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Abstract

Industrialization is a major cause of ecological disturbance. Industrial pollutant contains a wide
range of recalcitrant pollutants, which destructive effects to human and other living beings.
Therefore, their proper removal and management is necessary for the sustainable environment.
Bioremediation is a dominant and sustainable technique of waste removal, which not only
remediates the pollutants, but also produces safe and eco-friendly co-products. This chapter
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introduces the industrial pollutants, their effects, and remediation techniques. Also discuss about
the degradation by immobilized enzyme, their carrier material and application in the various
pollutants degradation.

Keywords: Industrial pollution; Waste water; Dye; Plastics; Microbial enzymes; Immobilization
technique.

Introduction

Industries are the main source which improves the wealth of the developing country but it is also
the most important cause of emitting the recalcitrant pollutants into the atmosphere. Rapid
industrialization, released a huge amount of recalcitrant environmental pollutants into the
ecosystem that cause a detrimental effect to the animals, plants and humans (Saravanan et al.,
2021; Weralupitiya et al., 2021). Amongst the several ecological pollutants plastics, pesticides,
dyes, heavy metals and polycyclic aromatic hydrocarbons (PAHs) are the chief environmental
pollutants because of their mutagenicity, persistence and non-biodegradability (Carolin et al.,
2021; Vardhan et al., 2019). The metal ion like iron (Fe), manganese (Mn), zinc (Zn), cobalt (Co)
and copper (Cu) are the vital elements which are essential for the development and metabolic
activity of the organism, at higher concentration these elements can cause detrimental effect to the
organisms (Rathi and Kumar, 2021). Some other metal elements like arsenic (As), chromium (Cr),
nickel (Ni), lead (Pb), cadmium (Cd) and mercury (Hg) which are released from the various
industries like paint, electroplating, metal processing and mining are lethal yet at very low
concentration (Singh et al., 2018; Zhang et al., 2020). Dyes are the most significant colourants
which are used in numerous manufacturing processes like leather, paper, food, paint, cosmetics
and textile industries. When unprocessed dye containing industrial waste released into the
atmosphere that causes various toxic effects to the living person (Sivaranjanee and Kumar 2021;
Varjani et al., 2020). Plastics are organic industrial and food pollutants which are derived from
the organic and inorganic substances like natural gases, cellulose, coal and crude oil. Plastics are
non-biodegradable, long term persisting pollutant which produces polychlorinated biphenyls
(PCBs) and dichlorodiphenyltrichloroethane (DDT) that cause toxic effect to the ecosystem
animals (Schmaltz et al., 2020). Polyvinyl chloride (PVC), Lowdensity polyethylene (LDPE),
polypropylene (PP), High-density polyethylene (HDPE) and Polyethylene terephthalate (PET) are
the most common type of plastic. Other than these pesticides are the agricultural pollutants which
decrease the soil fertility and after rainwater overflow cause water pollution affects the aquatic
flora and fauna (Hassaan and El Nemr, 2020). Polycyclic aromatic hydrocarbons (PAHs) are
organic pollutants which are derived from the industrial activities like that coal, petroleum and gas
industries after the combustion process. PAHs are highly recalcitrant, persistent organic pollutants
cause carcinogenic and teratogenic effects (Agrawal et al., 2021a).

Different physical, chemical and biological processes are employed for the reduction of these
xenobiotic pollutants from the environment. Among all of them bioremediation means removal of
pollutants through microorganism are the most reliable, cost effective, ecofriendly, safe and
suitable method of degradation (Rathi et al., 2021), microorganisms secrets various enzymes like
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laccases, peroxidases, oxygenases, phosphodiesterases, oxidoreductases, hydrolases and lipases
(Sharma et al., 2018). Enzymes lower the activation energy of the toxic pollutants (Karthik et al.,
2021). Enzyme regulated oxidizing responses are promising method for the degradation of
contaminants. But one of the main challenges associated to the enzymatic remediation is the weak
catalytic sustainability. Different form of physiological environmental conditions like pH,
temperature, presence of solvents, protein denaturants and inhibitors affects the enzymes activity.
For the protection of enzyme activity we can encapsulate enzyme into nanoparticles (Zheng et al.,
2018) and the main reason of these process is the reusability of encapsulated enzymes, improving
enzyme thermostability, increased selectivity and activity, high resistant beside inhibition, quick
reaction termination by lowering the activation energy and easily detachment of enzyme from the
product (Es et al., 2015; Katuri et al., 2009; Liu et al., 2020). The encapsulation of enzymes within
the nanoparticles is a promising technology (Yan et al., 2006) in the bioremediation approach.
Various materials and immobilization procedures have been applied in the lab scale and there have
a wide variety of applications in the not only bioremediation but also in the food processing,
biodiesel production and textile industries (Es et al., 2015). The effect of immobilized
nanoenzymes on the pollutants like dyes, polycyclic aromatic hydrocarbons (PAHs), pesticides,
heavy metals and plastics have been described in the detailed.

Industrial pollutants
Industrial pollutants or waste are those unwanted substances which are produced during the
industrial activity or product formation process. These are two types: 1. Liquid, 2. Solid waste.
1. Liquid waste: waste water or effluents discharged from various industries. It is a very hazardous
for living beings and environment.
2. Solid waste: waste generated from different industrial processing in the solid form.
The type of waste generated showed in figure 1, it’s totally dependent on the nature and characters
of the industries. Industries frequently released waste water which are containing high chemical
oxygen demand (COD), biological oxygen demand (BOD), Total dissolved solids (TDSs) and
organic, inorganic pollutants (Bharagava et al., 2020). On the basis of their nature industrial waste
are categorized into two types 1. Inorganic waste 2. Organic waste. Inorganic waste or pollutants
includes heavy metals likes Nickel (Ni), Lead (Pb), Arsenic (As), Chromiun (Cr), Cadmium (Cd)
and Mercury (Hg) which are toxic and non biodegradable. While organic waste or pollutants
consist of persistent organic pollutants (PAHs, PCBs), phenols (chlorinated, nonylphenols),
phthalic esters, pesticides, azo dyes etc. both types of inorganic and organic pollutants cause
serious toxic, carcinogenic, teratogenic and mutagenic effects into the living beings (Chandra et
al., 2008; Saxena et al., 2017). Table 1 showed the different types of industrial pollutants and their
effect in the environment. Due to the lethal nature of wastewater pollutants many environmental
protection agency like World Health Organization (WHO), United States Environmental
Protection Agency (USEPA) and Agency for Toxic Substances and Disease Registry (ATSDR)
recognized as priority pollutants. Industrial waste water cause soil and water pollution along with
show their bad affects into the fauna and flora of the terrestrial and aquatic ecosystem (Sharma et
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al., 2021). Once industrial waste water generated, it not only toxic affects the ecosystem but also
reduce the fresh land and water resources, therefore harmful effects shows on the future

gene

rations. As a result the toxic pollutants must be removed from the industrial wastewater to

keep away their harmful effect and to restore their important products.

Heavy metals, Lignocellulosic

\ Paper and pulp industry waste, Dioxins, Pharmaceutical industries |
Pentachlorophenol
- N Persistant organic pollutants
| Oil refinery industry (PAHSs, BTEX, PCBs), Heavy Coal burning

metals, Dioxins, Phenol

Heavy metals, Phenol,
| Tannery industry |  — Endocrine disrupting Sewage treatment system |
compounds (phthalates)

Mining industry — < | Nuclear plant
material

I Landfill leaching industry |

I Leather, dye, pigment industries I — Textile industry

Fishing industry <—| Food and beverages industry |
Pesticide industry

Figure 1: Types of Industries and their pollutants.
Table 1. Different types of Industrial pollutants and their effect in the environment.

Heavy metals, Plastics, Dyes,
Pesticides

| Agricultural industry |

S. Types of Source Environmental effect References
No. Pollutants
A. Inorganic pollutants
1. Heavy Metals
a. Arsenic (As) Mining industries, Cancer, skin problems, Muzaffar et al.,
landfill leaching, reduces soil fertility, (2022);
Agriculture damage pregnancy, Saravanan et al.,
stimulates the ROS (reactive (2021)
oxygen
wastewater, species) production, disturb
Combustion process the central and
cardiovascular system.
b. Cadmium Agriculture Damage the kidney and Genchi et al.
(Cd) wastewater, landfill bones (osteotoxic effect), (2020); Kumar
leaching itai-itai disease, hepatic and Sharma,
injury, DNA damage, (2019)
teratogenic effect.
c. Mercury (Hg) | Mining, coal burning,| Behavioral and neurological | Engwa et al.
cement disorders, blindness, | (2019); Han et al.
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industries chlorosis, (2022)
developmental
defects.
d. Chromium landfill Skin and nasal irritation, Saxena and
(Cr) leaching, cancer, bone marrow Bharagava
Tannery wastewater, | depression, lung carcinoma | (2017); Hossini
leather, dye, pigment et al.
industries (2022)
e. Lead (Pb) Agriculture Damage in CNS (central Martin and

wastewater, landfill

leaching, mining
industries

nervous system), birth
defects fatigue, paralysis,
renal dysfunction, mental
retardation

Griswold, (2009);
Tualeka et al.
(2022).

f. Copper (Cu)

Acid mine drainage

Liver damage, nausea,
stomach cramps

Lim et al., 2017

B. Organic pollutants
a. Polycyclic Petroleum refineries | Cause mutation, cerebellar | Mallah et al
aromatic industry, aluminium dysfunction, destroy soil (2022); Jesus et
hydrocarbons production fertility, affects biodiversity, al.
(PAHs) (2022)
b. Dyes Textile, paper, paint, | Long term exposure cause | Al-Tohamy et al.
pulp, leather and cancer, skin irritation, (2022)
pharmaceutical respiratory disease, reduce
industries the transparency of water
bodies and algal growth,
c. Pesticides Pesticide industries, | Immune suppression, cause Tudi et al.
sewage treatment food poising, reproductive (2022);
system abnormalities, loss of Kalyabina et al.
biodiversity (2021)

d. Phenol Paper, oil refineries, Hemolytic anemia, Di Lorenzo et al.
wood preservation, pulmonary edema, (2021)
distillery industrial gastrointestinal damage

wastewater
e. Radioactive Mining industries, Cancer, mutation, damage | Adeola et al.
materials nuclear plant central nervous system, (2022)

destroy soil fertility and
biodiversity
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f. Plastics Fishing Endocrine disruption, Rubio et al.
industries, Genotoxicity, carcinogenic (2020)
Agricultural effect

industries, food and
beverages industries

Bioremediation

The environmental pollutants are processed by various physical and chemical techniques. For
instance the waste water first filtered, flocculated, and further treated with chlorine. Another
example is the wastewater treatment with electro deionization (Mistry et al., 2022). However,
these techniques incur so much cost to process the pollutants and accumulate the pollutant in
nature. Bio-based techniques, such bioremediation, have demonstrated a strong potential to be
environmentally friendly and long-lasting approaches to treat contaminated locations (Cecchin et
al., 2017). Bioremediation is a type of biological degradation of recalcitrant pollutants in which
through the action of microbial enzymes toxic recalcitrant compounds are converts into non-toxic
compounds and carbon di oxide and water are obtained as the end product (Agrawal et al., 2021b;
Rathi et al., 2021). The process of bioremediation involves enticing microorganisms to quickly
break down toxic organic chemicals in groundwater, soil, pollutants, and sediments to levels that
are safe for the environment (Sharma et al., 2021). Microorganisms remediate polluted sites,
through their potential to utilize components of pollutants as terminal electron acceptors to
produce energy for their development (Jugder et al., 2016). Using natural attenuation,
bioaugmentation, biostimulation or a combination of these mechanisms, bioremediation of
contaminants can be accomplished (Deshmukh et al., 2016). Microorganisms secrete various
enzymes like hydrolase, phosphodiesterase, oxygenase, laccase, lignin peroxidase, manganese
peroxidase, oxidoreductase, lipase etc. which are responsible for the degradation (Narayanan et
al., 2023). Enzymatic degradation is a specific technique which depends on the enzyme substrate
reaction. Enzyme decrease the activation energy of the mechanism therefore the reaction needs
less time to complete (Karthik et al., 2021). Enzymatic degradation processes are highly specific,
flexible, easily operated, low mass transfer and provide valuable outcome even in the adverse
atmospheric conditions (Kensa, 2011). Table 2 represented the degradation of pollutants by
different microbial enzymes. But the selection of appropriate microbial cell which produced
enzyme is difficult. After selection enzyme production and purification is also complicated and
high cost process for the industrial level. To overcome all over the difficulty, scientists have been
invented enzyme immobilization technique for the cost effective, easy and sustainable remediation
(Koyani et al., 2016; Liu et al., 2020). According to the requirement, several material like porous
bead (Bilal et al., 2017a), nanofiber (Xu et al., 2014), microsphere (Jiang et al., 2014), nanotube
(Zhai et al., 2013), nanoparticles (Kalkan et al., 2012; Tavares et al., 2018) are used for the
immobilization purpose. Immobilization process not only provides sustainability but also
reusability of enzyme also possible. In-depth research has been done in the last years on the genetic
makeup and enzyme systems of the microorganisms that are used in bioremediation (Dash and
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Osborne, 2023). Latest progress in metabolic engineering and synthetic biology have allowed for
the practical application of genetically modified microbial scavengers for the bioremediation of
harmful pollutants (Tran et al., 2021). The use of enzyme-based biosensor systems, catabolic
enzyme expression and regulation, and gene editing and manipulation can improve bioremediation
(Dash and Osborne, 2023). Emerging techniques and technologies created in the fields of
genetically edited microbes and microbe-assisted nanotechnology have also demonstrated to be
effective bioremediation tools with significant potential to remove environmental pollutants
(Saravanan et al., 2022). Genetic engineering techniques are being used to modify or engineer
microbial populations in order to expand the range of contaminants from which they can be used
(Yaashikaa and Kumar, 2022). Enzyme modification is possible using conventional protein
engineering techniques, which entail mutagenesis of the gene of enzyme and collection of the most
effective enzyme (Tran et al., 2021).

The main categories of microbes secreted enzymes that be able to break down the majority of
dangerous ecological pollutants are laccases, hydrolases, lipases, oxidoreductases, and oxygenases
(Narayanan et al., 2023). Moreover, few organisms have ability to degrade several compounds.
For example Rhodococcus spp. exhibit bioremediation of phenolics, polycyclic aromatic
hydrocarbons , dye and heavy metals (Nazari et al., 2022). Pseudomonas putida can detoxify
xylene, benzene, toluene by utilizing them as carbon source (Tran et al., 2021). The
bioremediation procedure is influenced by the several factors such as types of microorganisms,
their optimum pH, temperature and their interaction with the pollutants (Saravanan et al., 2022).

Bioremediation procedure can be performed in-sifu and ex-situ. Ex-situ bioremediation methods
are employed to manage garbage that has been removed from a polluted area and processed in
different site utilizing physicochemical and biological procedures (Sharma et al., 2021). For
instance petroleum hydrocarbons can be removed from groundwater at low cost via in-situ
bioremediation (Pathania et al., 2023). Bioremediation is aided by the technology such as quantum
chemistry, machine learning and biomolecular modelling etc (Xu et al., 2023).

Bacterial Bioremediation

Microbes, particularly bacteria, are excellent attractive candidates for diverse in-situ and ex- situ
remediation procedures due to their small genome size, quicker replication time, basic cellular
organization, rapid evolution and adaptation in a contaminated atmosphere. Rhizobacteria that
promote plant growth (PGPR) are one of the possible choices for organophosphate pesticide
remediation and are frequently utilized to increase the phytoremediation capacity of plants (Dash
and Osborne, 2023). Further, species of Bacillus and Achromobacter associated with Cannabis
sataiva plant helps to degrade heavy metals and organic pollutants from distillery sludge (Singh
et al., 2023).

Table 2: Degradation of pollutants by microbial enzymes.
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Type of pollutant Microorganisms Enzymes involved References
Organohalide Sulfurospirillum Reductive Dehalogenases |(Jugder et al., 2016)

multivorans
Organophosphate Agrobacterium Organophosphate (Horne et al., 2002)
pesticide radiobacter hydrolase
Brevundimonas phosphotriesterase (Thakur et al., 2019)
diminuta
polychlorinated Bacillus subtilis Methyltransferase (Sun et al., 2018)
biphenyl
Hydrocarbon Alcanivorax Lipase, esterase, alkane|(Kadri et al., 2018)
borkumensis hydroxylase

Textile dyes Anoxybacillus spp. Azoreductases, (Mishra et al., 2023)

Bacillus Peroxidases (Ren et al., 2022)
amyloliquefaciens
Mycobioremediation

Mycoremediation, which uses fungi or its derivatives to remediate environmental pollutants, is a
relatively economical, environmentally benign, and efficient process (Beltran-Flores et al., 2022).
The fungus can be used to remove a wide range of contaminants since they have enzymatic
machinery for doing so (Kulshreshtha et al., 2014). The degradation of pollutants by fungi
involves several enzyme systems such as catalases, cyrochrome P450 monooxygeneses, laccases
and peroxidases (Deshmukh et al., 2016). The Aspergillus species is well demonstrated in the
bioremediation of triphenyl phosphate (Feng et al., 2022), heavy metals (Talukdar et al., 2020)
and lead (Sharma et al., 2020). Additionally, Abd El Rehim et al. (2016) utilized six species of
Aspergillus for the bioremediation of textile Azo dyes. The white rot fungi such as Bjerkandera
adjusta, Trametes versicolor and Phanerochaete chysosporium produces laccases and peroxidases
enzymes and have been reported for their ability to detoxify pesticides (Deshmukh et al., 2016).
Fungal community associated with the root of the plants are also helpful in the remediation of
contaminants. For instance, for the bioremediation of petroleum-contaminated soils Polygonum
aviculare and its penetrated (root-associated) fungal strains can be used (Mohsenzadeh et al.,
2010). Further, Fusarium associated with Ricinus communis helps in removal of heavy metal
pollution (Yao et al., 2023).

Nano bioremediation

Nanobioremediation is the incorporation of nanotechnology and bioremediation, it is a promising
and beneficial method for removing environmental contaminants (Bhatt et al., 2022; Chaudhary
et al., 2023). In this technology enzymes and other biomolecules from microorganisms are
immobilised in the form of nanoparticles. These nanoparticles have a higher capability for cleanup
of contaminants than complete cells because they penetrate efficiently into a contamination zone.
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Further, they exhibit higher reactivity redox redox-amenable pollutants (Rizwan et al., 2014).
Recently, more focus has been placed on using nanomaterials, in particular iron nanoparticles, as
an inventive technique for the removal of pollutants in the contaminated sites (Cecchin et al.,
2017). Moreover, pesticides, heavy metals, organic dyes antibiotics and other pollutants are
remedied in-situ using manganese oxide, ferric oxide and gold nanoparticles (Bhatt et al., 2022).
Many studies have demonstrated that unique traits of nanoparticles, like enhanced catalysis and
adsorption character with high reactivity, have been the focus of considerable research. For
instance, chitosan coated nanotubes prepared by incorporation of bacterial proxidases helped in
the degradation of textile dye (Ren et al., 2022). On the other hand, nanoparticle pose several
limitation such as their toxicity towards the natural microorganisms present in the pollutant site,
their clustering properties, their involvement in food chain etc. (Cecchin et al., 2017). Another
limitation is the cost of nanoparticle preparation and application in the polluted site. Moreover,
for the synthesis of nanoparticles for nanobioremediation, knowledge of microbial enzymes and
the bioremediation mechanism is required. But the almost useful microbes secreted enzymes and
their capacity to efficiently break down several pollutants or their potential for transformation are
unknown at this time (Narayanan et al., 2023).

Enzyme immobilization technique

Enzyme immobilization is the technique of fixing or immobile of any substances (enzyme) into
the matrix therefore it can able to perform any reaction without any type of substance loss and
reusability of them (Katchalski-katzir and Kraemer, 2000). Some of the enzymes have high charge
value and sometimes the separation of enzyme and products happen to very difficulty.
Immobilization process makes easy separation of enzyme from the product because it converts
liquid form of enzyme into solid form hence immobilization technique is considered s a potent
tool (Kulkarni, 2002). The enzyme immobilization is a rising technique which facilitates many
advantages over free enzyme use.

When free enzyme present in the reaction mixture it’s have complete mobility and no any type of
other barrier which prevent the reaction between the substrate and enzyme but in the case of
immobilization, the mobility of enzyme dependent on the matrix which have been used for the
immobilization. Sometimes matrix has been fragile and diffusion boundaries therefore
nanomaterials are used as the matrix for the immobilization process which are prepared by the
different types of degradable polymeric substances (Amaral and Felipe, 2013). Other than this free
enzyme have their own kinetic model, when the enzyme is immobilized, the parameters like pH,
temperature, reaction mixture and Km can be changed therefore its need to be defined new model
and check properly. Sometimes immobilization process can hinder the active site of the enzyme
and restrict the specific activity of enzymes (Ramakrishna and Matsuura, 2011). The matrix
applied for the immobilization, also support the growth of microbes because polymeric substrates
used by microbes as their carbon source (Krishna, 2011). In the various industrial process pellet
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formation, flocculation and surface attachment are considered as the immobilized form (Akin,
1987).

Support matrix for enzyme immobilization

For the immobilization process appropriate support matrix and technique for the enzyme is also
necessary. Immobilization technique and support matrix should be applied carefully for successful
result according to the enzyme. A support material should contain high loading capacity and
stability for the chemically and mechanically damage during the immobilization process. A perfect
support material permits the easy and viable separation of enzyme from their support matrix.
Different variety of support material available for the immobilization process. Their chosen
process depends on the type of enzyme, overall production cost, biocompatibility, product
specificity and availability (Es et al., 2015).

Types of different support matrix

Collagen

Collegen is more applicable material for the immobilization process because of their availability
and biocompatibility. The sources of collagen includes bone, skin, tendon and cartilage, contain
abundant amount of collagen tissue. This natural collagen polymer binds with the porous films
and sponges. Collagen attached the cell strongly but the high cost of processing like purification
makes the use of collagen as the immobilization matrix most challenging (Nedovic and Willaert,
2004).

Alginate

Alginate is a type of heteropolymer consists of L-guluronic and D-mannuronic acid. The alginate
is obtained from marine algae and after processing it is extracted in the form of sodium salt.
Alginate are highly available, easily gelation with calcium and biocompatible in nature therefore
it is used as an immobilization matrix, but due to the loss of ion (divalent) in the solvent limits the
use of alginate.

Chitosan

Chitosan is achievde by the deacetylation process of chitin. Animal shells like crustacean shells,
insects, mollusk and fungi are the major source of chitin. Chitosan can be enzymatically
hydrolyzed, and also formed gel with the help of crosslinking (ionic/chemical) with
glutaraldehyde. Chitosan have biocompatible therefore abundantly used in the food,
pharmaceutical industries and other biotechnology application like remediation etc. but its show
low mechanical strength therefore other material like collagen, calcium phosphate can be used
with the chitosan (Nedovic and Willaert, 2004).

Agarose
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Agarose is a gel like appearance of agar and constructed after the purification process. Agar and
agarose are a polysaccharide which is used in the immobilization process. Agarose gel formed
pentagonal pore which allow diffusion of many molecules. They have generally soild in cold
temperature and also formed thermal reversible gel beads.

Polyacrylamide

Polyacrylamide gel is generally used for the partition of compounds according to their shape and
size (Tampion and Tampion, 1987). Polyacrylamide is a synthetic polymer, can be used for the
recovery and binding of metals like Zn, Cu, Au and Hg.

Enzyme immobilization technique

For the each immobilization process specific technique required it’s save time and cost of the
reaction means process yield. Immobilization technique also increases enzyme stability, their 3D
structure rigidity, hydrophilic conditions and also reduces enzyme inhibition (Cho et al., 1981).

Types of immobilization technique (table 3)

Physical adsorption

Physical adsorption involves the physical attachment of enzyme with the substrate (organic or
inorganic). Physical adsorption is an easy, low cost technique which is occurred by the Vander
Waal force, hydrophobic interaction, hydrogen bond and dipole-dipole interaction. It depends on
the nature and quality of the enzyme and substrate (Ligler and Taitt, 2011). Physical adsorption
permits the reusability of substrate which helps in the reduction of operational cost.

Encapsulation/ Entrapment

Encapsulation or entrapment method involves the entrapment of enzyme into the polymeric
substrate. The encapsulation method is depends on the biomolecule entrapment in a polymeric
base substrate, which allow the movement of less molecular mass substrate into the porous matrix.
The solid matrix or gel is used for the entrapment process which will be suitable with the enzyme
and substrate (Cao, 2000).

Covalent binding

Covalent binding dependent on the development of covalent bond between the support material
and biomolecules (Kok et al., 2001). It is a strong bond therefore does not permit the enzyme free
movement; therefore decrease the activity of enzyme and also the reusability of enzyme and
substrate are difficult due to the heat stability (Aehle, 2006).

Cross linking method
This method is the combination of encapsulation and covalent binding and works in the present
of cross linking agents like bis isodiacetamide and glutaraldehyde (Panesar et al., 2010).
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Table 3. Techniques of enzyme immobilization.
S. No. [Types of Advantages Disadvantages
immobilization
technique
1.|[Physical Adsorption |1.Simple and not expensive 1. Less stable and low yield
technique 2. Weak interaction therefore
2.Enzyme does not change their cause desorption of enzyme
conformation 3. Microbial attack is possible
3.High catalytic action into the enzyme
4 Reusability is possible
2.[Encapsulation/ 1.Easily protected technique and |I. Sometimes enzyme can be
Entrapment chemical modification not leaked out from the pores
possible 2. Limit bulk transfer is

2.Permit controlled discharge of possible
products and simple
downstream process

3.Easily handled with low
molecular mass compound and
maintained cell mass

3.|Covalent Binding 1.Strong bond and highly heat 1. Loss of enzyme activity
stable 2. Reusability not possible

2.Avoid the discharge of enzyme
from the substrate

4.Cross-linking 1.Strong binding 1. Loss of enzyme activity due
2.Higher stability and leak prove to alteration in the active
site

Application of immobilized enzyme in the remediation of industrial toxin

Waste water treatment

Industrial wastewater effluent is believed as the major cause of soil and water pollution as
compared to various different sources of environment pollution (Goutam et al., 2020; Saxena and
Bharagava, 2017). Biological treatment of wastewater has been relevant in various industries since
the twentieth century. Biocatalysts immobilization such as microbial adhesion to matrix has been
intensely applied for wastewater pollution management. Naha et al. (2023) reported that in recent
years synthetic biology has been explored where incorporation of both engineering and biological
thoughts to improve available wastewater management techniques. They also stated that there are
novel techniques and certain hypothesis can be applied on multi bedded wastewater management
techniques which is more cost effective, sustainable as well as effortless handling and installation.
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Mulinari et al. (2023) studied that use of aqueous polydopamine (PDA) solution is a suitable
alternative for immobilization of enzyme. Lipase Eversa Transform 2.0 (ET2) was formed from
GM (genetically modified) strain of Aspergillus oryzae used with cellulose membrane the
lyophilized ET2 was immobilized by coating of PDA with two and one step method and concluded
that PDA was excellent bonding agent because the modified membrane exhibited 35% oil fouling
activity and higher 90% customized by two step method showcased 40% and 74% respectively.
Zdarta et al. (2023) reported that new fabricated biosystem prepared by CaSiO3 and laccase used
for elimination of 17 aethynylestradiol (EE2) from aqueous systems. They also reported that
Treatment of EE2 (100 mg) showcased 100% removal efficiency with 12h at 25°C at pH 5 and
remove EE2 more than 40% from real wastewater samples. Sharma et al. (2023) stated that water
pollution is caused by micropollutants (MPs) which increase toxicity in the environment. He also
reported that microbial enzymes specially immobilized biocatalysts is a potent approach for the
reduction of environmental pollution.

Maghraby et al. (2023) reported that various enzymes play a major role in industrial applications
such as lipase reported for oil fouling activity in industrial effluents due to ability to degrade lipids,
phospholipids and many more. Similarly, protease, amylase and cellulase are major enzymes used
for remediation of environmental pollution. Ighrammullah et al. (2023) stated that due to emerging
contaminants results in global threat to human health so to overcome these problems laccase a
multicopper enzyme has been applied for its ability to treat wastewater effluent from industries
through the reduction reaction in the presence of phenolic and non-phenolic compounds. Verdel
et al. (2023) investigated that pulp and paper manufacturing industry is the third largest producer
of industrial wastewater so here microbial enzymes can remove pollutants or can also convert
polymers such as cellulose, hemi-cellulose and lignin into new and value added products.

Yu et al. (2023) reported that accumulation of metronidazole (MNZ) inhibits wastewater treatment
biosystems. They also discovered that immobilized Aspergillus tabacinus LZ-M could eliminate
77.39% of 5Smg/L. MNZ. Preethi et al. (2022) investigated that enzyme based bioremediation
technology plays a keen role now a days. Oxidoreductases act as a biocatalyst and a promising
candidate for wastewater treatment. Salehipour et al. (2022) reported metal-organic frameworks
work as a good candidate for supporting material of immobilization of enzymes. These composites
(MOF-enzyme) play a very vital role in treatment of wastewater and elimination of hazardous
organic pollutants. Zdarta et al. (2021) reported the use of immobilized oxidoreductases in
wastewater management for the elimination of phenolic compounds which is a promising choice
for future of wastewater decontamination. Sharavanan et al. (2021) reported that enzymes such as
hydrolases, dehalogenases, transferases, oxidoreductases and oxygenases are the important
microbial enzymes which are responsible for the elimination of recalcitrant pollutants present in
the atmosphere for example heavy metals, pesticides, dyes etc.

1460



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

Dye

Ighrammullah et al. (2023) stated that laccase (multicopper) enzyme has been reported for it’s also
ability to break harmful contaminants such as azo dyes. Alsukaibi et al. (2022) investigated the
use of nanoparticles coated with enzyme based technology provide an excellent result for the
removal of wide variety of dyes from wastewater, laccase, lignin peroxidase and many more in
combination with metallic nanoparticles. Al-Tohamy et al. (2022) reported that enzyme
immobilization appears a promising approach in textile dye degradation. They also reported the
aplication of charcoal, calcium alginate and biochar pellets for immobilization of enzymes. The
immobilized HRP used to degrade azo dye (acid red) upto 61% similarly, remazol brilliant blue,
reactive black-5, congo red, and crystal violet degraded upto 82.17%, 97.82%, 94.35% and
87.43% respectively. The degradation of acid-red1 upto 88% via immobilized lacasse on epoxy-
functionalized polyether sulfone beads.

Morshed et al. (2021) reported the used of various immobilized enzymes such as laccase, glucose
oxidase, horse radish peroxidase showcased their stability for reusability and for the degradation
of heavy metals, dye and various pollutants. Saravanan et al. (2021) investigated that enzymes
such as dehalogenases, hydrolases, oxygenases oxidoreductases, and transferases are the
important microbial enzymes which are applicable for elimination of dyes, heavy metals,
pesticides toxic pollutants. Paisio et al. (2012) also reported isolation and characterization of a
dioxygenase-producing bacterium Rhodococcus strain with phenol-degrading capacity used in the
bioremediation of tannery effluent. Similarly, Jogdand et al. (2012) reported that use of coconut
coir, loofah sponge, bagasse and jute can be used as low-priced matrices for immobilization of
Aspergillus terreus showed great reduction in biological oxygen demand (BOD) and chemical
oxygen demand (COD). Amongst all of these matrices, jute was the more suitable immobilizing
matrix for 4. terreus used to reduce the pollution level in terms of the removal of the dye and
organic pollutants present in the effluent. In a current investigation, horseradish peroxidase (HRP)
on calcium-alginate beads via covalent immobilization with a crosslinking agent — glutaraldehyde
applied to remove synthetic reactive dye. Bilal et al. (2016) reported that, high decolorization
efficiency of reactive orange (RO) and reactive blue (RB) and reactive red (RR) were observed
with immobilized HRP, ranging from 70% to 80%. He also reported that, it conserved 40% of its
primary enzyme activity after seven cycles.

The removal of crystal violet dye through the ligninolytic bacteria Aeromonas hydrophila
investigated by Bharagava et al. (2018a). The crystal violet and methylene blue dye degradation
by laccase immobilized peroxidase which was mimicking with magnetic metal-organic structures
(MMOF), was reported by Ladole et al. (2020) in batch and continuous approach. They were
observed upto 90— 95% degradation and 89% enzyme activity was sustained by laccase
immobilize MMOF all over the 10th cycle for 25 days. In one study reported by Aslam et al.
(2021), fungus Pleurotus nebrodensis used for isolation of purified laccase enzyme, which was
immobilized with chitosan beads and applied for the management of industrial wastewater dye
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with a degradatiom efficiency of about 84-90%. Jankowska et al. (2021) observed that the
adsorptive and covalent type of immobilization of HRP on polyamide 6 electrospun fibers (HRP-
PAG6) has been exploiting for the handling of Reactive Black 5 (RB5) dye and Malachite Green
(MG) dye degradation and upto 70% decolorization efficiency of dye was achieved. Table 4
showed list of enzymes and their maximum removal of industrial dye-based pollutants.

Table 4: List of enzymes and their maximum removal of industrial dye-based pollutants.

Peroxidase type | Source Pollutant/dye % References
Removal
Soybean Commercial -| Sulforhodamine B | 100 Alneyadi et al.,
peroxidase Bio-Research dye 2017
Chloroperoxidase | Products 100
Manganese Ganoderma Drimaren Yellow 90.2 Xuetal., 2017
peroxidase lucidum 00679 X-8GN
Drimaren Red K4B1| 70.1
Phytase Aspergillus niger | Chlorpyrifos 72 Shah et al., 2017
NCIM 563
Horseradish Horseradish roots | indigo 84.35 Bilal et al., 2017b
peroxidase Methyl orange >90 Bilal et al., 2018
Turnip peroxidase | Commercial Crystal Ponceau 6R | >97 Almaguer et al.,
2018
Ginger peroxidase| Ginger Reactive Blue 4 99 Alietal., 2018
Laccase Oudemansiella Congo red dye 80 lark et al., 2019
canarii

Plastic polymer Bioremediation

Plastics, is a readily accessible and convenient substance, are usually utilize in industries and in
our everyday lives around the earth. Together with its convenient application, it has been
recognized as a global environmental hazard (Ali et al., 2021; Cheng et al., 2021). It is certain that
as aresult of the rising demand and utilization of plastic products, which has resulted in an addition
of a huge number of old or spent plastics in the surroundings (Kumar et al., 2021). Plastic waste
becomes an environmental contaminant that, even after 100 years, cannot be degraded in the
natural environment (Ricardo et al., 2021). By 2025, 11 billion tones of plastics are imagined to
collect in the atmosphere (Brahney et al., 2020). The current rate of plastic recovery, however, is
less than 5%.

Furthermore, plastics known as "white pollution" will disintegrate into smaller fragments
identified as MNPs. Plastic fragments with a diameter of below 5 mm are referred to as micro-
plastics (MPs) (Kumar et al.,2021). Because nano-plastics (NPs) are smaller in size (100 nm), they
have a greater effect on living tissue than MPs. NPs can simply pass through the cell membrane
and have an adverse effect on the cell and tissues. MNPs are often complicated to handle and
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eliminate, but they also have a greater impact on living organisms (Kumar et al., 2021). MNPs not
only discharge organic toxins, but they also collect in living organisms and work as a carrier for
both organic and inorganic pollutants (Bradney et al., 2019; Wang et al., 2020).

Only a few studies and analysis have looked into the biological removal of MNPs (Priya et al.,
2021; Sun et al., 2021; Yuan et al., 2020), but the method and potential routes of MNP removal in
aquatic and terrestrial environments need to more study. Some studies on the biotic and abiotic
biodegradation of a large range of synthetic polymers have reviewed the microbial degradation of
plastics. The extracellular enzymes capable of degrading PE have been found in the Rhodococcus
ruber and Penicillium simplicissimum, as well as the thermophylic bacterium Brevibacillus
borstelensis and Streptomyces sp. Several microbes degrade polyhydroxy alkanoates (PHA),
including polyhydroxy butyrate (PHB). Several microbes metabolise PHA; PHA depolymerases
have been investigated in Pseudomonas stutzeri, Alcaligenes faecalis, and Streptomyces sp.
Basidiomycetes, Deuteromycetes (Penicillium and Aspergillus), and Ascomycetes are the most
common PHA-degrading fungi collected from soil and marine environments (Table 5).
Polycaprolactone (PCL) is artificial polyester that is simply degraded by microbes such as
Alcaligenes faecalis Clostridium botulinum, and Fusarium.

Polylactic acid (PLA) is a polymer that is normally used in biodegradable plastics; it’s degraded
by Bacillus brevis (thermophilic bacterium) and Fusarium moniliforme and Penicillium roqueforti
(fungal strain). Fungal species, Fusarium solani and Aureobasidium pullulans sp., degrade
polyurethane, polyester PUR degrading enzyme produced by the bacterium Pseudomonas
chlororaphis was isolated. The bacterium Pseudomonas putida degrades PVC, and the
actinomycete Rhodococcus ruber degrades polystyrene (Caruso, 2015; Chow et al., 2023).

Table 5: Different types of enzyme and their applicability in plastic degradation.

Enzyme Type of Plastics Source Molecular | References
microorganism weight
(kDa)
Cutinase |Poly- (butylene succinate) Aspergillus 21.6 Maeda et al.
(PBS), poly-(butylene oryzae (2005)
succinate-coadipate) Thermobifida (Thumarat et
(PBSA) and poly-(lactic alba al. 2015)
acid) (PLA) PET Film AHKI119
Cutinase like Poly-(butylene Paraphoma 19.7 (Suzuki et al.
enzyme succinateco-adipate) 2014)
(PBSA)
Cutinase Poly- (butylene succinate) Cryptococcus s 21 (Suzuki et al.
(PBS) , poly-(butylene magnu 2013)
succinate-co-adipate)
(PBSA)
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MHETa se | Polyethylene Ideonella 65 (Palm et al.
terephthalate sakaiensis 2019)
(PET)
Lipase Plastics Amycolatopsis 48 (Tan et al.
poly(ecaprolactone) and 2021)
poly(1,4-butylene
succinate) mediterannei
Lacca Polyethylene ( PE) Escherichia coli 66 (Zhang et al.
se Polyethylene , 2023)
microplastics
Ester Polyesterand poly-(lactic | Escherichia coli 29 (Tchigvintsev
ase acid) (PLA) etal. 2014)
PETa Polyethylene terephthalate |Ideonella sakaiensis 32 (Son et al.
se (PET) 2019)
PH Poly [(R)- Ralstonia pickettii 42.7 (Hiraishi,
B 3hydroxybutyrate] (PHB) Tl Komiya, and
Maeda 2010)
depolym as
er e
Polyami as |Polyurethane polyester co- | Nocardia farcinica 10-50 (Gamerith et
d e polymers al. 2016)
Conclusion

Industrialization is a most important source of contamination in the environment and disturbs the
ecological balance. Bioremediation is an eco-friendly process that applies the biological agents
for the transformation and degradation of organic and inorganic pollutants from industrial
effluents. However, the efficiency of remediation effects by the ability of enzymes secreted by the
microbes which perform the detoxification of environmental pollutants. A huge amount of
enzymes secreted by the bacteria and fungi, involved in the elimination of pollutants. Enzymes
such as ligninolytic enzymes [such as laccase, manganese peroxidase (MnP) and lignin
peroxidase, (LiP)], monooxygenase, dioxygenase, and reductase have been investigated in the
degradation of various pollutants from industries. Further with the use of genetic engineering of
pollutant degrading enyuzymes, we can enhance the proficiency of degradation of industrial

pollutants.

1464



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

Acknowledgements
All the authors are thankful to the administration and staff of Atal Bihari Vajpayee
Vishwavidyalaya, Bilaspur for their assistance.

Credit author statement
Nikki Agrawal: Conceptualization, Writing, Reviewing and Editing; Nalini Soni, Khushboo
Bhange, Snehal Narkhede, Sangeeta Devendra Kumar Singh, Leena Preeti Lakra, DSVGK

Kaladhar and Meesala Sudhakar: Writing and Editing.

Funding
Not Applicable

Contflict of interest
There is no conflict of interest related to this manuscript.

References

1.  Abd El-Rahim, W. M., Mostafa, E. M., & Moawad, H. (2016). High cell density cultivation
of six fungal strains efficient in azo dye bioremediation. Biotechnology Reports, 12, 1-5.

2. Adeola, A. O., Iwuozor, K. O., Akpomie, K. G., Adegoke, K. A., Oyedotun, K. O., Ighalo,
J. O, ... & Conradie, J. (2022). Advances in the management of radioactive wastes and
radionuclide contamination in environmental compartments: a review. Environmental
Geochemistry and Health, 1-27.

3. Aehle W (2006) Enzymes in industry: products and applications. John Wiley & Sons pp 73

4.  Agrawal, N., Barapatre, A., Shahi, M. P., & Shahi, S. K. (2021b). Biodegradation pathway
of polycyclic aromatic hydrocarbons by ligninolytic fungus Podoscypha elegans strain
FTG4 and phytotoxicity evaluation of their metabolites. Environmental Processes, 8(3),
1307-1335.

5. Agrawal, N., Kumar, V., & Shahi, S. K. (2021a). Biodegradation and detoxification of
phenanthrene in in vitro and in vivo conditions by a newly isolated ligninolytic fungus
Coriolopsis byrsina strain APCS5 and characterization of their metabolites for
environmental safety. Environmental Science and Pollution Research, 1-16.

6. Akin, C. (1987). Biocatalysis with immobilized cells. Biotechnology and Genetic
Engineering Reviews, 5(1), 319-367.

7. Al, L., Ding, T., Peng, C.S., Naz, 1., Sun, H.B., Li, J.Y., Liu, J.F., 2021. Micro- and
nanoplastics in wastewater treatment plants: occurrence, removal, fate, impacts and
remediation technologies — a critical review. Chem. Eng. J. 423, 130205.

8. Ali, M., Husain, Q., Sultana, S., & Ahmad, M. (2018). Immobilization of peroxidase on
polypyrrolecellulose-graphene oxide nanocomposite via non-covalent interactions for the
degradation of Reactive Blue 4 dye. Chemosphere, 202, 198-207.

1465



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

9.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Almaguer, M. A., Carpio, R. R., Alves, T. L. M., & Bassin, J. P. (2018). Experimental study
and kinetic modelling of the enzymatic degradation of the azo dye Crystal Ponceau 6R by
turnip (Brassica rapa) peroxidase. Journal of environmental chemical engineering, 6(1),
610-615.

Alneyadi, A. H., Shah, I., Abugamar, S. F., & Ashraf, S. S., (2017). Differential degradation
and detoxification of an aromatic pollutant by two different peroxidases. Biomol. Ther. 7
(1), 31.

Alsukaibi, A. K. (2022). Various approaches for the detoxification of toxic dyes in
wastewater. Processes, 10(10), 1968.

Al-Tohamy, R., Ali, S. S., Li, F., Okasha, K. M., Mahmoud, Y. A. G., Elsamahy, T., ... &
Sun, J. (2022). A critical review on the treatment of dye-containing wastewater:
ecotoxicological and health concerns of textile dyes and possible remediation approaches
for environmental safety. Ecotoxicology and Environmental Safety, 231, 113160.

Amaral, A. C., & Felipe, M. S. S. (2013). Nanobiotechnology: an efficient approach to drug
delivery of unstable biomolecules. Current Protein and Peptide Science, 14(7), 588-594.
Aslam, S., Asgher, M., Khan, N. A., & Bilal, M. (2021). Immobilization of Pleurotus
nebrodensis WC 850 laccase on glutaraldehyde cross-linked chitosan beads for enhanced
biocatalytic degradation of textile dyes. Journal of Water Process Engineering, 40, 101971.
Beltran-Flores, E., Pla-Ferriol, M., Martinez-Alonso, M., Gaju, N., Blanquez, P., & Sarra,
M. (2022). Fungal bioremediation of agricultural wastewater in a long-term treatment:
Biomass stabilization by immobilization strategy. Journal of Hazardous Materials, 439,
129614.

Bharagava, R. N., Mani, S., Mullab, S. 1., & Saratale, G. D. (2018a). Degradation and
decolourization potential of an ligninolytic enzyme producing Aeromonas hydrophila for
crystal violet dye and its phytotoxicity evaluation. Ecotoxicol Environ Saf 156:166—175
Bharagava, R. N., Saxena, G., & Mulla, S. 1. (2020). Introduction to industrial wastes
containing organic and inorganic pollutants and bioremediation approaches for
environmental management. Bioremediation of Industrial Waste for Environmental Safety:
Volume I: Industrial Waste and Its Management, 1-18.

Bhatt, P., Pandey, S. C., Joshi, S., Chaudhary, P., Pathak, V. M., Huang, Y., ... & Chen, S.
(2022). Nanobioremediation: A sustainable approach for the removal of toxic pollutants
from the environment. Journal of Hazardous Materials, 427, 128033.

Bilal, M., Igbal, H. M., Hu, H., Wang, W., & Zhang, X. (2017b). Development of
horseradish peroxidase-based cross-linked enzyme aggregates and their environmental
exploitation for bioremediation purposes. Journal of environmental management, 188, 137-
143.

Bilal, M., Igbal, H. M., Shah, S. Z. H., Hu, H., Wang, W., & Zhang, X. (2016). Horseradish
peroxidaseassisted approach to decolorize and detoxify dye pollutants in a packed bed
bioreactor. Journal of Environmental Management, 183, 836-842.

1466



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

21.

22.

23.

24.

25.

26.

27.

28.

30.

31.

32.

33.

Bilal, M., Rasheed, T., Igbal, H. M., Hu, H., Wang, W., & Zhang, X. (2017a). Novel
characteristics of horseradish peroxidase immobilized onto the polyvinyl alcohol-alginate
beads and its methyl orange degradation potential. International journal of biological
macromolecules, 105, 328-335.

Bilal, M., Rasheed, T., Igbal, H. M., Hu, H., Wang, W., & Zhang, X. (2018). Horseradish
peroxidase immobilization by copolymerization into cross-linked polyacrylamide gel and
its dye degradation and detoxification potential. International journal of biological
macromolecules, 113, 983-990.

Bradney, L., Wijesekara, H., Palansooriya, K.N., Obadamudalige, N., Bolan, N.S., Ok, Y.S.,
Rinklebe, J., Kim, K.H., Kirkham, M.B., 2019. Particulate plastics as a vector for toxic trace-
element uptake by aquatic and terrestrial organisms and human health risk. Environ. Int.
131, 104937.

Brahney, J., Hallerud, M., Heim, E., Hahnenberger, M., Sukumaran, S., 2020. Plastic rain
in protected areas of the United States. Science 368 (6496), 1257—1260

Cao, L. (2006). Carrier-bound immobilized enzymes: principles, application and design.
John Wiley & Sons.

Carolin, C. F., Kumar, P. S., Joshiba, G. J., Madhesh, P., & Ramamurthy, R. (2021).
Sustainable strategy for the enhancement of hazardous aromatic amine degradation using
lipopeptide biosurfactant isolated from Brevibacterium casei. Journal of Hazardous
Materials, 408, 124943,

Caruso, G. (2015). Plastic degrading microorganisms as a tool for bioremediation of plastic
contamination in aquatic environments. J Pollut Eff Cont, 3(3), 1-2.

Cecchin, I, Reddy, K. R., Thomé, A., Tessaro, E. F., & Schnaid, F. (2017).
Nanobioremediation: Integration of nanoparticles and bioremediation for sustainable
remediation of chlorinated organic contaminants in soils. International Biodeterioration &
Biodegradation, 119, 419-428.

29. Chandra, R., Bharagava, R. N., & Rai, V. (2008). Melanoidins as major colourant in

sugarcane molasses based distillery effluent and its degradation. Bioresource technology,
99(11), 4648-4660.

Chaudhary, P., Ahamad, L., Chaudhary, A., Kumar, G., Chen, W. J., & Chen, S. (2023).
Nanoparticlemediated bioremediation as a powerful weapon in the removal of
environmental pollutants. Journal of Environmental Chemical Engineering, 109591.
Cheng, Y.L., Kim, J.G., Kim, H.B., Choi, J.H., Tsang, Y.F., Baek, K., 2021. Occurrence
and removal of micro-plastics in wastewater treatment plants and drinking water purification
facilities: a review. Chem. Eng. J. 410, 128381
Cho, G. H., Choi, C. Y., Choi, Y. D., & Han, M. H. (1981). Continuous ethanol production
by immobilized yeast in a fluidized reactor. Biotechnology Letters, 3, 667-671.
Chow, J., Perez-Garcia, P., Dierkes, R., & Streit, W. R. (2023). Microbial enzymes will offer
limited solutions to the global plastic pollution crisis. Microbial Biotechnology, 16(2), 195-
217.

1467



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Dash, D. M., & Osborne, W. J. (2022). A systematic review on the implementation of
advanced and evolutionary biotechnological tools for efficient bioremediation of
organophosphorus pesticides. Chemosphere, 137506.

Deshmukh, R., Khardenavis, A. A., & Purohit, H. J. (2016). Diverse metabolic capacities of
fungi for bioremediation. Indian journal of microbiology, 56, 247-264.

Di Lorenzo, C., Colombo, F., Biella, S., Stockley, C., & Restani, P. (2021). Polyphenols and
human health: The role of bioavailability. Nutrients, 13(1), 273.

Engwa, G. A., Ferdinand, P. U., Nwalo, F. N., & Unachukwu, M. N. (2019). Mechanism
and health effects of heavy metal toxicity in humans. Poisoning in the modern world-new
tricks for an old dog, 10, 70-90.

Es, 1., Vieira, J. D. G., & Amaral, A. C. (2015). Principles, techniques, and applications of
biocatalyst immobilization for industrial application. Applied microbiology and
biotechnology, 99, 20652082.

Feng, M., Zhou, J., Yu, X., Mao, W., Guo, Y., & Wang, H. (2022). Insights into
biodegradation mechanisms of triphenyl phosphate by a novel fungal isolate and its potential
in bioremediation of contaminated river sediment. Journal of Hazardous Materials, 424,
127545.

Gamerith, C., Acero, E. H., Pellis, A., Ortner, A., Vielnascher, R., Luschnig, D., ... &
Guebitz, G. M. (2016). Improving enzymatic polyurethane hydrolysis by tuning enzyme
sorption. Polymer degradation and stability, 132, 69-77.

Genchi, G., Sinicropi, M. S., Lauria, G., Carocci, A., & Catalano, A. (2020). The effects of
cadmium toxicity. International journal of environmental research and public health,
17(11),3782.

Goutam, S. P., Saxena, G., Roy, D., Yadav, A. K., & Bharagava, R. N. (2020). Green
synthesis of nanoparticles and their applications in water and wastewater treatment.
Bioremediation of Industrial Waste for Environmental Safety: Volume I: Industrial Waste
and Its Management, 349-379.

Han, B., Lv, Z., Han, X., Li, S., Han, B., Yang, Q., ... & Zhang, Z. (2022). Harmful effects
of inorganic mercury exposure on kidney cells: mitochondrial dynamics disorder and
excessive oxidative stress. Biological Trace Element Research, 200(4), 1591-1597.
Hassaan, M. A., & El Nemr, A. (2020). Pesticides pollution: Classifications, human health
impact, extraction and treatment techniques. The Egyptian Journal of Aquatic Research,
46(3), 207-220.

Hiraishi, T., Komiya, N., & Maeda, M. (2010). Y443F mutation in the substrate-binding
domain of extracellular PHB depolymerase enhances its PHB adsorption and disruption
abilities. Polymer Degradation and Stability, 95(8), 1370-1374.

Horne, I., Sutherland, T. D., Oakeshott, J. G., & Russell, R. J. (2002). Cloning and
expression of the phosphotriesterase gene hocA from Pseudomonas monteilii CI1.
Microbiology, 148(9), 26872695.

1468



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

38.

59.

Hossini, H., Shafie, B., Niri, A. D., Nazari, M., Esfahlan, A. J., Ahmadpour, M., ... &
Hoseinzadeh, E. (2022). A comprehensive review on human health effects of chromium:
insights on induced toxicity. Environmental Science and Pollution Research, 29(47), 70686-
70705.

Iark, D., dos Reis Buzzo, A. J., Garcia, J. A. A., Correa, V. G., Helm, C. V., Correa, R. C.
G., Peralta, R. A., Moreira, R. F. P. M., Bracht, A., & Peralta, R. M., (2019). Enzymatic
degradation and detoxification of azo dye Congo red by a new laccase from Oudemansiella
canarii. Bioresour. Technol. 289, 121655

Ighrammullah, M., Fahrina, A., Chiari, W., Ahmad, K., Fitriani, F., Suriaini, N., ... &
Puspita, K (2023). Laccase Immobilization Using Polymeric Supports for Wastewater
Treatment: A Critical Review. Macromolecular Chemistry and Physics, 2200461.
Jankowska, K., Zdarta, J., Grzywaczyk, A., Degorska, O., Kijenska-Gawronska, E., Pinelo,
M., & Jesionowski, T. (2021). Horseradish peroxidase immobilised onto electrospun fibres
and its application in decolourisation of dyes from model sea water. Process Biochemistry,
102, 10-21.

Jesus, F., Pereira, J. L., Campos, 1., Santos, M., Ré, A., Keizer, J., ... & Serpa, D. (2022). A
review on polycyclic aromatic hydrocarbons distribution in freshwater ecosystems and their
toxicity to benthic fauna. Science of The Total Environment, 153282.

Jiang, Y., Cui, C., Zhou, L., He, Y., & Gao, J. (2014). Preparation and characterization of
porous horseradish peroxidase microspheres for the removal of phenolic compound and dye.
Industrial & Engineering Chemistry Research, 53(18), 7591-7597.

Jogdand, V. G., Chavan, P. A., Ghogare, P. D., & Jadhav, A. G. (2012). Remediation of
textile industry waste water using immobilized Aspergillus terreus. European Journal of
Experimental Biology, 2(5), 1550-1555.

Jugder, B. E., Ertan, H., Bohl, S., Lee, M., Marquis, C. P., & Manefield, M. (2016).
Organohalide respiring bacteria and reductive dehalogenases: key tools in organohalide
bioremediation. Frontiers in microbiology, 7, 249.

Kadri, T., Magdouli, S., Rouissi, T., & Brar, S. K. (2018). Ex-situ biodegradation of
petroleum hydrocarbons using Alcanivorax borkumensis enzymes. Biochemical
Engineering Journal, 132,279-287.

Kalkan, N. A., Aksoy, S., Aksoy, E. A., & Hasirci, N. (2012). Preparation of chitosan-coated
magnetite nanoparticles and application for immobilization of laccase. Journal of Applied
Polymer Science, 123(2), 707-716.

Kalyabina, V. P., Esimbekova, E. N., Kopylova, K. V., & Kratasyuk, V. A. (2021).
Pesticides:

formulants, distribution pathways and effects on human health—a review. Toxicology
reports, 8, 1179-1192.

Karthik, V., Senthil Kumar, P., Vo, D. V. N., Selvakumar, P., Gokulakrishnan, M.,
Keerthana, P., ... & Jeyanthi, J. (2021). Enzyme-loaded nanoparticles for the degradation of
wastewater contaminants: a review. Environmental Chemistry Letters, 19, 2331-2350.

1469



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Katchalski-Katzir, E., & Kraemer, D. M. (2000). Eupergit® C, a carrier for immobilization
of enzymes of industrial potential. Journal of molecular catalysis B: enzymatic, 10(1-3),
157-176.

Katuri, K. P., Mohan, S. V., Sridhar, S., Pati, B. R., & Sarma, P. N. (2009). Laccase-
membrane reactors for decolorization of an acid azo dye in aqueous phase: process
optimization. Water research, 43(15), 3647-3658.

Kensa, V. M. (2011). Bioremediation-an overview. Journal of Industrial Pollution Control,
27(2), 161168.

Kok, F. N., Bozoglu, F., & Hasirci, V. (2001). Immobilization of acetylcholinesterase and
choline oxidase in/on pHEMA membrane for biosensor construction. Journal of
Biomaterials Science, Polymer Edition, 12(11), 1161-1176.

Koyani, R. D., & Vazquez-Duhalt, R. (2016). Laccase encapsulation in chitosan
nanoparticles enhances the protein stability against microbial degradation. Environmental
Science and Pollution Research, 23, 18850-18857.

Krishna, P. N. (2011). Enzyme technology: pacemaker of biotechnology. PHI Learning Pvt.
Ltd..

Kulkarni, G. T. R. (2002). Biotechnology and its applications in pharmacy. Jaypee Bros
Medical Publishers.

Kulshreshtha, S., Mathur, N., & Bhatnagar, P. (2014). Mushroom as a product and their role
in mycoremediation. AMB express, 4, 1-7.

Kulshreshtha, S., Mathur, N., & Bhatnagar, P. (2014). Mushroom as a product and their role
in mycoremediation. AMB express, 4, 1-7.

Kumar, R., Sharma, P., Manna, C., Jain, M., 2021. Abundance, interaction, ingestion,
ecological concerns, and mitigation policies of micro-plastic pollution in riverine
ecosystem: a review. Sci. Total Environ. 782, 146695.

Kumar, S., & Sharma, A. (2019). Cadmium toxicity: effects on human reproduction and
fertility. Reviews on environmental health, 34(4), 327-338.

Ladole, M. R., Pokale, P. B., Patil, S. S., Belokar, P. G., & Pandit, A. B. (2020). Laccase
immobilized peroxidase mimicking magnetic metal organic frameworks for industrial dye
degradation. Bioresource Technology, 317, 124035.

Ligler, F. S., & Taitt, C. R. (Eds.). (2011). Optical biosensors: today and tomorrow.
Elsevier.

Lim, H. W., Collins, S. A., Resneck Jr, J. S., Bolognia, J. L., Hodge, J. A., Rohrer, T. A., ...
& Moyano, J. V. (2017). Contribution of health care factors to the burden of skin disease in
the United States. Journal of the American Academy of Dermatology, 76(6), 1151-1160.
Liu, S., Huang, B., Zheng, G., Zhang, P., Li, J.,, Yang, B., & Liang, L. (2020).
Nanocapsulation of horseradish peroxidase (HRP) enhances enzymatic performance in

removing phenolic compounds. International journal of biological macromolecules, 150,
814-822.

1470



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

Maeda, H., Yamagata, Y., Abe, K., Hasegawa, F., Machida, M., Ishioka, R., ... & Nakajima,
T. (2005). Purification and characterization of a biodegradable plastic-degrading enzyme
from Aspergillus oryzae. Applied Microbiology and Biotechnology, 67, 778-788.
Maghraby, Y. R., El-Shabasy, R. M., Ibrahim, A. H., & Azzazy, H. M. E. S. (2023). Enzyme
Immobilization Technologies and Industrial Applications. ACS omega.

Mallah, M. A., Changxing, L., Mallah, M. A., Noreen, S., Liu, Y., Saeed, M., ... & Zhang,
Q. (2022). Polycyclic aromatic hydrocarbon and its effects on human health: an updated
review. Chemosphere, 133948.

Martin, S., & Griswold, W. (2009). Human health effects of heavy metals. Environmental
Science and Technology briefs for citizens, 15, 1-6.

Mishra, A., Kesarwani, S., Jaiswal, T. P., Bhattacharjee, S., Chakraborty, S., Mishra, A. K.,
& Singh, S. S. (2023). Decoding whole genome of Anoxybacillus rupiensis TPH1 isolated
from Tatapani hot spring, India and giving insight into bioremediation ability of TPH1 via
heavy metals and azo dyes. Research in Microbiology, 174(4), 104027.

Mistry, G., Popat, K., Patel, J., Panchal, K., Ngo, H. H., Bilal, M., & Varjani, S. (2022).
New outlook on hazardous pollutants in the wastewater environment: Occurrence, risk
assessment and elimination by electrodeionization technologies. Environmental Research,
115112.

Mohsenzadeh, F., Nasseri, S., Mesdaghinia, A., Nabizadeh, R., Zafari, D., Khodakaramian,
G., & Chehregani, A. (2010). Phytoremediation of petroleum-polluted soils: Application of
Polygonum aviculare and its root-associated (penetrated) fungal strains for bioremediation
of petroleumpolluted soils. Ecotoxicology and environmental safety, 73(4), 613-619.
Morshed, M. N., Behary, N., Bouazizi, N., Guan, J., & Nierstrasz, V. A. (2021). An
overview on biocatalysts immobilization on textiles: Preparation, progress and application
in wastewater treatment. Chemosphere, 279, 130481.

Mulinari, J., Ambrosi, A., Feng, Y., He, Z., Huang, X., Li, Q., ... & Oliveira, J. V. (2023).
Polydopamineassisted one-step immobilization of lipase on o-alumina membrane for
fouling control in the treatment of oily wastewater. Chemical Engineering Journal, 141516.
Muzaffar, S., Khan, J., Srivastava, R., Gorbatyuk, M. S., & Athar, M. (2022). Mechanistic
understanding of the toxic effects of arsenic and warfare arsenicals on human health and
environment. Cell Biology and Toxicology, 1-26.

Naha, A., Antony, S., Nath, S., Sharma, D., Mishra, A., Biju, D. T., ... & Sindhu, R. (2023).
A hypothetical model of multi-layered cost-effective wastewater treatment plant integrating
microbial fuel cell and nanofiltration technology: A comprehensive review on wastewater
treatment and sustainable remediation. Environmental Pollution, 121274.

Narayanan, M., Ali, S. S., & El-Sheekh, M. (2023). A comprehensive review on the potential
of microbial enzymes in multipollutant bioremediation: Mechanisms, challenges, and future
prospects. Journal of Environmental Management, 334, 117532.

Nazari, M. T., Simon, V., Machado, B. S., Crestani, L., Marchezi, G., Concolato, G., ... &
Piccin, J. S. (2022). Rhodococcus: A promising genus of actinomycetes for the

1471



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

88.

&9.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

bioremediation of organic and inorganic contaminants. Journal of Environmental
Management, 323, 116220.

Nedovic V, Willaert R (2004) Fundamentals of cell immobilization biotechnology. Vol. 1
Springer pp

22-23, 414419

Paisio, C. E., Talano, M. A., Gonzalez, P. S., Busto, V. D., Talou, J. R., & Agostini, E.
(2012). Isolation and characterization of a Rhodococcus strain with phenol-degrading ability
and its potential use for tannery effluent biotreatment. Environmental Science and Pollution
Research, 19, 34303439,

Palm, G. J., Reisky, L., Bottcher, D., Miiller, H., Michels, E. A., Walczak, M. C., ... &
Weber, G. (2019). Structure of the plastic-degrading Ideonella sakaiensis MHETase bound
to a substrate. Nature communications, 10(1), 1717.

Panesar, P. S., Marwaha, S. S., & Chopra, H. K. (Eds.). (2010). Enzymes in food processing:
fundamentals and potential applications. IK International Pvt Ltd.

Pathania, T., Bottacin-Busolin, A., & Eldho, T. I. (2023). Evaluating the effect of aquifer
heterogeneity on multiobjective optimization of in-situ groundwater bioremediation.
Engineering Analysis with Boundary Elements, 148, 336-350.

Preethi, P. S., Hariharan, N. M., Vickram, S., Manian, R., Manikandan, S., Subbaiya, R., ...
& Awasthi, M. K. (2022). Advances in bioremediation of emerging contaminants from
industrial wastewater by oxidoreductase enzymes. Bioresource Technology, 127444.

Priya, A., Dutta, K., Daverey, A., 2021. A comprehensive biotechnological and molecular
insight into plastic degradation by microbial community. J. Chem. Technol. Biotechnol.
Ramakrishna, S., Ma, Z., & Matsuura, T. (2011). Polymer membranes in biotechnology:
preparation, functionalization and application. World Scientific Publishing Company.
Rathi, B. S., & Kumar, P. S. (2021). Application of adsorption process for effective removal
of emerging contaminants from water and wastewater. Environmental Pollution, 280,
116995.

Rathi, B. S., Kumar, P. S., & Show, P. L. (2021). A review on effective removal of emerging
contaminants from aquatic systems: Current trends and scope for further research. Journal
of hazardous materials, 409, 124413.

Ren, J., Huo, J., Wang, Q., Liu, Z., Li, S., Wang, S., ... & Li, H. (2022). Characteristics of
immobilized dye-decolorizing peroxidase from Bacillus amyloliquefaciens and application
to the bioremediation of dyeing effluent. Biochemical Engineering Journal, 182, 108430.
Ricardo, I. A., Alberto, E. A., Junior, A. H. S., Macuvele, D. L. P., Padoin, N., Soares, C.,
... & Trovo, A. G. (2021). A critical review on microplastics, interaction with organic and
inorganic pollutants, impacts and effectiveness of advanced oxidation processes applied for
their removal from aqueous matrices. Chemical Engineering Journal, 424, 130282.
Rizwan, M. D., Singh, M., Mitra, C. K., & Morve, R. K. (2014). Ecofriendly application of
nanomaterials: nanobioremediation. Journal of Nanoparticles, 2014, 1-7.

1472



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

Rubio, L., Marcos, R., & Hernandez, A. (2020). Potential adverse health effects of ingested
micro-and nanoplastics on humans. Lessons learned from in vivo and in vitro mammalian
models. Journal of Toxicology and Environmental Health, Part B, 23(2), 51-68.
Salehipour, M., Rezaei, S., Asadi Khalili, H. F., Motaharian, A., & Mogharabi-Manzari, M.
(2022). Nanoarchitectonics of Enzyme/Metal-Organic Framework Composites for
Wastewater Treatment. Journal of Inorganic and Organometallic Polymers and Materials,
32(9),33213338.

Saravanan, A., Kumar, P. S., Duc, P. A., & Rangasamy, G. (2022). Strategies for microbial
bioremediation of environmental pollutants from industrial wastewater: A sustainable
approach. Chemosphere, 137323.

Saravanan, A., Kumar, P. S., Vo, D. V. N., Jeevanantham, S., Karishma, S., & Yaashikaa,
P. R. (2021). A review on catalytic-enzyme degradation of toxic environmental pollutants:
Microbial enzymes. Journal of Hazardous Materials, 419, 126451.

Saxena, G., & Bharagava, R. N. (2017). Organic and inorganic pollutants in industrial
wastes:

ecotoxicological effects, health hazards, and bioremediation approaches. In Environmental
pollutants and their bioremediation approaches (pp. 23-56). CRC Press.

Saxena, G., Chandra, R., & Bharagava, R. N. (2017). Environmental pollution, toxicity
profile and treatment approaches for tannery wastewater and its chemical pollutants.
Reviews of Environmental Contamination and Toxicology Volume 240, 31-69.

Schmaltz, E., Melvin, E. C., Diana, Z., Gunady, E. F., Rittschof, D., Somarelli, J. A., ... &
Dunphy-Daly, M. M. (2020). Plastic pollution solutions: emerging technologies to prevent
and collect marine plastic pollution. Environment international, 144, 106067.

Shah, P. C., Kumar, V. R., Dastager, S. G., & Khire, J. M. (2017). Phytase production by
Aspergillus niger NCIM 563 for a novel application to degrade organophosphorus
pesticides. AMB express, 7(1), 1-11.

Sharma, B., Dangi, A. K., & Shukla, P. (2018). Contemporary enzyme based technologies
for bioremediation: a review. Journal of environmental management, 210, 10-22.

Sharma, P., Bano, A., Yadav, S., & Singh, S. P. (2023). Biocatalytic Degradation of
Emerging Micropollutants. Topics in Catalysis, 1-15.

Sharma, P., Pandey, A. K., Kim, S. H., Singh, S. P., Chaturvedi, P., & Varjani, S. (2021).
Critical review on microbial community during in-situ bioremediation of heavy metals from
industrial wastewater. Environmental Technology & Innovation, 24, 101826.

Sharma, P., Tripathi, S., Vadakedath, N., & Chandra, R. (2021). In-situ toxicity assessment
of pulp and paper industry wastewater on Trigonella foenum-graecum L: Potential source
of cytotoxicity and chromosomal damage. Environmental Technology & Innovation, 21,
101251.

Sharma, R., Talukdar, D., Bhardwaj, S., Jaglan, S., Kumar, R., Kumar, R, ... & Umar, A.
(2020). Bioremediation potential of novel fungal species isolated from wastewater for the
removal of lead from liquid medium. Environmental Technology & Innovation, 18, 100757.

1473



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Singh, J., Sharma, M., & Basu, S. (2018). Heavy metal ions adsorption and
photodegradation of remazol black XP by iron oxide/silica monoliths: Kinetic and
equilibrium modelling. Advanced Powder Technology, 29(9), 2268-2279.

Singh, K., Tripathi, S., & Chandra, R. (2023). Bacterial assisted phytoremediation of heavy
metals and organic pollutants by Cannabis sativa as accumulator plants growing on distillery
sludge for ecorestoration of polluted site. Journal of Environmental Management, 332,
117294.

Sivaranjanee, R., & Kumar, P. S. (2021). A review on cleaner approach for effective
separation of toxic

pollutants from wastewater using carbon Sphere’s as adsorbent: Preparation, activation and
applications. Journal of Cleaner Production, 291, 125911.

Son, H. F., Cho, L. J., Joo, S., Seo, H., Sagong, H. Y., Choi, S. Y., ... & Kim, K. J. (2019).
Rational protein engineering of thermo-stable PETase from Ideonella sakaiensis for highly
efficient PET degradation. Acs Catalysis, 9(4), 3519-3526.

Sun, J., Pan, L., & Zhu, L. (2018). Formation of hydroxylated and methoxylated
polychlorinated biphenyls by Bacillus subtilis: New insights into microbial metabolism.
Science of the Total Environment, 613, 54-61.

Sun, Y., Ren, X.N., Rene, E.R., Wang, Z., Zhou, L.N., Zhang, Z.Q., Wang, Q., 2021. The
degradation performance of different micro-plastics and their effect on microbial
community during composting process. Bioresour. Technol. 332, 125133.

Suzuki, K., Noguchi, M. T., Shinozaki, Y., Koitabashi, M., Sameshima-Yamashita, Y.,
Yoshida, S., ... & Kitamoto, H. K. (2014). Purification, characterization, and cloning of the
gene for a biodegradable plastic-degrading enzyme from Paraphoma-related fungal strain
B47-9. Applied microbiology and biotechnology, 98, 4457-4465.

Suzuki, K., Sakamoto, H., Shinozaki, Y., Tabata, J., Watanabe, T., Mochizuki, A., ... &
Kitamoto, H. K. (2013). Affinity purification and characterization of a biodegradable
plastic-degrading enzyme from a yeast isolated from the larval midgut of a stag beetle,
Aegus laevicollis. Applied microbiology and biotechnology, 97, 7679-7688.

Talukdar, D., Jasrotia, T., Sharma, R., Jaglan, S., Kumar, R., Vats, R., ... & Umar, A. (2020).
Evaluation of novel indigenous fungal consortium for enhanced bioremediation of heavy
metals from contaminated sites. Environmental Technology & Innovation, 20, 101050.
Tampion, J., & Tampion, M. D. (1987). Immobilized cells: principles and applications (Vol.
5). Cambridge University Press.

Tan, Y., Henehan, G. T., Kinsella, G. K., & Ryan, B. J. (2021). An extracellular lipase from
Amycolatopsis mediterannei is a cutinase with plastic degrading activity. Computational
and structural biotechnology journal, 19, 869-879.

Tavares, T. S., Torres, J. A., Silva, M. C., Nogueira, F. G. E., Da Silva, A. C., & Ramalho,
T. C. (2018). Soybean peroxidase immobilized on §-FeOOH as new magnetically recyclable
biocatalyst for removal of ferulic acid. Bioprocess and Biosystems Engineering, 41, 97-106.

1474



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Tchigvintsev, A., Tran, H., Popovic, A., Kovacic, F., Brown, G., Flick, R., ... & Yakunin,
A.F.(2015). The environment shapes microbial enzymes: five cold-active and salt-resistant
carboxylesterases from marine metagenomes. Applied microbiology and biotechnology, 99,
2165-2178.

Thakur, M., Medintz, I. L., & Walper, S. A. (2019). Enzymatic bioremediation of
organophosphate compounds—progress and remaining challenges. Frontiers in
bioengineering and biotechnology, 7, 289.

Thumarat, U., Kawabata, T., Nakajima, M., Nakajima, H., Sugiyama, A., Yazaki, K., ... &
Kawai, F. (2015). Comparison of genetic structures and biochemical properties of tandem
cutinase-type polyesterases from Thermobifida alba AHK119. Journal of bioscience and
bioengineering, 120(5), 491-497.

Tran, K. M., Lee, H. M., Thai, T. D., Shen, J., Eyun, S. L., & Na, D. (2021). Synthetically
engineered microbial scavengers for enhanced bioremediation. Journal of Hazardous
Materials, 419, 126516.

Tualeka, A. R., Demak, R., Yusmaidie, M., Russeng, S. S., Rahmawati, P., Ahsan, A., &
Susilowati, I. H. (2022). Systematic Review: the effect of lead in the body on the occurrence
of stunting. Journal of Positive School Psychology, 6(11), 1964-1978.

Tudi, M., Li, H., Li, H., Wang, L., Lyu, J., Yang, L., ... & Connell, D. (2022). Exposure
routes and health risks associated with pesticide application. Toxics, 10(6), 335.

Vardhan, K. H., Kumar, P. S., & Panda, R. C. (2019). A review on heavy metal pollution,
toxicity and remedial measures: Current trends and future perspectives. Journal of
Molecular Liquids, 290, 111197.

Varjani, S., Rakholiya, P., Ng, H. Y., You, S., & Teixeira, J. A. (2020). Microbial
degradation of dyes: an overview. Bioresource Technology, 314, 123728.

Verdel, N., Sezun, M., Rijavec, T., Zugan, M., Deev, D., Rybkin, 1., & Lapanje, A. (2023).
Microbiotechnology-Based Solutions for Removal and Valorization of Waste in Pulp and
Paper Industry. In Biorefinery for Water and Wastewater Treatment (pp. 445-479). Cham:
Springer International Publishing.

Wang, W., Ge, J., Yu, X., & Li, H. (2020). Environmental fate and impacts of microplastics
in soil ecosystems: Progress and perspective. Science of the total environment, 708, 134841.
Weralupitiya, C., Wanigatunge, R., Joseph, S., Athapattu, B. C., Lee, T. H., Biswas, J. K.,
... & Vithanage, M. (2021). Anammox bacteria in treating ammonium rich wastewater:
Recent perspective and appraisal. Bioresource Technology, 334, 125240.

Xu, G., Zhao, S., Liu, J., & He, J. (2023). Bioremediation of organohalide pollutants:
Progress, microbial ecology, and emerging computational tools. Current Opinion in
Environmental Science & Health, 100452,

Xu, H., Guo, M. Y., Gao, Y. H,, Bai, X. H., & Zhou, X. W. (2017). Expression and
characteristics of manganese peroxidase from Ganoderma lucidum in Pichia pastoris and its
application in the degradation of four dyes and phenol. BMC biotechnology, 17(1), 1-12.

1475



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, September 2023 Pp. 1448-1476

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Xu,R., Si,Y., Wu, X,, Li, F., & Zhang, B. (2014). Triclosan removal by laccase immobilized
on mesoporous nanofibers: strong adsorption and efficient degradation. Chemical
Engineering Journal, 255, 63-70.

Yaashikaa, P. R., & Kumar, P. S. (2022). Bioremediation of hazardous pollutants from
agricultural soils: A sustainable approach for waste management towards urban
sustainability. Environmental Pollution, 120031.

Yan, M., Ge, J., Liu, Z., & Ouyang, P. (2006). Encapsulation of single enzyme in nanogel
with enhanced biocatalytic activity and stability. Journal of the American chemical Society,
128(34), 1100811009.

Yao, H., Shi, W., Wang, X., Li, J., Chen, M., Li, J., ... & Deng, Z. (2023). The root-
associated Fusarium isolated based on fungal community analysis improves
phytoremediation efficiency of Ricinus communis L. in multi metal-contaminated soils.
Chemosphere, 324, 138377.

Yu, X., Mao, C., Wang, W., Kulshrestha, S., Zhang, P., Usman, M., ... & Li, X. (2023).
Reduction of metronidazole in municipal wastewater and protection of activated sludge
system using a novel immobilized Aspergillus tabacinus LZ-M. Bioresource Technology,
369, 128509.

Yuan, J., Ma, J., Sun, Y., Zhou, T., Zhao, Y., Yu, F., 2020. Microbial degradation and other
environmental aspects of micro-plastics/plastics. Sci. Total Environ. 715, 136968.

Zdarta, J., Ciesielczyk, F., Bilal, M., Jankowska, K., Bachosz, K., Degorska, O., ... & Meyer,
A. S. (2023). Inorganic oxide systems as platforms for synergistic adsorption and enzymatic
conversion of estrogens from aqueous solutions: Mechanism, stability and toxicity studies.
Journal of Environmental Chemical Engineering, 109443.

Zdarta, J., Jankowska, K., Bachosz, K., Degorska, O., Kazmierczak, K., Nguyen, L. N., ...
& Jesionowski, T. (2021). Enhanced wastewater treatment by immobilized enzymes.
Current Pollution Reports, 7, 167-179.

Zhai, R., Zhang, B., Wan, Y., Li, C., Wang, J., & Liu, J. (2013). Chitosan—halloysite hybrid-
nanotubes: Horseradish peroxidase immobilization and applications in phenol removal.
Chemical engineering journal, 214, 304-309.

Zhang, A., Hou, Y., Wang, Y., Wang, Q., Shan, X., & Liu, J. (2023). Highly efficient low-
temperature biodegradation of polyethylene microplastics by using cold-active laccase cell-
surface display system. Bioresource Technology, 382, 129164.

Zhang, H., Zhang, X., & Geng, A. (2020). Expression of a novel manganese peroxidase
from Cerrena unicolor BBP6 in Pichia pastoris and its application in dye decolorization and
PAH degradation. Biochemical Engineering Journal, 153, 107402.

Zheng, G., Liu, S., Zha, J., Zhang, P., Xu, X., Chen, Y., & Jiang, S. (2018). Protecting
enzymatic activity via zwitterionic nanocapsulation for the removal of phenol compound
from wastewater. Langmuir, 35(5), 1858-1863.

1476



