed by anaerobic
digestion for sludge solubilization, and biogas production. COD
liquefaction was 33.7% for microwave PT at a specific energy
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TABLE 2 | Summary of key information of sludge pretreatment assisted biological process.

Type of

pretreatment

Sludge valorization Remarks References

Solids

reduction

(%)

COD

solubilization

(%)

Contaminants

removal (%)

Value added products

Anaerobic Digestion

Microwave 9.3% 16% Volatile fatty acids

(VFA)production ≈500 mg/L

Net profit of 104.8 USD/ton of

sludge was obtained for

disperser induced microwave

which was negative net cost (-

15.9 USD/ton of sludge) for

microwave pretreatments

Kavitha et al., 2016a

Disperser

induced

Microwave

17.3% 22% Volatile fatty acids (VFA)

production ≈770 mg/L

Microwave 24.7% 30.2% Methane yield-150 mL/g VS Compared to individual

pretreatment (−10.2 e per ton of

sludge), combined effect of

mechanical-chemical

pretreatment earned a net profit

of (49 e per ton of sludge)

Eswari et al., 2017

Microwave +

H2O2 + H2SO4

35% 46% Methane yield-250 mL/g VS

Microwave 20.9% 30.2% VFA production ≈730 mg/L

and Methane yield-175

mL/g VS

Both combined effect

Mechanical- chemical

pre-treatments earned net profit

more than individual mechanical

pre-treatment.

However, combined

pre-treatment in the presence of

acidic conditions (MW + H2O2+

H2SO4) will be more profitable

(59.9 e sludge) when compared

with (MW + H2O2 ), which was

30.5 per ton of sludge

Eswari et al., 2016

Microwave +

H2O2

29.5% 50.3% VFA production ≈1,950

mg/L and Methane yield-

288 mL/g VS

Microwave +

H2O2 + H2SO4

33% 56.1% VFA production ≈2,050

mg/L and Methane

yield-323 mL/g VS

Ozonation 13. 4% 20.8% Biogas production = 0.535

L/g VS

Both combined and individual

pretreatments, were incurred a

negative net profit of −4.21 e /

ton of sludge and −5.27 e /ton

of sludge, respectively and found

not profitably feasible for field

applications.

Packyam et al., 2015

Ultrasonication-

Ozonation

17.8% 25.4% Biogas production = 0.637

L/g VS

62% 60.6% IBPa, CBZb, and DZPc

removal of (25–50%)

SMXd, ROXe and NPXf

removal of (75–100%)

1.05 L/L d of biogas

production

No mutagenetic activity and

estrogenic activity decreases

after AD

Gonzalez-Gil et al.,

2016

Sonication 23% 23.2% maximum methane

production potential = 0.2 g

COD/g COD

Net profit of 44.9 USD/ton of

sludge was obtained for fenton

mediated sonication which was

negative net cost (-87.7 USD/ton

of sludge) for sonication

pretreatments.

Kavitha et al., 2016a

(Continued)
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TABLE 2 | Continued

Type of

pretreatment

Sludge valorization Remarks References

Solids

reduction

(%)

COD

solubilization

(%)

Contaminants

removal (%)

Value added products

Fenton

medicated

Sonication

30% 34.4% maximum methane

production potential = 0.3 g

COD/g COD

60% CFAg- 61%, TCLh-

50%, DCFi-60%,

CBZ-51%

0.55 L/d of biogas

production

Ultrasonication pre-treatment

combined with AD improves

PhACs removal compared to

rotary disc and enzymolysis

Increase in SRT will enhance

pre-treatment with AD

Zhou et al., 2017

Ultrasonication CFA- 68%,TCL-

73%,DCF-72%,

CBZ-63%

Rotary disc CFA- 70%,TCL-72%,

DCF-72%, CBZ-58%

Enzyme Papain:

CFA- 48%,TCL-

60%,DCF-55%,

CBZ-64%

Cellulase:

CFA - 48%, TCL- 38%,

DCF-45%, CBZ-58%

Lysozyme: CFA- 53%,

TCL- 82%, DCF-58%,

CBZ-40%

Enzyme Mixture

(Papain and

Lysozyme)

58.2% CFA- 67.6%. TCL-

55.5%, DCF-40.6%

CBZ-55.2%

Enzyme mixture combined AD

with rotary disc has higher

removal compared to other

pre-treatments.

Operating cost for enzyme

mixture with AD is 5.64 $/m3

when enhanced with

ultrasonication and rotary discs,

the operating cost where 6.63

$/m3 and 6 $/m3, respectively.

Zhou et al., 2018

Ultrasonication-

Enzyme

mixture

CFA- 77.1%, TCL-

68.8%, DCF-46.7%,

CBZ-67.9%

Rotary

disc-Enzyme

mixture

CFA- 76.5%, TCL-

75.3%, DCF-71.7%,

CBZ-78.1%

Enzyme VFA yield increased by 81% Cellulose enzyme has higher VFA

yield s compared to other five

enzymes

Bahreini et al., 2020

21 pharmaceuticals

(reduced to 8 µg/kg

dm from 142 µg/kg

dm)

Higher decrease is obtained for

Anaerobic + dehydrated sludge

compared to Aerobic +

dehydrated sludge

Martín et al., 2015

Enzyme 16–28% Biomethane ≈72.4mL CH4 Out of the three enzymes

treated, protease has higher

COD removal and biomethane

production

Agabo-Garcia et al.,

2019

(Continued)
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TABLE 2 | Continued

Type of

pretreatment

Sludge valorization Remarks References

Solids

reduction

(%)

COD

solubilization

(%)

Contaminants

removal (%)

Value added products

Ultrasonication Methane yield of 0.17 m3

CH4/kg COD removed.

All disintegration methods were

incurred negative cost, and for

economic feasibility ranking in

the order of

ultra-sonication(−473 e/t of

sludge > Microwave (−512 e/t

of sludge) > enzyme mixture

(−8983 e/t of sludg)

Tas et al., 2018

Enzyme Methane yield of 0.17 m3

CH4/kg COD removed.

Microwave methane yield of 0.22 m3

CH4/kg COD removed

Ultrasonication 86.2% Anaerobic was effective when

compared to aerobic during

sludge reduction

Salsabil et al., 2010

Thermal 69–76%

Ozonation 78%

Microwave 24.6% 33.7% Biomethane production of

239 mL/g COD

Rhamnolipid mediated

microwave disintegration in the

presence of alkaline environment

earned a net profit (0.39 $/ ton of

sludge) and is highly profitable

when compared with rhamnolipid

mediated microwave and

microwave pretreatment which

was −31.3$/t of sludge and

−84.2 $/t of sludge, respectively.

Banu et al., 2018

Rhamnolipid-

Microwave

32.8% 45.7% Biomethane production of

329 mL/g COD

Alkali-

Rhamnolipid-

Microwave

42.8% 55.1% Biomethane production of

379 mL/g COD

Ultrasonication 34.4% ≈11.1–15.1% Increase in methane and

biogas production were

5.2% and 6.3%,

respectively.

Both individual (sonication

≈-1.42 $ / t of sludge and

thermal ≈-4.23/t of sludge) and

combined (Sono-thermalization

≈-48 $/t of sludge)disintegration

methods were not economically

feasible because of negative net

cost/profit

Şahinkaya and Sevimli,

2013

Thermal 31.1% ≈6–7.9% Increase in methane and

biogas production were

4.2% and 3.5%,

respectively.

Sono-

Thermalization

37.8% ≈17.8–27% Increase in methane and

biogas production were

13.6 and 14%, respectively

Ultrasonication 22–31% 15–24% increase in

methane production

Most cost effective pretreatment

is a combination of thermal at

90◦C + ultrasound at

1,000 kJ/kg TSS ≈44 $/ t of dry

sod

Dhar et al., 2012

Thermal 25–39% 13–19% increase in

methane production

Thermal-

Ultrasonication

29–38% 19–30% increase in

methane production

(Continued)
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TABLE 2 | Continued

Type of

pretreatment

Sludge valorization Remarks References

Solids

reduction

(%)

COD

solubilization

(%)

Contaminants

removal (%)

Value added products

Hydrocyclone 23.4 Methane production of 101

mL/g

Most cost effective pre-treatment

is Hydro cyclone mediated

alkaline with net profit of

68.57 $/ to f sludge compared to

individual hydro cyclone

pre-treatment (13.42 $/t

of sludge)

Sun et al., 2019

Hydrocyclone-

alkaline

29.3% Methane production of

134.2 mL/g

Aerobic digestion

Ultrasonication 76% Cost reduction can be effective

when ultrasonication and

ozonation prior to aerobic or

anaerobic digestion.

Salsabil et al., 2010

Thermal 62–68%

Ozonation 71%

Ultrasonication 36% Pretreatment with ultrasonication

increases the sludge resistance

to dewatering

Erden et al., 2010

Ozonation 34.1%

Free ammonia 36 ± 4% Sludge disposal and

transportation cost is higher than

$40/wet ton, free ammonia

pretreatment will be

economically feasible.

Wang et al., 2018

Thermal 5% Biogas production improved

by 19%

Aerobic digestion followed by

thermal pretreatment improved

sludge reduction and

biodegradability compared to

other two treatments.

Jaziri et al., 2012

Ultrasonication 15%

Ozonation - Biogas production improved

by 5%

Azithyromycin−50%,

and citalopram- 10%

PhACs degradation efficiency

increased by changing C/N ratio

Iranzo et al., 2018

Pharmaceuticals

(42–100%)

No laccase activity Compared with autochthons

microbiome, sludge

bioaugmented with Trametes

versicolor has higher removal of

PhACs

Rodríguez-Rodríguez

et al., 2012

21 pharmaceuticals

(reduced to 70 µg/kg

dm from 142 µg/kg

dm)

Lower decrease is obtained for

Aerobic + dehydrated sludge

compared to Anaerobic +

dehydrated sludge

Martín et al., 2015

19.87% 89.6–95.4% of norflaxin

and 87.2–95.4% of

ofloxacin

Biodegradation is the major

pathway for PhACs removal

which was followed by

irreversible radiation and

volatilization

Zhang et al., 2019

95% degradation of

diclofenac

1:3 ratio of sewage sludge and

sawdust has higher removal

compared to 1:1 ratio

Haiba et al., 2017

(Continued)
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TABLE 2 | Continued

Type of

pretreatment

Sludge valorization Remarks References

Solids

reduction

(%)

COD

solubilization

(%)

Contaminants

removal (%)

Value added products

Microwave-

alkali

63% Combined pretreatment

improves solubilization rate,

reduces energy consumption

and reaction time compared to

the individual pretreatments

Chang et al., 2011

Reduction in

fluoroquinolones and

sulfonamides

Reduction was due to anaerobic

digestion before composting

Lillenberg et al., 2010

Metformin-90% No removal occurred for

carbamazepine during,

composting so different meant of

studies will be required

Haiba et al., 2018

a Ibuprofen.
bCarbamazepine.
cDiazepam.
dSulfamethoxazole.
eRoxithromycin.
fNaproxen.
gClofibiric acid.
hTriclosan.
iDiclofenac.

of 6,480 kJ/kg TS, while the addition of surfactant (dosage of
0.003 g/g of SS) along with microwave PT (specific energy
of 3,240 kJ/kg TS) increased liquefaction to 45.7%. Whereas,
at alkaline mediated surfactant assisted microwave PT, COD
liquefaction increased to 55%. Adding alkaline and surfactant
slightly reduces the microwave energy to help achieve maximum
COD solubilization. The biomethane production was 379 mL/g
COD for alkaline mediated chemo-mechanical PT, which was
329 mL/g COD and 239 mL/g COD for surfactant assisted
microwave and microwave PT, respectively (Banu et al., 2018).
Fenton assisted sonication is also extensively used for sludge
disintegration as it effectively cleaves the cell walls of sludge
biomass through an oxidation–reduction reaction. The Fenton
oxidation process is a promising technique for sludge reduction
and biogas production enhancement. The principle behind this
oxidation process involves the reaction of hydrogen peroxide
with iron ions to produce highly active hydroxy radicals,
which are effective in the disruption of EPS and in cell
lysis of microorganisms (Zhen et al., 2017). Kavitha et al.
showed that Fenton mediated sonication gave a maximum
methane production potential of 0.3 g CODg COD (Kavitha
et al., 2016a). Packyam et al. (2015) investigated the effect of
ozonation and sono-ozonation over biogas production. In these
anaerobic digestion study, sonication was introduced for sludge
deflocculation, while ozonation used for cell disintegration.
And showed that biogas production from flocculated sludge
(ozone pretreated alone) was 931mL with a maximum biogas
production rate of 4.0697 L/g VS d. On the other hand, sludge
which was first deflocculated by sonication (Specific energy
dosage of 76.4 kJ/kg TS), and then subsequently followed by cell

disintegration by ozone (ozone dosage of 0.0011mg O3/mg SS)
PT improved the biogas production to 1,123mLwith amaximum
biogas production rate of 5.2041 L/g VS d. Improved biogas
production was due to the release of SCOD during sonication
and the release of particulate organic matter through cell lysis of
ozone treatment prior to the bioprocess. This proved that ozone
given in low doses at lower ultrasonic specific energy enhances
anaerobic biodegradability (Packyam et al., 2015).

Alkaline mediated surfactant assisted microwave PT with
subsequent anaerobic digestion earned a very meager net
profit of US$0.39/ton of dried sludge but both microwave and
surfactant assisted microwave PT were not feasible for operation
because of negative net profits (-US$84.2/ton of dried sludge
and -US$31.3/ton of dried sludge, respectively; Banu et al.,
2018) (Table 2). Even with improved biogas production and
effective COD solubilization, the PT assisted anaerobic digestion
was economically unfeasible because of negative net profits
(Şahinkaya and Sevimli, 2013). Tas et al. (2018), however, felt that
economic cost assessments carried under laboratory conditions
were not enough to judge if this technique was applicable for full
scale operation (Tas et al., 2018).

Zhou et al. (2018) investigated the effect of an enzyme
mixture combined with ultrasonication and a rotatory disc on the
removal of four PhACs. The rotatory disc combined with enzyme
treatment resulted in efficient removal (clofibiric acid- 76.5%,
triclosan - 75.3%, diclofenac - 71.7%, carbamazepine - 78.1%)
compared with an ultrasonication combination or individual
enzyme mixture. Operating costs, however, increased with
combined PTs (ultrasonication & enzyme mixture - 6.63$/m3

and rotatory disc & enzyme mixture - 6 $/m3) which was
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only 5.64$/m3 for an individual enzyme mixture (Zhou et al.,
2018). The occurrence and removal of organic micropollutants
during anaerobic digestion was studied, and high concentrations
of ibuprofen, triclosan, and musk fragrances were found in
the analyzed sludge. After biological processes, the removal
of sulfamethazine, roxithromycin, naproxen was around 75–
100% and diazepam, carbamazepine, ibuprofen removal was
around 25–50%. In addition, a 60% COD removal and a biogas
production of 1.05 L/L d were observed. Moreover, biological
assays were performed (Ames and Comet test) on digested sludge
to verify its adverse effects on environment and human health,
with Ames test it confirmed that there no changes in mutagenic
activity after anaerobic digestion. However, with Comet test the
presence of genotoxic effect in digested sludge was confirmed
(Gonzalez-Gil et al., 2016) (Table 2).

In most of the cases, combined PT followed by anaerobic
digestion improved methane production, solid reduction, sludge
solubilization and contaminant removal. Moreover, they could
be cost effective compared to individual PT with subsequent
biological processing (Packyam et al., 2015; Kavitha et al., 2016b;
Eswari et al., 2017; Zhou et al., 2017, 2018; Banu et al., 2018;
Ushani et al., 2018; Sun et al., 2019) (Table 2). On the other hand,
implementation of pre-treatment prior to biological processing
requires enormous amount of energy and additional space for
installation (for physical pretreatment), corrosive effects and
difficulties in balancing pH (chemical pretreatment), installation
costs and maintaining optimal condition for microbial activities
(biological pretreatment) are the major constraints limits
those applications on an industrial scale (Nguyen et al.,
2021).

Bioaugmentation—A Reinvigorating
Approach to Pretreatment Enhanced
Digestion for Municipal Solid Waste
Valorization
Environmentally friendly approaches such as adding enzyme
secreting bacteria (bioaugmentation) and/or pretreating with
enzymes (biostimulation) have the potential to reduce the volume
of sludge and simultaneously remove pollutants contained in
it (Barnabé et al., 2009; Semblante et al., 2015; Seo et al.,
2017). The global market for waste management was valued at
around US$2080 billion in 2019, with an estimated compound
annual growth rate (CAGR) of 5.5% between 2020 and 2027
and is expected to reach US$2339.8 billion by 2027 (Allied
Market Research, 2018), with bioaugmentation representing
about a ninth of it. Bioaugmentation is a technique to
increase the rate of bioremediation by taking advantage of the
synergistic effect among organisms. A successful bioremediation
process usually involves the use of approaches tailored for
the specific environmental conditions at the site. The need
for bioaugmentation arises when the indigenous organisms are
slow/unable to biodegrade the contaminants in the sludge.
The introduction of new strains improves the performance of
the existing strains while simultaneously boosting contaminant
removal. In addition, if appropriate formulations are applied, the
sludge microbial mixture can be used as microbial inoculants

or biopesticides for agricultural land (Barnabé et al., 2009; Cao
et al., 2020). However, the major setback associated with this
biological approach is time consumption and proper selection
of microorganisms/enzymes. Inaccessibility of substrate, where
the polymeric substances immobilized within sludge floc make
things difficult for bioaugmented strain/indigenous microbes,
could be the cause of this time consumption. The rate-limiting
step of hydrolysis can be avoided by introducing PT prior to
bioaugmentation. Mechanical, chemical or their combinational
PTs are well-known for their merits such as odorless sludge,
extraction of VAPs and the removal of pollutants. However, the
major demerits are environmental pollution due to chemical
agents, economic constraints and operational feasibility (Yu et al.,
2013; Semblante et al., 2015; Seo et al., 2017; Rathankumar et al.,
2020). So, the next part of this section focuses on the impact of
introducing PT to bioaugmentation and its potentially prolonged
effect on the system. In addition, it provides an overview of which
PT are suitable for aerobic/anaerobic digestion and how it is
effective over VAP production and its associated costs.

While the bioaugmentation technique is theoretically feasible,
in practice, there are numerous obstacles such as the availability
of substrate, competition between microbes, preference of
organic substrates over pollutants, and predation (Goldstein
et al., 1985). The abiotic stresses that suppress microbial growth
include water content, temperature, nutrient depletion, pH,
and potentially toxic pollutant levels in the sludge (Gentry
et al., 2004; Roy et al., 2018). These constraints in addition
to insufficient published literature have a negative effect on
the trials and laboratory experiments. Some of the key factors
of this negative effect are microbial selection, fermentation
environment, contaminant type, abiotic parameters, and issues
related to introduction (Tyagi and Lo, 2011). The microbial
selection is usually done by adding a microbial strain,
microbial consortium or by introducing pre-adapted genetically
engineered microorganisms.

Despite the challengesmentioned above, bioaugmentation has
shown various applications in soil remediation (Cycoń et al.,
2017), oil spills (Roy et al., 2018),WWTPs (Raper et al., 2018) and
ground water dechlorination (Chang et al., 2021; Li et al., 2021).
Most of the reviews about bioaugmentation in soil remediation
during the late twentieth century were of a cautionary tale (Vogel,
1996). This was mainly due to the insufficient literature and
inadequate lab-scale experiments. Moreover, resource recovery
was not considered, and contaminant removal was low. However,
this has changed over the years and increasing information
about the interaction of organisms and genetic predisposition
has led to a tremendous increase in scope (Sharma and Jain,
2020). The use of bioaugmentation over other methods is
attributed to its productivity and cost-effectiveness (Garcia-
Blanco et al., 2007). Specifically, PAHs can be metabolized by
a consortium of bacteria, which protects the environment by
avoiding leaching of these contaminants into groundwater. In
areas where groundwater is contaminated by chlorinated ethenes
(Lendvay et al., 2003), bioaugmentation ensures that the in situ
microorganisms completely degrade the chemicals to chlorine
and ethylene (Yang et al., 2019). Typically, it is used only in
the bioremediation of chlorinated ethenes although research is
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being done in compounds like chloroethanes (Li et al., 2021)
chloromethanes and methyl t-butyl ether (MtBE) (d’Errico et al.,
2020).

Valorization of sludge in bioaugmentation has three main
criteria. First, the massive volume of sludge is a key criterion
when biodegradation of waste is concerned. Thus, volume
reduction is essential for proper disposal of the waste. Second,
toxic by-products in waste-generating plants could lead to
bioaccumulation. The waste should therefore be devoid of toxic
contaminants before disposal (Appels et al., 2013). Finally,
microbial activity may lead to the formation of VAP, like surface
active compounds, bioactive compounds, phytochemicals and
dietary fibers (Kumar et al., 2021). This “resource recovery” helps
in the circular economy, and hence, forms an essential part of
waste valorization. In addition, the cost and energy consumption
of the methods play a major role during their use in large volume
bioreactors (Lipińska et al., 2021).

Various microbes have been used in bioaugmentation like
Bacillus spp. (Kavitha et al., 2013, 2016c; Ushani et al., 2017c),
Trametes versicolor (Rodríguez-Rodríguez et al., 2012, 2014;
Llorens-Blanch et al., 2018), Bjerkandera adusta (Aydin, 2016),
Bacillus licheniformis (Merrylin et al., 2014a), B. thuringiensis
(Vidyarthi et al., 2002; Pham et al., 2010; Cerda et al.,
2019; Rodríguez et al., 2019) and Exiguobacterium sp. (Banu
et al., 2017) (Table 3). A major factor to be considered before
bioaugmentation is the type of fermentation. The VAP to be
obtained depends greatly on the organism and its metabolism.
Augmenting aerobic organisms during anaerobic fermentation
will result in failure and vice-versa. Additionally, aerobic, and
anaerobic fermentation have different effects on waste, especially
activated sludge. This is evident in the work done by Kavitha et al.
(2013, 2014a, 2015, 2016c) where they bioaugmented Bacillus
jerish 03 and B jerish 04 in both aerobic and anaerobic conditions.
This served as an appropriate barometer to compare the two
types of fermentation.

Aerobic Digestion

The sludge was treated under aerobic conditions by
bioaugmenting B. jerish 03 and B. jerish 04 which were
previously assisted by either ultrasonication or ethylene diamine
tetra acetic acid (EDTA) for EPS release (Kavitha et al., 2013,
2016c). The reduction in SS, and COD solubilization were
evaluated to consider the effect of the volume reduction and
biodegradability of the sludge. Furthermore, VAPs, like protease
and amylase, were quantified. To evaluate the importance of
ultrasonication PT, ultrasonication assisted bioaugmentation,
and bioaugmentation without ultrasonication were performed
(Kavitha et al., 2016c). The complex nature of the flocs and
immobilization of the enzymes inside the flocs restricted
the disintegration potential in the bioaugmentation without
ultrasonication, which had a 15% SS reduction after 56 h. On the
other hand, SS reduction in PT assisted bioaugmentation was
about 21%; floc disruption during ultrasonication had helped
the bacterial consortium along with bioaugmented bacteria to
achieve improved SS reduction. The energy consumption and
associated costs were calculated to determine the proficiency of
the method. PT assisted bioaugmentation consumed 160.8 kWh

of energy and earned a net profit of US$27/ton of dried sludge,
compared to 160.2 kWh and a negative net gain (-US$6/ton
of dried sludge) bioaugmentation without PT (Kavitha et al.,
2016c). The impact of adding EDTA prior to bioaugmentation
of B. jerish 03 and B. jerish 04 for the degradation process was
studied by Kavitha et al. (2013). SS reduction for EDTA-assisted
bioaugmentation was 24 vs. 15.7% for bioaugmentation without
EDTA addition. Enhanced 8.3% removal for EDTA-assisted
bioaugmentation was supported by combined enzyme activity
(enzymes secreted by facultative anaerobes along with extraction
of enzymes from the sludge matrix by EDTA). While, at the
end of the experiment, the SS reduction of EDTA-assisted
bioaugmentation was 48.5%, which was 34.3% higher than for
the control (raw sludge) (Kavitha et al., 2013).

Contaminant removal in addition to bioaugmentation has
been studied extensively with T. versicolor. García-Galán
et al. (2011) completely (100%) removed sulfonamide under
environmental conditions. Rodríguez-Rodríguez et al. (2011,
2012) removed 3.8–99% of PCBs and 26–100% of PhACs
under environmental conditions. They also showed that the
removal of PhACs along with the production of laccases were
higher in fungal bioaugmented sludge. Llorens-Blanch et al.
(2018) used the bioaugmentation approach for the treatment
of biopiles by T. versicolor. Out of 45 PhACs investigated in
the biopiles, only 19 were detected. They studied the effect
of reinoculation of fungi at the middle of the period. The
percentages for the total removal of PhACs after the end of
the 42-day experiment of non reinoculated and reinoculated
samples were 49.2 and 66.5%, respectively During this study,
they also analyzed microbial diversity in the biopiles system, and
found that T. versicolor fungal colonization was predominant
during the first half of the experiment (i.e., up to 23 days),
but was no longer predominant by the end of the study.
PhAC removal had improved in the re-inoculated biopiles.
Moreover, a change in the fungal population hadn’t affected
the bacterial populations, which accelerated the contaminant
removal (Llorens-Blanch et al., 2018). The VAPs obtained
from the sludge valorization using aerobic bioaugmentation
are listed in Table 3. The promising VAPs are biodiesel from
Trichosporon oleaginosus (Zhang et al., 2014; Chen et al., 2021),
enzymes from Aspergillus niger (Vaithyanathan et al., 2020),
T. versicolor (Rodríguez-Rodríguez et al., 2011, 2014; Llorens-
Blanch et al., 2018) and Bacillus subtilis (Vaithyanathan et al.,
2021b), biopesticide from B. thuringiensis, (Balasubramanian
and Tyagi, 2017a; Cerda et al., 2019) and biosurfactant from
Starmerella bombicola (Cerda et al., 2019). These products have
future applications in extraction and production, and thus,
provide a way for waste disposal and cost-effective production
of VAPs.

Anaerobic Digestion

Bacillus cerus, a facultative anaerobe, which can be grown
either with or without the presence of oxygen was investigated
by Ushani et al. under anaerobic conditions. This strain
was inoculated to sludge, which was pretreated with dioctyl
sodium sulphosuccinate (DOSS) (Ushani et al., 2017b), sodium
thiosulphate (Ushani et al., 2018), and magnesium sulfate
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TABLE 3 | Summary of key information on pre-treatment assisted bioaugmentation aided biological process.

Type of pretreatment Bioaugmented

microbes

Sludge valorization Remarks References

Solids

reduction

(%)

COD

solubilization

(%)

Contaminants

removal (%)

Value added products

Anaerobic digestion

Dioctyl sodium

sulphosuccinate

Bacillus sp 12.8% 14% i) Methane

production-0.18 g COD/g

COD ii) maximum

enzymatic activity of 0.32

U/mL of protease and

0.02 U/mL of amylase

Both experiments yield a net

positive profit. However,

surfactant mediated immobilized

bacterial disintegration yields

(57.39 $) higher compared to

only bacterial integration of

sludge (8.2 $)

Ushani et al.,

2017b

Bacillus sp 17.4% 20% i) Methane

production-0.24 g COD/g

COD ii) maximum

enzymatic activity of 0.08

U/mL of protease and

0.25 U/mL of amylase

Sodium thiosulphate Bacillus cerus 12.8% 14% Methane production of

0.18 gCOD/g COD

Net profit of 2.6 USD/ton of

sludge was obtained with

sodium thiosulphate aided

bacterial disintegration where

areas sludge disintegrated only

with help of bacteria earned a

negative net cost (-49.2 USD/ton

of sludge).

Ushani et al.,

2018

B. cerus 21% 22% Methane production of

0.32 gCOD/g COD

MgSO4 B. cerus 12.8% 21% Maximum enzymatic

activity of 0.33 U/mL of

protease and 0.09 U/mL

of amylase

ii) Methane production of

235.8 mL/g VS

Net profit of 32.9 USD/ton of

sludge was obtained with

MgSO4 e aided bacterial

disintegration where areas

sludge disintegrated only with

help of bacteria earned a

negative net cost (-6.5 USD/ton

of sludge).

Ushani et al.,

2017a

B. cerus 19.2% 15.2% i) Maximum enzymatic

activity of 0.54 U/mL of

protease and 0.28 U/mL

of amylase

ii) Methane production of

146.1 mL/g VS

Exiguobacterium
spp.

15% 13% Methane production of

136 mL/g VS

Both experiments yield a net

negative cost/profit. But based

on energy production and cost

effective, KOH mediated

bacterial disintegration (43.9

kWh and −8.2 USD) is highly

beneficial compared to only

bacterial integration of sludge

(−177.6 kWh and −91.23 USD)

Banu et al., 2017

KOH Exiguobacterium
spp.

20% 23% Methane production of

232 mL/g VS

Net profit of 27.3 USD/ton of

sludge was obtained with

ultrasonic aided bacterial

disintegration sludge

disintegrated only with help of

bacteria earned a negative net

cost (−18.4 USD/ton of sludge).

Kavitha et al.,

2015

(Continued)
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TABLE 3 | Continued

Type of pretreatment Bioaugmented

microbes

Sludge valorization Remarks References

Solids

reduction

(%)

COD

solubilization

(%)

Contaminants

removal (%)

Value added products

Bacillus jerish 03
& B. jerish 04

14.9% 10.5% i) Maximum enzymatic

activity of 0.04 U/mL of

protease and 0.06 U/mL

of amylase ii) Methane

production of 0.12

gCOD/g COD

MgCl2 B. jerish 03 & B.
jerish 04

22.7% 21.4% i) Maximum enzymatic

activity of 0.133 U/mL of

protease and 0.082 U/mL

of amylase

ii) Methane production of

0.22 gCOD/g COD

Trametes
versicolor and
Bjerkandera
adusta

85–94% of ETS

and ST antibiotic

combination

In the combination of ETS and

ST, biodegradation efficiency of

ERY and SMX is higher in T.
versicolor But TET antibiotics

removal efficiency is higher in B.
adusta when comparing with T.
versicolor in the combination of

ETS and ST antibiotics.

Aydin, 2016

Bacillus
licheniformis

≈12.1% Biomethane ≈114mL

CH4

Biomethane production is 5.7

times higher compared to no

pretreatment

Agabo-Garcia

et al., 2019

Aerobic digestion

Ultrasonication B. jerish 03 & B.
jerish 04

20.7% 23% Maximum enzymatic

activity of 0.15 U/mL of

protease and 0.12 U/mL

of amylase

Net profit of 27 USD/ton of

sludge was obtained with

ultrasonic aided bacterial

disintegration sludge

disintegrated only with help of

bacteria earned a negative net

cost (-6 USD/ton of sludge).

Kavitha et al.,

2016c

B. jerish 03 & B.
jerish 04

14.3% 11% Maximum enzymatic

activity of 0.07 U/mL of

protease and 0.06 U/mL

of amylase

Citric acid B. licheniformis 18% 10.9% Citric acid mediated bacterial

disintegration is cost effective

( 0.24/day) when compared with

only bacterial disintegration.

Merrylin et al.,

2014b

10% 7.2%

B. thuringiensis Biopesticides (max spore

count- 8.15 ± 0.04 (107)

CFU g/DM.

However, with different treatment

strategies, production yield of

value added products were low.

Cerda et al.,

2018

Starmerella
bombicola

Biosurfactant maximum

yield (Sophrolipids=

0.02 g /g-DM

Ensifer sp Acetaminophen

removal

Compared to autochthonous

microbiota, Acetaminophen was

degraded in <1 h for Ensifer

bioaugmented samples which is

22 h for control

Park and Oh,

2020

B. thuringiensis Viable Cell count-1.44 ×

108 CFU/ mL

Sporulation rate-96%

Fenton oxidation based Bt using

sludge as a substrate is more

efficient when compared to

ultrasonication

Pham et al.,

2010

(Continued)
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TABLE 3 | Continued

Type of pretreatment Bioaugmented

microbes

Sludge valorization Remarks References

Solids

reduction

(%)

COD

solubilization

(%)

Contaminants

removal (%)

Value added products

Fenton oxidation B. thuringiensis Viable Cell count-1.63 ×

109 CFU/ mL

Sporulation rate-90%

Ultrasonication B. thuringiensis Viable Cell count-4.08 ×

108 CFU/ mL

Sporulation rate-84%

Insulated B. thuringiensis Sporulation rate-84%

Viable cell count-109

CFU/ g DM

All three experiments posses

high sporulation rate and viable

cell count

Rodríguez et al.,

2019

Non-Insulated B. thuringiensis Sporulation rate-97%

Viable cell count-109

CFU/ g DM

Non-Insulated and

stirred

B. thuringiensis Sporulation rate-89%

Viable cell count-109

CFU/ g DM

Sterilization T. versicolor Sulfonamide-

100%

Complete elimination of

sulfonamides at real

environmental conditions.

García-Galán

et al., 2011

T. versicolor Pharmaceuticals

(56–100%)

Maximum laccase activity

of 4.58 U/g DW

Compared with autochthons

microbiome, sludge

bioaugmented with Trametes

versicolor has higher removal of

PhACs

Rodríguez-

Rodríguez et al.,

2012

T. versicolor Pharmaceuticals

(86%),

Brominated-

flame-retardants

(81%) and UV

filters (80%)

Reinoculation has improved the

removal rate compares to first

inoculation and also cost

effective one.

Rodríguez-

Rodríguez et al.,

2014

Sterilization T. versicolor Pharmaceuticals

(43–100%),

Polychlorinated

biphenyls

(3.8–99.9%)

Maximum laccase activity

of 3–4 U/g DW

Reduction in sludge toxicity

(Daphnia magna, Vibrio fischeri
and seed germination) after

treatment

Rodríguez-

Rodríguez et al.,

2011

Sterilization T. versicolor Pharmaceuticals

(66%),

Removal of PhACs was higher in

Fungal bioaugmented sludge.

Fungal colonization was

observed the first half and its

decreased at fag end of the

experiment.

Fungus does not colonize

during reinoculation.

Llorens-Blanch

et al., 2018

(Ushani et al., 2017a). During the study of DOSS pretreatment
in anaerobic digestion, suspended solids, COD solubilization,
methane production and enzyme activity were quantified. SS and
COD reductions of 12.8 and 14% respectively, were obtained with
initial bioaugmentation with only bacteria. Bioaugmentation
also produced biomethane of 0.18 g COD/g COD and with
a meager net profit of US$8.3/ton of wet sludge. However,
addition of surfactant DOSS followed by bioaugmentation
resulted in COD and SS reductions of almost 20 and 17.4%

respectively. Although the results were not high, the methane
production was 0.24 g COD/g COD and the net profit was
high at US$57.39/ton of dried sludge compared to US$8.3/ton
of dried sludge for bioaugmentation, which was attributed
to the immobilization of bacteria. Furthermore, the use of
surfactant resulted in the release of protease and amylase
(Ushani et al., 2017b). Sodium thiosulphate (Ushani et al.,
2018) was used to induce the release of protease enzyme
while simultaneously dispersing the flocs. The cost of the
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process was high due to the use of thiosulphate resulting
in less profit. However, considering the VAPs, the release of
protease and methane could compensate for the cost. This
was comparatively profitable considering the cost of waste
valorization without bioaugmentation which was net negative
US$49/ton of dried sludge (Ushani et al., 2018). Furthermore,
MgSO4 had the highest deflocculating rate of 92% (Ushani
et al., 2017a). However, this was not reflected on the suspended
solids reduction and COD liquefaction but was evident by the
high enzyme activities (0.54U/mL of protease and 0.28 U/mL
of amylase).

While the anaerobic treatment has been extensively studied
and optimized, it is still difficult to apply anaerobic conditions
(Yu et al., 2020). This involves maintaining an oxygen-free
environment, providing the required substrates, and proper
release and storage of methane. It is evident from the
above literary works that aerobic bioaugmentation reduces
suspended solid content, increases COD solubilization, removes
contaminants and provides VAP in demand. However, from
the published results, the net profit is slightly greater under
anaerobic fermentation due to biogas production which does
not occur with aerobic digestion. The cost was calculated in
accordance with the energy consumption of the pretreatment
methods involved and the resultant VAP obtained. On the
other hand, when infrastructure or equipment capital costs
and operational costs are considered, the net cost of anaerobic
treatment is slightly higher (Pfluger et al., 2019; Wainaina et al.,
2020).

MUNICIPAL SOLID WASTE REUSE AS
RESOURCES—A BIOREFINERY
PERSPECTIVE FOR THE PRODUCTION OF
ADDED-VALUE PRODUCTS

Biodiesel
The current trend of our ever-increasing global population and
its use of petroleum-based products, predicts the depletion of
these energy resources at a rapid rate. Moreover, environmental
threats related to the use of these chemicals has led to the creation
of an alternate pathway for the production of biobased products
to alleviate GHGs and fulfill the global demand (Chen et al., 2018;
Kumar et al., 2018; Dahiya, 2020).

Municipal sewage sludge, a potential feedstock, which consists
of high lipid content and is available at zero cost, can be a viable
alternative to producing biodiesel (Srivastava et al., 2018). Sewage
sludge, which has been reported to contain 5–20% lipid w/w
dry sludge (Wang et al., 2016; Chen et al., 2018) and is rich in
nutrients, can be used as the medium for microorganisms for
lipid production, which constitutes an efficient way to reduce
the cost of biodiesel production (Chen et al., 2018). Studies on
biodiesel production in addition to bioaugmentation have been
done extensively on oleaginous yeast species (Zhang et al., 2016;
Selvakumar and Sivashanmugam, 2017; Chen et al., 2018, 2021;
Selvakumar et al., 2019).

Microorganisms, which can accumulate more than 20%
(g/g) lipids, are known as oleaginous microorganisms. For
lipid accumulation in microorganisms, a high C/N ratio
is required. In environmental conditions like sludge, lipid
accumulation for microorganisms have been improved by
introducing pretreatment methods (Bora et al., 2020). Municipal
sludge with crude glycerol and NH4Cl was used for the
production of lipid content by T. oleaginosus. After 60 h, the
lipid content and lipid concentration were 43.77% (w/w), and
22.32 g/L, respectively. Moreover, the final estimated production
cost of biodiesel was US$630/ton of dried sludge, which was
more competitive than the commercial biodiesel production cost
(US$900/ton of dried sludge) (Chen et al., 2021). Kumar et al.
(2019) studied the thermo-sonic enzymatic PT of sludge with
the subsequent addition of Naganishia liquefaciens for biodiesel
production. The addition of yeast to thermal-sonic assisted
enzymatic PT (TSEP) improved the lipid yield to 65.4%, which
was ten times higher than the undigested medium, and can be
attributed to an adequate amount of nutrient release during TSEP
(Selvakumar et al., 2019). Various PT assisted bioaugmentation,
such as sonication (Zhang et al., 2016), thermo-chemo-sonic
(Selvakumar and Sivashanmugam, 2017), chemical treatment
(Zhang et al., 2014), to produce lipids for biodiesel production
were studied (Table 4). Lipomyces starkeyi, an oleaginous yeast
was reported to store a large amount of lipids in sludge media
compared to other yeast considered for studies. Sonication prior
to bioaugmentation was found to be a potential technology for
lipid extraction since sonic irradiation, which causes bubbles to
collapse, results in cell lysis as well as the release of lipids (Bora
et al., 2020). For a higher yield of biodiesel production and lipid
extraction from sewage sludge, primary sludge, and scum sludge,
which contain more lipids, are potential feedstock compared to
secondary sludge. However, for better biodiesel yield, a profiling
database for sludge composition from the WWTPs is required
(Liu et al., 2021).

Bioplastics
The demand for plastics is ever increasing due to its application
in various fields including packaging, construction, medicine,
agriculture, electrical, and automotive. But the detrimental effect
of plastics on the environment is massive (Letcher, 2020; Qi
et al., 2020). This global issue warrants an eco-friendly alternative
for conventional plastic materials. Bioplastics produced from
renewable biomass can sizably shrink the environmental
ramifications of plastic usage. Polyhydroxyalkanoates (PHAs)
and their derivatives are one of the major types of biodegradable
and biocompatible bioplastics (Kumar et al., 2016). In the
presence of sugar and lipids in the natural environment,
some bacteria can produce PHAs, which are analogous to
conventional plastics and can be used as an alternative to petro-
plastics. Moreover, products from microbial fermentation are
biodegradable, which helps to protect the environment and
human health. Municipal sludge, which is mainly comprised of
carbohydrates and lipids, can be seen as a viable option for the
production of bioplastics (Balasubramanian and Tyagi, 2017b).
Among the various biorefinery-based products, the rapidly
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TABLE 4 | Summary of key information on VAP production by biological process.

Sludge/pretreatment Organism Yield Operating parameters References

Biopesticides

Digestate Bacillus thuringiensis Viable spore count (VSC) - 8.15

× 107 CFU g/DM

180 rpm, 30◦C, 20 h Cerda et al., 2018

Sludge B. thuringiensis Sporulation rate (SR) - 88–94% pH 6.0, 34 – 36◦C Tirado Montiel et al.,

2003

Sewage sludge B. thuringiensis SR 38–47% pH 7.0, 34◦C, 84h Teixeira, 2012

Sludge B. thuringiensis SR 95% pH 7.0, 30◦C Yezza et al., 2006

WAS B. thuringiensis pH 7.0, 25–30◦C Sachdeva et al., 2000

Sewage sludge B. thuringiensis
Bacillus sphaericus

VSC - 2.1 × 109

6.8 × 108 CFU/mL

pH 7.0, 30◦C, 500 rpm Zhuang et al., 2011

Secondary sludge B. thuringiensis SR 14–91% pH 6.0, 28◦C, 250 rpm, TS 10–50

g/L

Brar S. K. et al., 2005

Organic sludge B. thuringiensis VSC - 1.0 × 10 6 CFU/g pH 8.36, 6 days,65◦C Barrena et al., 2017

Dewatered sludge (95◦C

Pasteurization for 2 h)

B. thuringiensis 25 g/L

VSC 5.8 × 108 CFU/mL

pH 7.5, 30 days, 30◦C

C/N Ratio 9.9

Sludge solids 25 g/L

Vidyarthi et al., 2002

Mixture of primary and secondary

sludge (ultrasonicated)

B. thuringiensis VS 9.33 × 108 CFU mL−1; 1,420

mg/L Endotoxin

1.2 × 105 kJ kg−1 TS, pH 8.5, 48 h,

30◦C

C/N 41.5

Chang et al., 2007

Mixture of primary and secondary

sludge (Alkali)

B. thuringiensis VS 7.25 × 108 CFU mL−1

CFU/mL; 1,030 mg/L Endotoxin

5 g/L, pH 8.5, 48 h, 30◦C, C/N 41.5

Secondary WAS B. thuringiensis 8.6 × 108 CFU/cm3

95% SR

pH 8.2, 36 h, 30◦C Yezza et al., 2005

Bioflocculant

WAS (Alkaline thermal pretreatment) Rhodococcus
erythropolis

4.2 g/L 10, 60 h, 25◦C Guo et al., 2013

Excess biological sludge 4 g/L 500 rpm, 35min Sun et al., 2012

WAS (sterilized, alkaline and thermal) Serratia sp 1.5–3.4 g/L 25◦C, 72 h, 250 rpm, Inoculum size

3% (v/v)

More et al., 2012

Bioplastics

Sewage sludge and organic fraction

of municipal solid waste

6.5% wt 22–25◦c, pH 8–9 Valentino et al., 2019

Secondary sludge from clarifier tank 6.04% 70 oc,72 h Kumar et al., 2018

Waste activated sludge Zobellella denitrificans 0.38–0.56 g/L PHB pH-7.3 Asiri et al., 2020

Enzymes

Waste activated sludge (Bacillus jerish 03 along

with, Bacillus jerish 04)

Protease and amylase pH 6.5, temperature 40C with a

shaking speed of 150 rpm for 42 h

Kavitha et al., 2013

Municipal waste-activated sludge Proteolytic bacteria Protease & amylase 35◦C, 150 rpm, 36 h. Ushani et al., 2017b

Activated sludge (Ultrasound, EDTA) Protease & lipase 500 rpm at different extraction

times, temperature 5 ± 1C.

Nabarlatz et al., 2010

Wastewater sludge Trichoderma harzianum Cellulase pH 4–6, 30–35◦C, 100–250 rpm Alam et al., 2008

Activated sludge (Ultrasound, EDTA) Protease, α Amylase, α

Glucosidase, Alkaline

phosphatase, Acid phosphatase

7.0, 4◦C,3 h, 20–40 kHz, 2–20min,

138–690 W/g VSS, EDTA 2%

Yu et al., 2009

Activated sludge (Ultrasound, EDTA) Protease, α Amylase, α

Glucosidase, Alkaline

phosphatase, Acid phosphatase

8.0, 4◦C, 1 h, 40 kHz, 120W, 2min,

0 – 15 kW/L, 2% EDTA, 36.5%

formaldehyde, CER 70 g/g VSS

Yu et al., 2008

Waste activated sludge (Ultrasound,

Triton X 100)

Protease, Lipase 24 kHz, 3.9 W/cm2, 20min, 5±1◦C,

and Triton X100- 0.1 to 2% (v/v)

Nabarlatz et al., 2012

Waste activated sludge (Ultrasound,

Triton X 100)

Protease, Lipase 60–70 g/g VSS, 900 rpm Gessesse et al., 2003

(Continued)
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TABLE 4 | Continued

Sludge/pretreatment Organism Yield Operating parameters References

Biodiesel

Secondary sludge (Ultrasonication) Trichosporon
oleaginosus

95% 20–25◦C, (5–60min Zhang et al., 2016

Secondary sludge (Chemical-treated) T. oleaginosus Lipid content-39% 6.5, 121◦C for 15min Zhang et al., 2014

Sewage sludge 73.3% 130 ◦C for 4 h Zhang et al., 2020

Sewage sludge T. oleaginosus Lipid content-39% 30◦C, DO>30% (v/v) Chen et al., 2021

WAS (thermo-sonic assisted

enzymatic)

Naganishia liquefaciens Lipid content-65.4% 5–50% (v/ v), (30–50◦C), (200 rpm),

40 h

Selvakumar et al., 2019

growing commodity is bioplastics and the CAGR of bioplastics
will increase by about 16.6% by 2025 (Dahiya, 2020) (Table 4).
In anaerobic digestion, during acidogenic fermentation when
the methanogenic step is inhibited, waste activated sludge can
be converted into volatile fatty acids (VFAs). VFAs with lower
carbon mostly follow three different pathways, condensation, de
nova and polymerization to convert the two acetyl CoA to PHAs
in the presence of PHA synthase enzyme (Kumar et al., 2019).
PHA content in waste activated sludge (WAS) has been reported
to range from 0.3 to 22.7mg (Crutchik et al., 2020).

Asiri et al. (2020) investigated the bioaugmentation of
Zobellella denitrificans in sludge under saline conditions for the
production of PHB, the most commonly used PHA. C/N ratio,
electron acceptors and saline factors affected the growth of Z.
denitrificans and subsequent production of PHB. Increasing the
saline conditions from no NaCl to 3% NaCl, the PHB production
increased to 0.56mg/L from 0.38mg/L (Asiri et al., 2020). Mixing
organic municipal solid waste and sewage sludge in a three-
step mixed microbial culture (MMC) was investigated. In a fed
batch test, MMC storing PHAs was able to accumulate 46% wt
of PHAs. However, while considering the mass flows in each
process step and full-scale application, the overall yield of PHA
was about 6.5% wt (Valentino et al., 2019). Various parameters of
secondary sludge were optimized using RSM, and a yield of about
6% PHAwas achieved, where themcl PHA (58%) was found to be
dominant along with various PHA (Kumar et al., 2018) (Table 4).

Bioflocculants
Like bioplastics, bioflocculants are also naturally secreted by
bacteria during their growth. Chemical flocculants or polymers,
which are mostly used in wastewater treatment plants for
coagulation-flocculation processes, are corrosive and toxic, and
can cause adverse effects to the environment (Tyagi et al., 2009).
Microbial flocculants, which are biodegradable can be used as a
replacement for conventional polymers for a safe environment
(Subramanian et al., 2010; More et al., 2012). However, the
expensive substrate cost, which impacts the overall production
cost, is the major limitation for their practical application.
Sludge, a microbial rich source, which contains macromolecular
compounds with flocculating activity, makes waste sludge a
viable alternative option for high cost substrates for industrial
applications (Guo et al., 2013) (Table 4).

Three different PT sludges (sterilization, alkali-thermal and
acid-thermal) were used as raw material for Rhodococcus R3 and
Serratia sp inoculation by Guo et al. (2013) andMore et al. (2012),
respectively. Bioflocculant production in acid-thermal PT was
lowwhen compared with sterilization PT as well as alkali-thermal
PT. The release of nutrients and their availability in medium,
cell lysis and growth inhibition during the PT can be attributed
to the production of bioflocculant. Bioflocculant production
results in the release of nutrients and their bioavailability in the
medium, and cell lysis and growth inhibition during the PT
(Guo et al., 2013). Moreover, bioflocculant stability of alkaline
thermal bioflocculant was investigated at varying temperatures
and by adding enzymes. The flocculating rate decreased with
an increase in temperature, and it only maintained up to 90%
of its rate at relatively low temperatures (60◦C for 30min).
When the temperature was increased further to 80◦C, the rate
decreased to 50%. Addition of amylase, cellulase, glycoamylase,
and glycosidase did not reduce the flocculation activity, which
indicated that bioflocculant is neither a polysaccharide nor a
glycoprotein. However, hydrolysis by pepsin and trypsin reduced
the flocculation rate confirming that the bioingredient of the
obtained flocculant is protein (Guo et al., 2013). Sun et al. (2012)
studied the addition of HCl to sludge, and tested factors such as
pH, dosage, and temperature to optimize the production. The
flocculating rate was high in the pH range of 5–11, at a dosage
concentration above 1% and temperature <40◦C. They also used
NaOH and ethanol for purification and compared to ethanol,
separation efficiency was effective with sodium hydroxide (Sun
et al., 2012) (Table 4).

Enzymes
Enzymes, which increase the rate of a chemical reaction,
have a commercial significance and are used for industrial
applications. According to business communications company
(BCC) research, the CAGR value of enzymes was expected
to be 4.9% for the period of 2018 to 2023 (Saldarriaga-
Hernández et al., 2020). Enzymes account for 30–40% of
the production cost for the preparation of culture medium
in industries (Juwon and Emmanuel, 2012; Raheem et al.,
2018). The organic matter of sludge is mainly comprised of
carbohydrates, proteins, lipids, and enzymes such as amylase,
protease, lipase, glycosidase and aminopeptidases, which play a
part in biodegradation (Vaithyanathan et al., 2021a,b). So, its
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recovery is of high importance because of its use in various
industrial applications such as pharmaceuticals, detergents, and
food industries. Moreover, the recovered resource is from no/low
cost waste, which reduces the industrial processing cost (Raheem
et al., 2018). The vast microbial consortia present in sludge
produce enzymes and release them into the medium to degrade
the organic matter of sludge. Glucose oxidase (GOD) is one
of the most important enzymes that can be produced by using
this nutritious biomass from sludge. Vaithyanathan et al. (2020)
proposed a cost-effective process to produce GOD using BS as
a substrate by employing A. niger. A maximum GOD activity
of 6012 U/L was achieved in 48 h when 72-h old inoculum of
20% (w/v) inoculum size was used in 25% (dw/v) BS media. This
approach can also simultaneously improve recalcitrant organic
compound removal in treatment plants (Vaithyanathan et al.,
2020).

The recovery of amylase and protease enzyme activities
while adding EDTA prior to the addition of bacteria was
studied. Enzyme activity in EPS-removed sludge improved to
0.18 U/mL from 0.08 U/mL for non-EPS removed sludge.
The increase in enzyme activity may be due to the effective
release of carbon and nitrogen sources as a result of the
EDTA addition and subsequent utilization of nutrients by
bacteria in the reactor (Kavitha et al., 2013). Similar studies
were done by Ushani et al. where they used DOSS for
EPS removal, and the enzyme activities in deflocculated
sludge were higher compared to flocculated and control
sludge. Along with the enzyme recovery, COD solubilization
and biogas yield improved to 20% and 0.24 gCOD/gCOD
respectively for deflocculated sludge from 14% and 0.18
gCOD/gCOD respectively for flocculated sludge (Ushani et al.,
2017b).

Nabarlatz et al. (2012), investigated the addition of Triton
X100 along with ultrasonication of the sludge for the extraction of
lipase and protease, and further used ammonium precipitation,
dialysis and lyophilization as a purification procedure for the
extracted lipase enzyme. Adding Triton X100 (0% to 2% v/v)
to ultrasonic disintegration had a remarkable impact on the
extraction of protease (0 to 52 protease units/g VSS) but, a
negligible impact on lipase extraction (near constant and equal
to 21 lipase units/g VSS). The extracted lipase underwent various
purification studies, and of these studies, maximum recovery was
obtained with ultrasonication+ 0% Triton X 100+ precipitation
+ lyophilization (73.9%) followed by ultrasonication + 0%
Triton X 100 + dialysis + lyophilization, ultrasonication +

0% Triton X 100 + lyophilization (Nabarlatz et al., 2012)
(Table 4).

Biofertilizer
The residual BS obtained after sludge treatment are a rich source
of organic and inorganic plant nutrients and may be a realistic
substitute for fertilizers (Singh and Agrawal, 2008). N-fertilizers
originating from waste sludge and livestock manure could be
a viable option for partially fulfilling manufactured fertilizer
requirements, thus reducing its energy and resource footprint
(Abeysiriwardana-Arachchige et al., 2020). Sewage sludge has
microbial biomass that store beneficial amounts of nitrogen and

phosphorous suitable for crop growth (Petersen et al., 2003).
Sludge composts have nitrogen restoring capacities and can
increase water retentivity in soil while circumventing non-point
source pollution incurred by the use of commercial fertilizers
(Monte et al., 2009). Various advancements in processes that
convert different organic waste streams, including municipal
solid waste, into biofertilizers were reviewed and field-tested by
Du et al. (2020).

Aerobically digested sewage sludge yielded acceptable
nitrogen fertilizer replacement value (NFRV) results compared
with mineral reference treatments whereas the anaerobically
digested sewage sludge required some additional N (Petersen
et al., 2003). Ma et al. (2017) devised a biofertilizer production
approach by co-digestion of activated sludge and fungal mash
hydrolysed-food waste and described its economic feasibility (Ma
et al., 2017). Sludge ash, a by-product obtained by incinerating
dewatered sludge, was identified as a potential substrate to grow
Rhizobium. Rhizobium can be used as inoculum to formulate
biofertilizers with the capacity to induce high germination
and nodulation in crops (Paliya et al., 2019). Benbrik et al.
(2020) explored the application of phosphate sludge (i.e., sludge
generated during the treatment of phosphate rock; many of the
minerals removed constitute a sludge with phosphate in the
insoluble form) supplied with phosphate solubilizing bacteria
(PSB) to promote Zea Mays plant growth. The synergistic
interaction of the microbial consortia of PSB could improve
siderophores, HCN, H2S, and most importantly Indol-3-
acetic acid production. It could also increase the solubility of
P for easier plant uptake (Benbrik et al., 2020). The produced
siderophores can also increase soil fertility and act as a biocontrol
for fungal pathogens (Ali and Vidhale, 2013). On the other hand,
the presence of TrOCs in biosolid-amended soil, could lead to
the uptake of these contaminants into plants and subsequent
possible risk of human exposure (Kinney and Heuvel, 2020).
However, studies from Sabourin et al. (2012) and Gottschall
et al. (2012), suggested that even though the vegetables harvested
at the control site were high in TrOC concentration, the risk
of human exposure to those TrOCs produced from biosolid-
amended soil was low (Gottschall et al., 2012; Sabourin et al.,
2012). Plants uptake TrOCs from biosolid-amended soil by
passive absorption of soil water through the epidermal layer root
and into the root tissue cortex. These contaminants are then
transported to other parts of the plants via simple diffusion and
transpiration through xylem (Kinney and Heuvel, 2020). The
bioaccumulation of TrOCs in vegetables (Sabourin et al., 2012)
and earthworms (Sidhu et al., 2019) via biosolid-amended soil
was observed.

Biopesticides
Biopesticides, a non-toxic residue to invertebrates, has a minimal
impact on the environment compared to chemical pesticides.
Biopesticides have the potential for effective pest control through
bioactive microbial activity (Kiewnick, 2007) to increase the yield
and quality of crops while circumventing the non-target toxicity
and detrimental environmental impact incurred by the use of
synthetic pesticides. Biopesticides have an added advantage of
having a complex mode of action thereby delaying the resistance
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adaptation of the pests (Glare et al., 2012). According to the US
market, the CAGR value of biopesticides will be 17% between
the period of 2016 and 2022 (Arthurs and Dara, 2019). B.
thuringiensis, bacteriophages and Trichoderma viride are some of
the widely used species in biocontrol applications. Almost 90%
of all biopesticide production experiments have been performed
using the ubiquitous aerobic B. thuringiensis (Bt) (Sansinenea,
2012), which is known to be able to produce delta endotoxins
(δ-endotoxin) during sporulation. The latter is widely used in
agronomy, forestry and the public health sectors (Raheem et al.,
2018; Zhang et al., 2018). However, the cost associated with the
use of raw material for Bt inoculation is a major obstacle for its
commercial application (Raheem et al., 2018).

Sludge can be used as a culture medium for Bt to produce
value-added pesticides in a mineral rich culture medium. Bt
inoculation in two bench-scale (10 L and 22 L) and one pilot-
scale reactors (100 L) were studied by Rodríguez et al. (2019)
in insulated, non-insulated, stirred, and non-stirred conditions.
In a non-temperature-controlled reactor (10 L), the viable cell
count and spore counts increased from the beginning to
reach a maximum at 72 h then decreased toward the end of
the experiment (96 h). While in temperature-controlled and
stirred conditions (100 L and 22 L), the viable cell counts
decreased during the first 48 h and then gradually increased and
became stable by the end of the experiment; the spore count,
however, remained stable for the first 48 h and after that it
started increasing until the end of experiment. The viable cells
incremented to 1.9-fold, 0.8-fold, and 1.2-fold respectively for
10 L, 22 L, and 100 L. The spore count incremented values were
171.6, 1.9 and 3.8 for 10 L, 22 L, and 100 L, respectively. The
increase in viable cell counts and fast spore generation in non-
temperature controlled conditions (10 L) compared to 22 L and
100 L can be attributed to the thermophilic conditions or lack
of nutrients or stress in the solid matrix (Rodríguez et al., 2019)
(Table 4). In another study, Bt kurstaki was used as inoculum for
the fermentation of primary and secondary sludge. The lower
entomotoxicity was observed at high sludge concentrations due
to oxygen transfer limitations (Lachhab et al., 2001). Teixeira
subjected sludge to alkaline PT, which increased the accessible
nutrient content, which in turn increased the growth of Bt and
entomoxicity. After fermentation followed by alkaline PT, the
sporulation rate for sludge was in the range of 38–47%; however,
it was lower than the industrial TSBmedium in which it was 65%.
The lower sporulation rate was obtained due to the presence of
heavy metals and reduced oxygen concentration in the treated
sludge. The lowest LC50 obtained during Bt sporulation was
similar to TSB and showed its highest activity against Lepidoptera.
Moreover, total solids concentration, and oxygen availability
also play major roles in bacterial growth (Teixeira, 2012)
(Table 4).

FUTURE PROSPECTS AND CONCLUSION

The industrial sludge treatment chemicals sector was valued at
about US$4.5 billion in 2016 and is expected to reach US$7.5

billion by 2024 at a CAGR of about 6%. The production rate
of sludge is concerning environmentalists across the globe.
But this nutrient and microbial rich matter can be viewed
as a source of resources instead of as waste, which has
made wastewater treatment experts consider the recovery of
VAP from sludge. Increasing pressure from society, stringent
disposal, an ever-increasing demand and rapid depletion of non-
renewable resources are the major factors behind this consensus.
However, the presence of organic and inorganic contaminants,
as well as pathogens, has impeded the use of sludge for
resource recovery.

Sludge disposal techniques, such as land filling and
incineration, require separate operational facilities and
storage space and their associated costs are very high. In
addition, the presence of toxic contaminants affects soil
vegetation and further contaminates the groundwater,
which, in turn, adversely affects the ecological system.
Moreover, stringent disposal and societal concerns have
made these disposal techniques relatively unacceptable
for environmental application. Stabilization techniques,
such as anaerobic/aerobic digestion, have been employed.
These are eco-friendly and operationally feasible methods,
which can significantly reduce the toxic content of sludge
and are generally preferable before disposal. But the
hydrolysis rate remains the major obstacle preventing
sludge stabilization.

To overcome these limitations, physical, and chemical
PT and their combinations could be applied prior to the
biological process. Various physical PT techniques, such
as ultrasonication, thermal, microwave, hydro cavitation,
and others, were studied, and each PT was found to be
successful under different applied circumstances. Out of
the various PT techniques, ultrasonication and thermal
treatment were preferred mostly because of low energy
consumption and feasible operational conditions. While, in
terms of chemical PT, the success rate was high for NaOH
and ozonation related studies. These PT were effective in
terms of sludge solubilization when applied separately, but in
terms of VAP recovery, they were limited and less effective in
contaminant removal.

On the other hand, PT assisted biological processes
were found to be effective for sludge stabilization and VAP
production. Furthermore, the addition of new bacterial
formulations to PT assisted biologically processed sludge further
enhanced sludge stabilization and helped in the production of
numerous VAPs. The need to manage sludge would rapidly
increase the demands for wastewater treatment procedures
by global industries, generating large amounts of sludge.
Thus, sludge as a recovery source is a good alternative for its
management while complying with legislative requirements
and circular economy principles. Three major parameters,
sludge valorization, contaminant removal and VAP type,
need to be considered before converting waste into an energy
resource. However, only limited research has focused on all
three parameters. Hence, more attention is required on all three
of these parameters to obtain a highly economic, pollutant-
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free, odorless, and moreover socially acceptable resource in
greater demand.
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