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Abstract

This comprehensive work meticulously examines the vital and essential
areas of chemical analysis, coupled with the significant field of microbial
remediation, all aimed at addressing both organic pollutants and the
increasingly disturbing presence of heavy metals. The investigations carried
out encompass a wide range of advanced and sophisticated analytical
methods, incorporating techniques such as intricate chromatographic
procedures, precise mass spectrometry, and various spectroscopic
approaches that specifically target and confront pressing remediation
concerns. Through careful and thorough chemical analysis, researchers
diligently assess the identity, composition, and concentration of pollutants,
while simultaneously exploring how diverse remediation methods can
effectively exploit the natural abilities of microbial degradation to break
down these harmful and toxic substances in an efficient manner. Recent
scrutiny of microbial approaches brings to light their considerable potential
benefits, as well as their inherent limitations, thereby fostering a deeper and
more nuanced understanding of their application in complex environmental
contexts. Detailed and illustrative case studies are presented to vividly
showcase practical applications in real-world scenarios, emphasizing the
effectiveness of various strategies. Additionally, a brief and insightful
commentary encapsulates the essential related environmental and recycling
policies currently in place, which play a crucial role in supporting these
efforts. These diverse perspectives collectively frame an ambitious and
visionary agenda for integrative research and regulation, all directed toward
effectively reversing the troubling trend of domestic-to-industrial pollution
prevalent in our local waterways, ultimately aiming for a healthier and more
sustainable environmental future for all.
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Chapter -1

Introduction

Pollution resulting from organic compounds and heavy metals, which have
become extensively disseminated throughout our environment, has been a
significant subject of interest and concern for numerous years now. These
toxic pollutants, owing to their inherent toxicity, their persistence across
various ecological settings, and their significant tendency to bioaccumulate
within living organisms, pose profound and often detrimental effects not
only on human health but also on the surrounding environment. Despite the
considerable efforts exerted by researchers, governmental agencies, and
organizations to combat these critical issues, these hazardous pollutants
persistently represent a major challenge and pressing problem in the twenty-
first century. There exists an urgent and pressing need for effective, efficient
techniques that can be employed for the prompt detection and accurate
quantification of these harmful substances present within the environment.
Such techniques are crucially important for both ongoing remediation efforts
and proactive preventive measures aimed at curtailing the spread of
pollution. A wide and varied array of analytical methodologies has been
successfully applied to target these pollutants. This includes various
sampling and meticulous sample preparation methods, as well as advanced
chromatographic, spectroscopic, and mass spectrometry techniques that are
integral to comprehending their presence and the impact they have.
Moreover, it is noteworthy to highlight that many bacterial and fungal
species, alongside diverse microbial consortia, demonstrate the remarkable
capability to partially or even completely degrade these harmful
contaminants. In this context, significant classes of microorganisms that are
utilized in bioremediation processes are outlined, demonstrating their
potential and pivotal role in restoring contaminated environments to a safer
and more stable state. By employing these innovative microbial strategies,
there is hope for the future of environmental health and safety, ensuring that
ecosystems can recover and thrive despite the existing threats posed by
pollution [X:2:3.4.5.6.7.8],

A wide range of bioremediation techniques such as in situ
bioremediation, ex situ bioremediation, phytoremediation, bioaugmentation,
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and biostimulation have been effectively applied either individually or in
synergistic combinations to tackle ongoing and emerging contamination
challenges in various environments. This paper provides a comprehensive
and detailed overview of the recent advances and significant developments
in bioremediation processes, specifically addressing the critical concerns
associated with both organic compounds and heavy-metal pollutants, which
pose significant and persistent environmental hazards. Particular emphasis is
placed on a diverse array of compounds, which include industrial solvents,
numerous types of pesticides, polycyclic aromatic hydrocarbons, various
chlorinated herbicides, naphthalene, benzene, toluene, ethylbenzene, and
xylene, as well as a broad spectrum of phenolic compounds. Additionally,
heavy metals such as chromium, lead, cadmium, copper, zinc, iron, mercury,
and arsenic are underscored due to their severe toxicological implications
and the potential risk they pose to human health and ecosystems. These
multifaceted efforts are examined under an array of varying environmental
conditions, which enables a thorough and nuanced assessment of the
efficacy, adaptability, and potential limitations of the different techniques
that have been systematically implemented. This comprehensive
investigation aims to highlight not only the progress made in bioremediation
but also the continuous need for innovation in addressing stubborn soil and
water contaminants effectively [ 10, 11,12, 13,14, 15]
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Chapter - 2

Understanding Organic Pollutants

Organic pollutants, often referred to in scientific and environmental contexts
as organic contaminants and organic xenobiotics, encompass an extensive,
intricate, and diverse spectrum of chemical compounds that can be found in
various places across the globe. This remarkable range includes a vast
variety of hydrocarbons, an extensive multitude of pesticides, a wide array of
diverse solvents, and an expansive assortment of distinct detergents that are
widely utilized in numerous industries and agricultural practices. These
substances are not confined to a specific location, niche, or environment;
instead, they permeate throughout the entire ecosystem, easily infiltrating
many different natural habitats and resulting in profound and severe
disruptions to essential natural processes, as well as the delicate equilibrium
of ecological balance. A significant number of these troubling compounds
are notably able to persist in soil, sediment, or groundwater for extremely
long durations, gradually leaching into fresh water supplies or different
waterways over extended periods of time. This slow yet steady infusion
poses serious and alarming threats not only to human health but also
compromises ecological stability, leading to a precarious situation that
requires immediate and urgent attention from both policymakers and
scientists alike.

The diverse physicochemical characteristics exhibited by these organic
pollutants, coupled with the particular vulnerabilities of various organisms
that may be targeted, further intensify their risk profiles, posing serious and
escalating threats to ecosystems and human health alike. As fragile and
intricate ecosystems struggle under the significant burden of these persistent
contaminants, escalating concerns have emerged, suggesting that life
expectancy could decline even more sharply as a direct result of exposure to
these damaging and pervasive substances, with implications that ripple
through generations of living organisms and affect overall biodiversity.

A comprehensive and detailed survey of 140 disparate groundwater
sites, meticulously conducted by the US Geological Survey, unearthed
alarming and disconcerting findings: in 2003, it was reported that nearly half

Page | 4



of the tested samples revealed significant contamination with various types
of organic pollutants, which is indeed staggering and troubling. This
troubling trend not only highlights the importance of the survey's findings
but also vividly illustrates an increasingly pressing and urgent concern for
numerous countries across the globe. As organic compounds present in
surface freshwater supplies evolve into critically troubling issues that
demand immediate and effective intervention measures to address and tackle
them, the stakes become even higher. Numerous organic pollutants have
already been identified as potential sources of cancer-causing chemicals and
have raised serious suspicions of functioning as endocrine disruptors,
adversely affecting the health of diverse populations in various regions
worldwide.

These substances are distinctly characterized by their marked
persistence in the environment and their inherent toxicity, which complicates
remediation efforts. They enter the environment either directly or indirectly
due to various agricultural practices and industrial operations, in conjunction
with the improper discharge of wastewater that occurs far too frequently and
readily. The release of these organic contaminants into our ecosystems has
seen a dramatic escalation since the onset of the Industrial Revolution,
thereby positioning this critical issue as a pollution problem that cannot, and
should not, be disregarded or overlooked any longer.

Specifically, organic pollutants are emitted from an array of industrial
sources, each contributing significantly to the overarching problem of
environmental degradation. These include wastewater discharge along with
residual waste produced by a range of industries, including but not limited to
oil refining, chemical manufacturing, metallurgy, and even sectors like the
railroad industry. Every single day, massive tonnages of synthetic organic
chemicals, showcasing an expansive range of types along with varying levels
of toxicity, are discharged into operational sites located within both
agricultural and urban environments. The profound ramifications stemming
from these continuous discharges are profound and far-reaching, as many
organic contaminants pose a notable and escalating threat to human health
through the alarming process of bioaccumulation within the food chain.

This concerning and complex phenomenon leads to potential long-term
health impacts, as these toxic substances ascend through various trophic
levels, creating an intricate web of risks that affects not only individual
species but entire ecosystems as well as the overall well-being of humanity
as a whole. Each step in this bioaccumulation process raises further
concerns, highlighting the critical need for enhanced regulatory measures
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and pollution control initiatives to safeguard both human health and the
integrity of our planet’s ecological systems [16: 17, 18,19, 20, 21, 22,23, 24]

2.1 Definition and types

Organic pollutants constitute a highly diverse and complex group of
harmful chemicals that primarily arise from various human activities,
including industrial processes, agricultural practices, and urban runoff,
which is often a consequence of inadequate waste management. These
pollutants frequently find their way into multiple environmental
compartments, encompassing soil, water bodies, and air. Once released into
these environmental domains, they can accumulate over extended periods,
remaining latent and posing significant risks to both ecosystems and human
health. Their persistence in the environment is particularly alarming, as it
can lead to an increase in toxicity through a series of hazardous mechanisms
such as concentration and biomagnification, the latter of which magnifies the
detrimental effects of these pollutants through successive levels of the food
web, ultimately impacting a wide array of organisms. Due to their low
solubility in water, specific organic pollutants tend to accumulate not just in
sediments but also in suspended solids associated with aquatic environments.
This accumulation can have dire, far-reaching consequences on aquatic life,
disrupting delicate ecosystems and potentially leading to the gradual decline
of various species that inhabit these biologically rich areas. Organic
pollutants can be categorized into a variety of distinct chemical groups,
which include, but are not limited to, aromatics, polyaromatics, chlorinated
compounds, organometallics, and aliphatic substances. Each of these
categories encompasses substances that have raised serious health concerns,
as many have been classified as toxic, carcinogenic, or mutagenic, thus
drawing significant scrutiny from health organizations and regulatory bodies.
In light of their potential dangers to both health and the environment,
substantial efforts are currently being made at local, national, and
international levels to control the release and mitigate the impact of these
harmful pollutants. This proactive approach includes the establishment of
international  treaties, comprehensive  regulations, and  stringent
environmental legislation specifically aimed at addressing the presence and
deleterious effects of these concerning compounds in our ecosystems. These
regulatory measures seek to minimize the harmful consequences of organic
pollutants on both wildlife and human populations, bringing much-needed
attention to the urgent necessity for stricter controls and heightened
awareness regarding pollution prevention strategies, which are essential for
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safeguarding our health and preserving the integrity of our environment for
future generations [16, 25, 26, 27, 28, 29, 30, 31, 32].

Heavy metals represent a diverse and notably complex group of
potentially toxic metals that are found naturally in soils around the world.
Typically, these metals exist in relatively small amounts, yet their impact on
the environment can be highly significant and far-reaching. Notable
examples of these troubling elements include Mercury (Hg), Cadmium (Cd),
Chromium (Cr), Lead (Pb), Copper (Cu), Zinc (Zn), Nickel (Ni), and
Arsenic (As). These metals raise considerable concern among scientists and
policymakers alike due to the adverse effects they can have on both human
health and the broader environmental context. The contamination of soils
and water bodies by heavy metals emerges as a pressing issue that occurs
through a series of various pathways, which include not only natural
processes but also, quite significantly, human-driven activities that intensify
these potential dangers. Human activities that contribute to contamination
encompass a wide range of practices, such as mining operations that can
disturb and release metals that have been trapped deep within the earth for
extensive periods of time. Mining is not just limited to the extraction of
metals; it also results in the disturbance of soil and landscapes, leading to
further spread of these harmful elements into the surrounding environment.
Additionally, agricultural practices that involve the extensive utilization of
fertilizers and pesticides, often contain significant quantities of heavy metals,
which leads straightforwardly to their introduction into the food chain,
complicating matters further. Numerous industrial operations, including
manufacturing and waste disposal, release these metals into the surrounding
environment on a large scale, raising considerable red flags about their
potential to contaminate air, water, and soil fundamental resources essential
for all forms of life. It is crucial not to forget the improper disposal of
domestic waste, which frequently contains various toxic substances, further
exacerbating the situation and posing additional threats to local ecosystems.
Each of these elements contributes to a cumulative effect that can degrade
the quality of the environment and endanger human health in multifaceted
ways.

While it is indeed essential to acknowledge that some of these metals,
particularly copper and zinc, are necessary for various biological functions
when present in low concentrations in the environment, they can become
harmful quite rapidly when their levels exceed specific thresholds. These
thresholds have been established by multiple governmental organizations,
including the United States Environmental Protection Agency (US EPA), to
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protect both human and environmental health. When metal concentrations
surpass these critical chemical levels, these essential elements can transition
from being beneficial and necessary for biological processes to becoming
detrimental, significantly undermining the overall health of ecosystems and
the organisms that inhabit them. Furthermore, different heavy metals exhibit
varying toxicity levels and impacts, which can complicate efforts to manage
their presence in the environment effectively. Moreover, heavy metals
possess the ability to bioaccumulate within living organisms over extended
periods of time, leading to an array of concerning health issues, disorders,
and diseases as a direct consequence of their toxic effects. This
bioaccumulation occurs when organisms absorb these toxic metals at a faster
rate than they can eliminate them, leading to increasingly high
concentrations in various bodily tissues. As a result, this bioaccumulation
can disrupt normal physiological functions, including critical metabolic
pathways, and contribute to chronic health problems that pose risks not only
to individual organisms but also to entire populations. The
interconnectedness of ecosystems implies that the effects of heavy metal
toxicity can have ripple effects, ultimately impacting biodiversity and the
delicate ecological balance. As such, the management of heavy metal
contamination continues to be a pressing public health issue and an
environmental challenge that demands urgent attention, comprehensive
understanding, and effective strategies to mitigate this growing problem.
Addressing this critical issue requires a multifaceted approach that includes
stringent regulation, innovative cleanup technologies, enhanced research
efforts, and greater public awareness about the sources and consequences of

heavy metal pollution to ensure a healthier future for both the planet and its
inhabitants [33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43].

2.2 Sources and environmental impact

The contamination of our environment by a wide range of organic
pollutants and heavy metals has increasingly transformed into a significant
and alarming global issue, primarily owing to their inherent toxicity, long-
lasting persistence in various environments, and substantial bioaccumulative
potential that poses additional and often severe risks to both human health
and ecosystems alike. The rapid pace of industrialization, the relentless
expansion of urban areas, and the explosive growth of the global population
have further exacerbated this pressing environmental crisis, making it even
more challenging to address through traditional means. Organic pollutants
encompass a broad array of harmful chemical compounds that originate from
various human-related activities, such as domestic waste production in
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households, agricultural practices involving the widespread application of
fertilizers and pesticides, and industrial processes that discharge toxic
byproducts into waterways, each contributing to the overall degradation of
the environment. Meanwhile, heavy metals emerge from both natural
geological sources and anthropogenic activities meaning those that are
human-induced with the latter playing a major and more impactful role in the
ongoing degradation of vital water resources, as these metals infiltrate soils
and waterways and accumulate in living organisms.

The adverse effects of both organic pollutants and heavy metals upon
the environment are profound and wide-ranging; they significantly
compromise the sustainability and overall well-being of aquatic ecosystems.
This contamination severely disrupts biodiversity, as many species struggle
to survive in polluted environments, leading to declines in population
numbers and even extinction for some sensitive species. It also alters vital
ecosystem dynamics that are crucial for balanced habitats, ultimately
undermining essential ecological functions that support life across various
trophic levels. Moreover, the presence of these harmful pollutants poses
serious risks to food safety, affecting not only wildlife but also agricultural
produce, which can lead to detrimental impacts on human populations.
Contaminated water sources can lead to the accumulation of toxins in fish
and crops, directly threatening the health and safety of consumers who
depend on these food sources. This, in turn, threatens human health across
the globe in increasingly concerning ways, thus necessitating immediate and
sustained intervention on both local and global scales to mitigate these
detrimental effects and protect our shared environment [33. 44, 45,46, 47, 48,49, 50, 51]

The presence of organic pollutants and heavy metals in both
environmental and living systems represents an issue of ever-increasing
scientific concern that arises from their notable toxicity, nonbiodegradability,
persistent nature, and the growing accumulation of these harmful substances
in the biota. These two significant groups of contaminants lead to both acute
and chronic toxic effects, making their presence particularly detrimental to
various ecosystems and human health alike. To adequately assess and
manage the potentially harmful chemicals and elements in our surroundings,
it is absolutely essential to take proactive measures that can effectively
protect the environment as well as human health and well-being.

The first step in this crucial process consists of verifying and confirming
the presence of the contaminant within the various environmental matrices
and living organisms that may be affected, which is commonly referred to as
monitoring. This monitoring process is essential, as it lays the groundwork
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for the subsequent steps necessary to ensure that the contamination is
accurately evaluated and addressed. Once monitoring has been effectively
conducted, the next vital step involves the critical task of identifying and
quantifying the nature and concentration of the observed contamination. This
step is also paramount for evaluating the potential toxic effects these
pollutants can exert on living organisms, as well as for assessing the level of
regulatory thresholds in place. This crucial procedure is termed pollutant
determination and risk assessment and plays a key role in understanding the
extent of the threat posed by these contaminants.

Finally, the third step of the entire process includes the application of
suitable treatments wherever feasible, which aim to reduce pollution levels
in the affected environments. This action is critical for managing the
associated risks not only to human beings but also to the overall ecosystem
in which they reside, a process that is commonly known as remediation.
Enacting these steps diligently and effectively will ensure that we make

significant progress in protecting public health and preserving the natural
W0r|d [52, 45, 53, 47, 26, 46, 54, 55]_

2.3 Chemical properties and behavior

Organic pollutants comprise an extraordinarily vast and diverse
assortment of carbon-based compounds, which can be identified and
characterized by their distinctive molecular structures and various functional
groups. Among these organic structures, certain types, including saturated
hydrocarbons more commonly known as alkanes alongside ethers,
aldehydes, ketones, esters, simple sugars, and amino acids, are typically
classified as non-toxic due to their relatively benign characteristics and lower
levels of associated risk. However, in stark contrast, a significant number of
other organic compounds exhibit remarkable toxicity, thereby posing
substantial potential risks not only to human health but also to the
environment in which they exist. Due to key properties such as high water
solubility or increased volatility, these specific organic compounds tend to
avoid accumulating considerably in the environment over extended periods.
Nevertheless, numerous organic compounds demonstrate a remarkable level
of stability in various environmental contexts, primarily because they resist
decomposition by natural degradation processes involving sunlight, bacteria,
fungi, or other microorganisms.

The category of organic pollutants thus includes an extensive and wide-
ranging variety of hazardous substances, including Polyaromatic
Hydrocarbons (PAHSs) that are commonly found in various fossil fuels.
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Furthermore, this category encompasses polychlorinated biphenyls (PCBs),
as well as widely recognized toxins like benzene and toluene. Additional
organic pollutants include dioxins, 1,4-dichlorobenzene, and chlorinated
bisphenol A, commonly referred to as BPA, which has garnered notable
attention due to its prevalence in various products. This list can be extended
to encompass an array of organochloride pesticides, organophosphates,
organoarsenates, carbamates, and pyrethrins that continue to be utilized in
some agricultural practices, reaffirming the widespread nature of organic
pollutants in agricultural activities. In addition to these, the category includes
synthetic dyestuffs that are frequently employed in the textile manufacturing
industry, plasticizers that work to enhance the flexibility of plastics, plastic
residues that result from waste processes, and pharmaceuticals along with
herbicides that often find their way into and contaminate our ecosystems.
Detergents, another noteworthy group of organic pollutants, frequently enter
the environment as a direct outcome of industrial, agricultural, and domestic
activities, which collectively contribute to the increasing burden of organic
pollutants across various habitats and environments [56. 54 57. 28, 58, 59, 60, 61]

The organic compounds that have been mentioned previously are
recognized for their ability to function as toxicants, and this toxicity is
primarily attributed to their specific chemical structure alongside their
unique and distinctive chemical behavior. Within the extensive realm of
organic chemistry, there exists a variety of general organic groups that are
prone to undergoing certain common types of reactions, which are
characteristic of their respective classes of compounds. Among the notable
examples of these groups are esters, amides, ketones, aldehydes, amines, and
acids; each one exhibits a distinct and often complex set of properties and
behaviors that define their interactions in various chemical contexts.
Moreover, certain organic compounds such as benzene, naphthalene, phenol,
diesel, and kerosene display significant and often profound differences in
their molecular structure, inherent properties, and reactivity profiles when
compared to other compounds present in the organic spectrum. The
functional groups, which can also be referred to as reactive elements, play a
crucial and indeed pivotal role in determining the reactivity of these organic
compounds. These groups are commonly known as reactive groups or
radicals, and they are essential for fostering a deeper understanding of the
nature and intricate behavior of organic pollutants. Understanding these
elements is vital for grasping their environmental fate and the complex
processes involved in their removal or transformation in biological systems
and chemical environments [54 28, 62, 58, 63, 64, 65],
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Chapter - 3

Heavy Metals in the Environment

Heavy metals, which encompass a diverse array of elements, including but
not exclusively limited to cadmium, lead, copper, zinc, chromium, nickel,
mercury, and arsenic, pose significant and alarming concerns for the
environment. This critical issue arises primarily due to their inherent toxicity
along with their remarkable capacity for persistence within various
environmental contexts. The ramifications of these toxic metals are both
extensive and multifaceted, stemming from a wide array of sources. These
sources include everyday consumer goods that are commonplace in our daily
lives, a variety of industrial effluents and by-products, paints that are used
widely in construction and art, batteries that power countless devices, metal
alloys found in numerous products, and several agricultural inputs vital to
food production. When living organisms, whether they be wildlife
flourishing in natural settings or domesticated species being raised within
agricultural systems, are subjected to elevated concentrations of these heavy
metals, it can induce severe toxicity, which may ultimately lead to mortality
in some cases.

The widespread distribution of these hazardous metals across aquatic,
marine, and terrestrial ecosystems is largely attributable to human activities,
such as intensive industrialization, rapid urbanization, and a multitude of
other anthropogenic activities that disrupt the ecological balance. Humans
inadvertently introduce these toxic elements into the environment, resulting
in devastating ecological consequences that can seep into various layers of
the food web. Their remarkable persistence in a plethora of ecosystems is
particularly concerning, as it frequently leads to bioaccumulation in the
tissues of both flora and fauna. This bioaccumulation presents serious
ecological dilemmas and poses significant health risks to numerous life
forms, including humans, who may unfortunately find themselves at the apex
of the food chain, facing increased exposure.

Furthermore, the debilitating impacts of heavy metals on human health
can manifest in a multitude of forms, including, but not limited to,
neurological damage, various developmental impairments, reproductive
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challenges, and an increased susceptibility to a range of chronic and
potentially life-threatening diseases. The continuous introduction of heavy
metals into the environment dramatically underscores the urgent need for
comprehensive and effective management strategies aimed at remediation
efforts that will adequately mitigate their adverse impacts on health and
ecosystems alike. Addressing this pressing issue necessitates not only the
extensive monitoring of heavy metal concentrations across various
ecosystems but also the development and subsequent implementation of
innovative technologies designed for the purpose of removing and stabilizing
these harmful pollutants. In addition, establishing stringent regulatory
frameworks is essential to prevent further contamination of our water, soil,
and air, thereby safeguarding public health while preserving ecological
integrity for generations yet to come. Through collaborative efforts and
sustained commitment, it is possible to combat the pervasive threat posed by

heavy metals effectively and ensure a safer, cleaner environment for all
Iiving beings [33, 52, 66, 45, 38, 34, 67, 42, 68, 69].

3.1 Common heavy metals and their sources

Heavy metals are remarkably prevalent in our environment, and these
elements exist naturally, identifiable by their notably high atomic weight,
considerable density, and unique chemical properties that set them apart
from other elements. Among the total of 91 metallic and semi-metallic
elements that can be sourced from the natural world, extensive and rigorous
scientific research has demonstrated that as many as 53 of these metals are
regarded as toxic and consequently pose significant risks to both
environmental stability and human health. Among the most critical heavy
metals frequently detected in a variety of contaminants, which can include
water, air, soil, and even our food supplies, we can identify an extensive list
that comprises copper, cadmium, lead, nickel, zinc, chromium, mercury,
iron, and arsenic, each of which can have deleterious effects. The origins
responsible for the release of these hazardous metals into our surroundings
are numerous and highly diverse, encompassing several processes such as
the incineration of various waste materials, landfilling of refuse, leaching
from assorted waste products, and sewage discharges that originate from
treatment facilities. Additionally, urban runoff from streets, buildings, and
industrial activities, as well as the extensive and often harmful practices
associated with mining operations, contribute to the proliferation and
dissemination of these dangerous substances within our ecosystems. These
heavy metals begin to entwine themselves within ecosystems, representing a
significant threat to biodiversity, natural habitats, and human health as soon
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as their concentrations surpass those established maximum allowable levels
that experts have long determined to be safe for living organisms. Due to
their inherently toxic and harmful nature, these metals are also classified as
nonbiodegradable, implying that they do not decompose naturally through
biological processes, which makes them highly persistent and problematic in
the environment. They have a pronounced tendency to accumulate within
living tissues as they move through the food chain, inevitably leading to an
escalation of health concerns and further ecological damage over time. When
heavy metals are present in concentrations that exceed the standard levels set
for safety, they can yield toxic effects on various living organisms, which
emphasizes the profound and urgent need for effective methods, robust
strategies, and comprehensive regulations to eliminate these harmful
substances from our environment. It is absolutely essential for society as a
whole to address this urgent issue, prioritizing actions that would safeguard
both environmental health and the overall well-being of public health for
present and future generations, ensuring the preservation of ecosystems and
the health of populations reliant on them [33. 52,60 70,71, 69, 72,73, 74]

3.2 Toxicological effects on human health

The discharge of pollutants containing both heavy metals and organic
compounds has highly detrimental toxic effects on living organisms across a
wide spectrum, and can lead to a multitude of adverse and long-lasting
effects on human health. The toxicity associated with environmental
pollution has had a significant impact on various organs of the human body
to differing degrees and in diverse ways. For instance, lead exposure is
particularly hazardous and can result in severe neurological effects in
children, significantly affecting their cognitive and behavioral development.
In adults, lead exposure may lead to severe cardiovascular issues, including
hypertension and heart disease. Similarly, cadmium is another heavy metal
that poses serious health risks; exposure to cadmium can cause substantial
damage to vital organs, such as the liver, kidneys, lungs, and even testes,
ultimately compromising multiple bodily functions and systems. Other
heavy metals known to be associated with toxicity through exposure include
harmful elements such as Arsenic (As), Mercury (Hg), Thallium (TI),
Bismuth (Bi), and Lead (Pb). Furthermore, while there are heavy metals that
are considered essential for maintaining human health, it is vital to
acknowledge that they can also be toxic in excessive amounts; these include
crucial elements such as Chromium (Cr), Copper (Cu), Cobalt (Co), Nickel
(Ni), and Zinc (Zn). It is critical to understand that these toxic metals enter
the environment through both natural sources and various anthropogenic
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activities, which include soil leaching, metal ore processing, industrial
mining, volcanic activity, radioactive decay, and from sedimentary rocks.
Although natural processes can dilute and neutralize these heavy metals to
some extent, it is essential to recognize that they have a notoriously low rate
of degradation and thus can persist within the environment for extended
periods. This persistence raises significant concerns regarding their
bioaccumulation in the food chain and the potential for chronic exposure to
humans and wildlife, leading to widespread ecological and health issues that
merit urgent attention and intervention [52 39. 38, 28,75, 45,76, 72, 77],

3.3 Environmental persistence and bioaccumulation

Once they are introduced into the environment, synthetic organic
chemicals or heavy metals exhibit an extraordinary resistance, an alarming
resilience, to undergoing biodegradation processes, which is a crucial aspect
of their behavior in nature. This inherent persistence indicates that these
harmful substances do not decompose or break down easily over the passage
of time, ultimately leading to their continuous presence and gradual
accumulation in various ecosystems. As a result of this significant resistance,
they have the unfortunate capacity to readily seep into the food chain, where
they not only infiltrate but also tend to accumulate in increasingly higher
concentrations that can become acutely toxic to both animal and plant life
forms. This detrimental accumulation poses serious risks to their survival,
affects their reproductive health, and compromises their overall well-being,
creating significant challenges for wildlife and biodiversity alike. The
widespread and persistent discharge of these hazardous effluents into our air,
fresh water sources, and soil has undeniably become a critical concern for
both environmentalists and public health officials around the globe. This
relentless influx, in conjunction with the enduring nature of these toxic
substances, gives rise to severe cumulative pollution hazards that can be
detrimental in numerous and varied ways to both environmental ecosystems
as well as public health outcomes. These dangers extend beyond immediate
physical effects, leading to long-term ecological imbalances, major
disruptions in food webs, and compromising the well-being of communities
that rely heavily on these natural resources for their sustenance and survival.
The troubling situation we face today unequivocally highlights the urgent
need for improved, innovative, and enhanced remediation strategies that are
capable of effectively addressing, managing, and mitigating the profound
and far-reaching impact of these pollutants on ecosystems, biodiversity, and
the overall health of human communities. Effectively addressing this
pressing challenge necessitates not only a comprehensive understanding of
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the intricate and complex interactions that occur between these harmful
chemicals and the biological systems present within our environment but
also demands the prompt implementation of effective, science-based
solutions aimed at protecting and preserving the integrity of our environment
in a sustainable manner for future generations. Thus, we must ensure that we
do not compromise the ability of the earth to support life in a healthy manner

long into the future, safeguarding our planet for all living beings [8 7980, 7781,
82, 83, 84, 85, 86]_
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Chapter - 4

Analytical Techniques for Chemical Analysis

Sampling represents a crucial foundational step that precedes all
environmental analyses, primarily with the specific aim of accurately
collecting samples that are genuinely representative of the waste material
under investigation. This methodical approach ensures that the results
obtained from the subsequent analyses authentically reflect the conditions
and variables present within the actual waste material, providing a more
realistic understanding of the environmental dynamics at play.
Chromatographic separation, on the other hand, is fundamentally based on
the essential process involving the mass transport of an analyte between two
distinctly different phases, which are classified as the mobile phase and the
stationary phase. In scenarios where liquid mobile phases are utilized, the
interaction that occurs with the stationary phase is specifically referred to as
gas-liquid chromatography (commonly abbreviated as GC). Conversely,
when both the phases involved in the chromatographic process are liquid,
this particular technique is designated as liquid chromatography (often noted
as LC). It is important to note that mass spectrometry is frequently confused
with its abbreviation MS; however, these two terms differ in several
significant respects. The instrumentation employed for mass spectrometry
encompassing various sophisticated types such as time of flight systems,
toroidal systems, ion traps, and quadrupole analyzers facilitates an additional
stage of analysis known as MS-MS. This supplementary stage generally
enhances the ability to effectively detect and quantify organic pollutants that
may be present at ultra-trace levels, a critical capability that plays an
essential role in environmental analysis. The major types and methodologies
of mass spectrometry commonly employed have been thoroughly reviewed
and discussed in the literature elsewhere, providing a wealth of valuable
insights into their applications and efficiencies within the field of
environmental science [87- 88, 89, 90,91, 92,93, 94, 95]

4.1 Sampling methods

Sampling represents a vital and foundational step of any method that is
employed for effectively characterizing contaminated areas. The results

Page | 17



obtained from this process are inherently only as reliable and useful as the
materials that are collected during the critical sampling process itself.
Crafting effective environmental sampling plans tailored for contaminants is
of utmost importance, particularly concerning toxic pollutants such as the
Persistent Organic Pollutants (POPs) and various heavy metals. This task
necessitates meticulous and thoughtful design to ensure that the samples
collected are fully representative of the property in question or specific
boundary being examined. In this regard, all considerations regarding the
compositional and spatial perspectives of the area must be carefully taken
into account. It becomes crucial that samples be collected from media that
are likely to harbor the highest concentrations of the contaminants of greatest
concern. For instance, this might include taking vertical subsurface soil
samples and soil-gas samples that are specifically collected near the source
of contamination. Groundwater samples are to be obtained from
meticulously chosen locations that are situated downgradient from the source
to ensure accuracy. Ambient air samples should then be gathered from
positions that are strategically located downwind of the contamination
source. Moreover, surface water and sediment samples must be collected
from waterways that are known to receive drainage from these
contamination sources to provide a comprehensive overview of the extent of
contamination. Furthermore, additional careful consideration should be
devoted to whether the samples being collected will be preserved for
thorough laboratory analysis or if they will instead be transported without
preservation for immediate analysis or on-site testing that is intended to be
conducted shortly afterward. The selection of specific sampling techniques
that are utilized is fundamentally dependent on the various types of
contaminants that are present. This approach is necessary to guarantee that
accurate, precise, and representative results are consistently achieved
throughout the entire sampling and analysis processes, ensuring that any
conclusions drawn are robust and reflective of the actual conditions present
in the contaminated areas [%: 89 97, 98, 54, 99,100, 101, 102],

POPs, or persistent organic pollutants, are typically collected through
the implementation of specific, highly specialized techniques that are
deliberately designed to prevent the introduction of any organic material in,
or on, the sampling medium, as well as the equipment being utilized for the
sampling process. The selected sampling medium whether it be water, air,
soil, sediment, or biota must be free from any materials that could potentially
interact or react with the organic compounds during all stages of the
collection and handling of the samples. It is of utmost importance that these
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specialized sampling techniques are meticulously crafted to avoid trapping
any suspended solids and are specifically engineered to capture only the true
contaminants while effectively excluding any organic material that could
potentially compromise the integrity and the accuracy of the results obtained.
Moreover, the containers utilized for holding these samples should be
completely inert to the contaminants and constructed from carefully selected
materials that are chosen based on the specific types of contaminants that are
suspected or targeted, which is vital for the sake of sampling accuracy and
reliability. Air sampling, in particular, presents significant and unique
challenges, as this particular medium is arguably the most difficult to sample
effectively and accurately. Many of the techniques that are currently being
used may inadvertently collect organic vapor alongside particulate organic
contamination, leading to false-positive results and an erroneous evaluation
of the overall level of contamination that is present in the air. However,
amidst these numerous challenges and complexities, a recently developed
molecular-sieve sampling technique for the analysis of air samples has been
reported to yield conservative results, considerably reducing the interference
from environmental contaminants that might otherwise skew or distort the
readings obtained. This advancement offers a significant glimmer of hope in
enhancing the reliability of air sampling methods and ensuring much more

accurate assessments of air quality with respect to the presence of POPs 2%
103, 54, 104, 105, 106, 107]_

Sampling techniques specifically designed for trace metals typically
prioritize a method of sampling that does not incorporate preservation
methods for treating the samples. This careful choice is made to effectively
stabilize the metal constituents present in the samples through the use of
specific chemical additions. These additives are carefully selected and can
significantly improve the reliability of the sampling process. Various
techniques exist that have the potential to utilize suitable reagents for
analysis; however, it is generally advisable that the use of a reagent is not
necessarily required in this sampling and analysis process. The sampling
medium frequently contains natural materials at concentration levels that are
significantly higher than the trace metal contaminants we aim to detect and
analyze. As a result, sample-treatment techniques must be employed with
great caution and precision to avoid the inadvertent introduction of
additional contaminants, which could compromise the integrity of the
results, during both the on-site collection and subsequent laboratory
procedures. Furthermore, when dealing with hand-scraped or mechanically
cut samples, it is crucial to note that these samples often possess a particle
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size that is excessively large for many standard analytical methods currently
in use. This underscores the importance of appropriate handling techniques.
Therefore, it becomes essential to reduce the particle size of these samples to
greatly enhance the overall quality and reliability of the subsequent
analytical results obtained. Proper preparation, handling, and processing of
trace metal samples are absolutely critical for ensuring not only accurate
detection but also quantification of these metals in various environmental
and industrial contexts [108, 109, 110, 89, 111, 112, 113, 114, 115]_

4.2 Chromatographic techniques

Chromatography plays an exceptionally important role in the vast
analytical arena, providing a wide array of methods that span from
preparative techniques designed for significant quantities to rapid screening
techniques that yield immediate feedback. For instance, we can observe a
notable degradation of crude oil facilitated by a bacterial consortium that
was carefully isolated from the Arabian Gulf region, along with a significant
phytoremediation of hazardous metals conducted by the robust plant species
Dodonaea viscosa. These cases exemplify the analytical tools that are
effectively employed in various bioremediation studies. Indeed, the
meticulous preparation of the sample prior to any analysis is not only
important but mandatory; it ensures the successful separation of the target
compounds from the complex matrix, allowing for their extraction and
concentration. This careful preparation guarantees that the sample is in the
proper format for the analytical instrument being utilized whether that be a
liquid solution suitable for liquid chromatographic techniques or an organic
solvent used in gas chromatographic methods. This process underscores the
critical importance of chromatography in enhancing our understanding and
application of these analytical techniques [116 117, 118, 119]

Regardless of the varying and complex nature, as well as the diverse
types of extracts being meticulously examined in different scientific
contexts, chromatographic methods consistently and continually provide
highly effective and reliable analytical solutions. These methods are
complemented by comprehensive and detailed approaches that researchers
and scientists, spanning various fields of study, unequivocally rely upon in
their investigative work. Notably, chromatographic techniques have
manifestly demonstrated their particular capability of efficiently separating a
wide variety of pollutants and harmful contaminants. The substances in
question exhibit specific, distinct, and unique chemical affinities to the
stationary phase throughout the entire process of analysis, which is a core
principle behind their efficacy. This unique and critical affinity is
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strategically and effectively exploited during the process to achieve
separations that can be readily detected, allowing for subsequent conversion
into measurable quantities of an analyte. Thus, this facilitates a much deeper
understanding of the sample composition in a way that is both intricate and
nuanced. The sophisticated and advanced processes involved in
chromatography allow for a highly precise and thorough analysis of the
diverse range of compounds that may be present in the extract under
scrutiny. This capability ensures that even trace amounts of substances,
which may otherwise go unnoticed or remain undetected, can be reliably
identified, characterized, and quantified with an exceptional degree of
accuracy and precision. Such reliability and precision in analytical results are
essential for ensuring the integrity and safety of the studied materials, which
is paramount in applications that may affect public health and environmental
safety. Additionally, these methods contribute significantly to a greater
understanding of the potential impacts of these compounds on health and the
environment, thereby paving the way for further research and development
in creating safer chemical processes and materials [120. 121, 122,123,124, 125, 126]

4.3 Spectroscopic methods

Spectroscopic methods represent highly valuable tools that are essential
for the thorough chemical analysis of organic pollutants and heavy metals
that may be present in various environments. For instance, Fourier
Transform Infrared (FTIR) spectroscopy is widely utilized for its capacity to
accurately quantify organochlorine pesticides in water samples taken from a
range of sources. Additionally, noble metal nanoparticles function not only
as effective semiconductors but also significantly enhance the signals
emitted from pollutants that are typically found in surface waters. This
innovative approach is paving the way for the development of promising
analytical platforms that are aimed at the precise detection and analysis of
various pesticides and contaminants across different mediums and
environments. By improving the sensitivity and specificity of the detection
methods, researchers and environmental scientists can more effectively
monitor pollution, ensuring a better understanding of the impacts on
ecosystems and human health [127, 128, 129, 130, 131, 132, 133, 134].

Ultraviolet (UV) and Visible (Vis) spectroscopic methods, when
synergistically combined with advanced multivariate analysis techniques,
provide the remarkable capability to accurately determine several herbicides
across a significantly wide range of concentrations. The technique of UV-
Vis spectrophotometry, particularly when it is coupled with carefully
selected light sources and highly sensitive detectors that are utilized in flow
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injection analysis, is able to rapidly and effectively detect phosphorus as well
as various pesticides down to astonishingly low levels of parts-per-billion.
Furthermore, organic pollutants that possess aromatic moieties are well-
known to absorb light very efficiently within the ultraviolet region, thereby
rendering UV spectrophotometry not only particularly advantageous but also
exceedingly useful in the important fields of environmental monitoring and
comprehensive analysis [13% 136, 54, 137],

Fluorescence techniques have proven to be remarkably effective in
detecting a wide variety of aromatic pollutants that exhibit strong
fluorescence signals, enabling them to distinguish themselves from other
conventional detection methods due to their exceptional sensitivity and
precision. Research has indicated that approximately 60% of commercially
available pesticides fluoresce effectively, regardless of whether they are
examined in their original molecular structures or in their degraded
counterparts. The excitation and emission wavelengths for these fluorescent
compounds typically span a range from 200 to 450 nm for excitation and
from 250 to 600 nm for emission. This broad wavelength range provides
increased versatility and adaptability in various detection methods, allowing
for the analysis of different types of samples and pollutants. Furthermore, the
incorporation of noble metal nanomaterials, which function as highly
sensitive fluorescent probes, significantly amplifies the detection capabilities
for both pesticides and heavy metal ions. These advanced nanomaterials not
only enhance sensitivity but also streamline the detection processes, resulting
in faster analysis times, simpler sample preparation protocols, improved
portability, and an overall reduction in costs. This makes them an appealing
option for extensive environmental monitoring and comprehensive
assessment, ultimately contributing to better management and protection of
ecosystems. The ongoing development in this field suggests a promising
future for the utilization of fluorescence-based techniques in various
environmental applications [138 139,140, 141]

Gas Chromatography-Mass Spectrometry (GC-MS) is an exceptionally
powerful and sophisticated analytical technique that facilitates the precise
identification and detailed characterization of various pesticides, alongside a
wide array of related organic compounds. The intricate and comprehensive
identification process meticulously involves matching individual organic
compounds with their respective GC retention times, as well as their unique
MS fragmentation patterns. These patterns have been rigorously established
from authentic standards and complemented by extensive public spectral
libraries that catalog a multitude of data. Furthermore, the introduction of
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portable GC-MS methods significantly enhances the capabilities of this
advanced technology by enabling efficient in-field screening of organic
pollutants across diverse matrices such as soil, water, and air during
pollution incidents or environmental emergencies. This robust capability
allows for the much-needed rapid, sensitive, and accurate detection of both
target and non-target compounds, which is crucially important for
significantly aiding in ongoing environmental monitoring and emergency
response efforts. Through these noteworthy advancements, GC-MS proves to
be invaluable for ensuring environmental safety and public health, cementing
its role in modern analytical chemistry practices (142 1431,

4.4 Mass spectrometry applications

For the thorough and meticulous analysis of organic pollutants and
heavy metals that are present in drinking water sources, a prominent focus
was placed on specific compounds including alkylphenols, bisphenol A,
along with their various chlorinated derivatives, which were systematically
concentrated for further investigation and assessment. The carefully
collected samples underwent an extensive series of extraction and
derivatization procedures, both of which have been successfully developed
and highly optimized for the intricate investigation of an extended list of
emerging contaminants, which pose significant potential risks to human
health and the broader environment. Through the combined utilization of
sophisticated gas chromatography and advanced liquid chromatography
equipped with mass spectrometry in multiple reaction monitoring mode,
researchers were able to detect a comprehensive total of 37 distinct
contaminants. This extensive array includes a diverse variety of substances
such as aromatic amines, an assortment of pharmaceuticals, polycyclic
musks that are commonly found in widely-used personal care products,
ultraviolet filters that are utilized in popular sunscreens, along with the
previously mentioned alkylphenols, bisphenol A and its chlorinated
derivatives, in addition to numerous types of chlorobenzenes. Systematic and
detailed investigations of the monitoring data, particularly focusing on liquid
chromatography combined with high-resolution mass spectrometry, brought
to light the notable presence of 1-indanone, which is a crucial intermediate
compound in the synthesis of the pesticide known as phorate, and this
compound was found in two separate samples collected during the study.
This significant breakthrough in analytical methods prompted a
comprehensive and thorough re-examination of the complex spectra and data
from a substantial number of environmental samples that had been collected
previously for such investigations. Furthermore, two additional innovative
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pesticides, namely fufenozide and tebufenpyrad, were also successfully
detected through a meticulous retrospective inspection of the extensive data.
In response to this, robust analytical protocols for the confirmation and
precise quantification of the three insecticide derivatives were then
systematically developed and subsequently applied to several environmental
samples, thereby enabling a rigorous assessment of their behaviors in diverse
environmental contexts. The successful detection of these organic
contaminants in water, even at remarkably low concentrations,
fundamentally confirms the exceptional value of this comprehensive
analytical approach in the critical and ongoing process of exposure
assessment and emphasizes the pressing need for continued monitoring and
extensive analysis of water sources [144 145, 146, 147, 148, 149, 150, 151, 152]
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Chapter -5

Microorganisms in Environmental Remediation

Microorganisms play an incredibly vital role in the effective and efficient
remediation of organic pollutants along with heavy metals that are currently
contaminating both water and soil ecosystems. Numerous types of bacteria
and fungi produce a wide variety of enzymes and bioactive compounds that
work tirelessly to degrade these harmful pollutants, transforming them into
far less harmful and toxic substances in the natural environment. Certain
specific microbial species or even consortia of microorganisms have
demonstrated  significant  potential  for  developing  innovative
biotechnological remediation methods aimed at cleaning up contaminated
sites. These microorganisms also serve as important indicators of
environmental pollution levels, helping us assess, monitor, and manage the
health of various ecosystems. Their diverse and intricate metabolic
capabilities make them absolutely essential in tackling the broad range of
pollution challenges we face today. By harnessing their natural abilities, we

can strive towards a more sustainable and cleaner environment [33. 47. 153, 48,
154]

Bacterial species, such as Pseudomonas aeruginosa, Enterobacter
cloacae, Alcaligenes faecalis, and many different varieties of Bacillus
species, exhibit an outstanding and remarkable array of capabilities in
effectively degrading a wide and diverse range of organic pollutants that can
be found in various environments. These microorganisms play crucial and
essential roles in breaking down harmful and toxic substances that pose
serious and significant threats to both the environment and public health on a
global scale, affecting human activities and wildlife alike. Beyond these
beneficial bacterial agents, a number of specific fungal species also
significantly contribute to the degradation of pollutants, showcasing the
incredible and intricate diversity of life forms involved in the complex and
multifaceted mechanisms of bioremediation. Interestingly, microbial
consortia, which are thoughtfully and carefully selected combinations of
different microorganisms, are frequently and routinely utilized to markedly
enhance the efficiency and effectiveness of remediation processes. These
synergistic relationships among various microbes not only make the
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bioremediation efforts even more effective in cleaning up heavily
contaminated environments, but also provide innovative and promising
solutions to contemporary environmental challenges while ensuring a more
sustainable and effective approach to mitigating pollution and restoring
ecosystems. The intricate and dynamic interactions between these
microorganisms highlight the vast potential of harnessing natural processes
to restore and rejuvenate ecosystems that have been negatively impacted by
human activity, thus opening the door to further exploration and application
in sustainability practices and environmental restoration efforts that can
benefit both current and future generations as wel| [155 156,157, 1,158, 12, 159, 160]

Bioremediation strategies effectively harness these remarkable microbial
capabilities to clean and restore contaminated environments in a sustainable
and environmentally friendly manner. Various techniques employed in this
field comprise in situ approaches, including bioventing and biosparging,
which operate directly within the contaminated area, as well as ex situ
methods such as land farming, biopiles, and specially designed bioreactors
that treat the contaminated materials outside of their original location.
Additionally, phytoremediation employs specially selected plants, which are
adept at absorbing, accumulating, and remediating harmful pollutants from
the soil or water, showcasing a natural and green method of detoxification
that utilizes the power of nature itself. On the other hand, bioaugmentation
involves the deliberate introduction of specific pollutant-degrading
microorganisms into contaminated sites, aiming to significantly enhance the
breakdown of hazardous substances and thereby speed up the overall
remediation process. Alternatively, biostimulation entails the careful
addition of nutrients and other essential growth enhancers to stimulate
indigenous microbial communities already present at the site. This vital
process amplifies their natural abilities, significantly enhancing their
pollutant-degrading activity and thereby accelerating the overall remediation
process, resulting in faster restoration of the affected environments and
promoting healthier ecosystems [16%. 9, 162, 163, 164, 165, 166]

5.1 Role of bacteria in degradation

Bacteria and fungi play a crucial and essential role in the complex
degradation mechanism of numerous organic pollutants, particularly
aromatic compounds and Polyaromatic Hydrocarbons (PAHS). These PAHs
are especially notorious for having a much greater environmental persistence
when compared to many other substances that are typically found in nature.
These specific microorganisms, which have evolved the ability to utilize
these harmful and persistent contaminants as a primary carbon source,
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exhibit a remarkable variety of diverse and complex catalytic pathways. This
vast diversity in catalytic activity underscores their significant importance in
the ongoing development of effective environmental remediation
technologies specifically targeted at pollutants of industrial origin. Such
mechanisms are critical, making these microorganisms invaluable for
ensuring environmental health, promoting sustainability, and addressing the
challenges posed by industrial waste in our ecosystems. Their natural
abilities to break down these substances continue to pique interest in the

scientific community, leading to innovative approaches to pollution
management [33, 108, 158, 167, 168, 1, 169, 170].

5.2 Fungi and their bioremediation potential

Fungi exhibit an impressive array of interactions with toxic metals,
which significantly influences both the toxicity of these metals and their
mobility in the environment. These intricate interactions occur through a
variety of mechanisms, including the action of specialized metal-binding
proteins, processes of organic and inorganic precipitation, numerous
methods of active transport, as well as the strategy of intracellular
compartmentalization. Within their cellular envelopes, fungi store high
concentrations of various metal-binding compounds, which include not only
polysaccharides but also a range of peptides, amino acids, and organic acids.
Moreover, they produce diverse phenolic polymers and melanin, which are
particularly notable for their numerous potential metal-binding sites,
especially those enriched in oxygen-containing functional groups. The
formation of surface complexes by fungi commonly involves the
coordination of metallic ions with the oxygen donor atoms that are present in
these essential compounds. Additionally, fungi can achieve metal
immobilization through the precipitation of a number of insoluble
compounds, such as oxalates, oxides, carbonates, and phosphates, thus
further demonstrating their complex interactions with toxic metals. These
remarkable attributes and noteworthy capabilities position fungi as
incredibly pertinent agents for the bioremediation of toxic metals in various
contaminated environments, making them key players in environmental
management and restoration efforts. Their unique methods of interaction not
only mitigate the effects of such toxic elements but also enhance soil and
ecosystem rehabilitation, showcasing the vital role fungi play in maintaining
environmental health and stability. The potential applications of these
fascinating organisms continue to capture the attention of researchers and
environmental iStS alike [171, 172, 173, 174, 175, 176, 177, 178, 179]_
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5.3 Microbial consortia and synergistic effects

Specific adaptations of microbial consortia extend significantly beyond
the conventional boundaries previously associated with carbon source
utilization, encompassing not only the degradation of a wide variety of
challenging organic pollutants but also the effective and efficient removal of
heavy metals from various environments and ecological niches. Fungi, for
instance, are widely renowned for their remarkable ability to produce a
diverse and extensive array of extracellular enzymes, which serves as a key
characteristic that has been extensively exploited in numerous innovative
biotechnological applications, including the critically important and widely
acknowledged process of bioremediation. Given this immense potential,
artificial microbial consortia that are constructed exclusively from various
species of fungi have, therefore, been engineered and meticulously designed
as promising and effective tools for the remediation of heavy metals found in
contaminated sites across diverse ecological contexts. Research has
consistently shown that consortia composed of different species within the
Aspergillus genus are capable of removing heavy metals more efficiently by
an impressive margin of 2-45% when compared to individual fungal cultures
on their own, thereby achieving remarkable removal rates in the
advantageous range of 70-90%. Notably, when it comes to the selective
removal of Chromium (Cr) from contaminated environments, the
effectiveness of these specialized consortia peaks at an astounding rate of
93%, with a specific consortium comprising A. niveus and A. flavus working
synergistically in well-coordinated tandem. This highlights and demonstrates
the remarkable potential of utilizing specialized and strategically designed
fungal consortia in addressing complex environmental contamination issues

that pose significant risks to ecosystems, human health, and biodiversity
overall [180, 181, 182, 183, 184, 6, 185].
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Chapter - 6

Bioremediation Strategies

Microbial technologies specifically designed for the effective and efficient
remediation of environments that have become contaminated with heavy
metals are currently being rigorously and extensively investigated by
numerous scientists, researchers, and specialists operating within this
dynamic and rapidly evolving field of study. Bioremediation, in particular,
offers a highly efficient, cost-effective, and environmentally friendly
alternative approach, especially when compared to the traditional techniques
that have been commonly utilized in past practices that often took a more
invasive and less sustainable route. A broad array of microorganisms has
developed an extensive and incredibly diverse range of evolutionary
mechanisms that actively facilitate the mobilization, transformation, and
detoxification of harmful heavy metals that are found in various
contaminated sites, which can include soil, water, and sediment. The current
work aims to provide a thorough and comprehensive overview of the
environmental occurrence and distribution of heavy metals while also
discussing a variety of innovative and effective strategies for successfully
employing microorganisms within bioremediation processes. This discussion
draws upon a wide multitude of studies, research findings, and detailed
reports that have been published in the scientific literature over the years,
each contributing significantly to our understanding and knowledge of the
subject, paving the way for future advancements in this crucial area of
environmental science [33, 186, 187, 188, 79, 189, 190, 191].

6.1 In situ vs. Ex situ remediation

The distinction between in situ and ex situ remediation techniques
fundamentally influences the variety and overall effectiveness of the
environmental treatment strategies that are employed to address
contamination issues. In situ methods involve localized intervention, which
directly addresses contaminants such as oil spills within the affected soil or
sediment, without the need for extensive excavation or removal of material.
Documented cases from 2009 to 2011 reveal numerous instances where soil
vapor extraction, chemical treatment, and stabilization techniques were
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applied in approximately half of the cases studied, showcasing a notable
trend towards innovative, localized solutions in situ. Among these strategies,
biostimulation has emerged as the most efficacious approach, actively
promoting natural degradation processes and significantly enhancing the
breakdown of harmful pollutants more efficiently than traditional methods.
In contrast, ex situ procedures which include methods such as physical
separation, dewatering, and stabilization offer enhanced control over the
remediation process and enable precise management of contaminants.
However, these ex situ methods are frequently associated with elevated
costs, increased environmental risk, and potentially disruptive impacts on
local ecosystems and communities. The choice between these two
remediation strategies thus hinges not solely on effectiveness but also on
cost considerations, potential environmental impact, and the specific context
of the contamination situation at hand. Hence, understanding the nuanced
advantages and limitations of both approaches is crucial for developing
comprehensive and sustainable remediation plans that prioritize ecological

balance while effectively addressing contamination in various environments
[192, 193, 194, 195, 196, 197, 198].

Current developments in remediation technology reflect a pronounced
preference for in situ methods that leverage both biological and chemical
pathways to effectively facilitate the degradation of various contaminants.
Microbial communities possess remarkable inherent capabilities to transform
a diverse range of organic molecules; for example, specialized bacterial
consortia are capable of metabolizing petroleum hydrocarbons along with
fuel oxygenates such as methyltertiarybutylether (MTBE) and similar
compounds. Monitored natural attenuation, which is characterized by the
passive reduction of contaminant concentrations through unassisted physical,
chemical, or biological processes, has attained widespread adoption and
acceptance across multiple jurisdictions and regions. In the absence of
favorable environmental conditions, the overall rate of microbial degradation
may decline, indicating the importance of maintaining optimal conditions;
nevertheless, several parameters such as nutrient availability, oxygen
concentration, and pH levels can be strategically optimized in order to
stimulate and enhance biotic activity and growth. While biostimulation
generally proceeds at a gradual pace, it is important to note that In situ
Chemical Oxidation (ISCO) constitutes a comparatively rapid mechanism
for the destruction or transformation of organic pollutants and contaminants
comprehensively. This dual approach of employing both biological
processes and advanced chemical techniques provides a comprehensive
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strategy for effectively addressing the challenge of environmental
contamination [199, 200, 201, 202, 203, 204]'

6.2 Phytoremediation techniques

Once the type and concentration of heavy metals present in a
contaminated area have been methodically established through thorough
chemical analyses, the next crucial step involves the selection and testing of
suitable microorganisms in a controlled laboratory environment. Once these
microorganisms have been identified, a mass cultivation of the selected
strains is necessary, and it is then stored safely until the moment arises when
it is ready for direct application in the field. These various applications can
broadly be categorized into three main types: first, in situ bioremediation,
where metal-contaminated soils are physically mixed or blended with the
chosen microbial cultures to promote detoxification; secondly, ex situ
bioremediation, which entails the deep ploughing of contaminated soil where
it is then covered with the microbial culture and allowed to facilitate the
sinking of harmful metals back into the soil; and thirdly, phytoremediation,
which is an innovative technique that exploits the natural capabilities of
plants to extract heavy metals from contaminated soils. Phytoremediation, by
definition, is the strategic use of both plants and their associated
microorganisms to achieve environmental cleanup. This method of
remediation relies heavily on the soil microorganisms' inherent degradative
capacity, which enables them to metabolize high concentrations of various
xenobiotic compounds. The practice of phytoremediation contributes
significantly to improving soil health by enhancing its content of essential
organic matter and vital nutrients, ultimately leading to a net positive effect
on the overall soil ecosystem. Furthermore, it is generally less disruptive
compared to other remediation techniques, often requiring lower overall
costs and enjoys a higher level of public acceptance. These characteristics
are particularly important in light of the steadily increasing concentration of
heavily contaminated soils found in numerous regions around the globe
today. However, despite its more widespread generic use in recent years,
phytoremediation remains a relatively new and ever-evolving field.
Consequently, there are still many aspects and processes that warrant careful
investigation and thorough assessment. The process of determining the most
suitable plant species for effectively remediating a specific contaminated
area is therefore critical to ensuring the overall success of any
phytoremediation scheme. This selection process is highly dependent on the
unigue conditions and environmental factors present in the contaminated
area. In scenarios where the contaminated site is situated near a water body,
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the use of high water-uptake plants, such as Zea mays (commonly known as
corn), can be particularly effective in reducing heavy-metal concentrations
not just in the water itself but also within the soil matrix. In terrestrial soils
where harmful metals such as Chromium (Cr), Copper (Cu), Cadmium (Cd),
Lead (Pb), Mercury (Hg), and Nickel (Ni) pose significant problems,
phytoremediation can be implemented in two primary ways: either by
stimulating the growth and activity of the inherently tolerant indigenous flora
that already exists in the area, or by inoculating the soil with a metal-
resistant plant species or a beneficial plant-microbe combination to enhance
remediation efforts effectively [205: 208, 154, 207, 208, 209]

6.3 Bioaugmentation and biostimulation

Bioaugmentation and biostimulation represent two fundamental and
highly promising approaches for significantly enhancing the performance of
bioremediation across a diverse range of sites that have been contaminated
by harmful organic pollutants and heavy metals. Bioaugmentation
specifically involves the external inoculation of carefully selected and
thoroughly vetted microbial strains or entire consortia that possess unique
and specific degradative or metal-transforming activities critical for effective
bioremediation. These specialized microorganisms are uniquely equipped to
accelerate the breakdown or detoxification of the harmful contaminants that
are present within the environment. Additionally, certain microorganisms
possess further qualities that not only enhance their already impressive
degradation capabilities but also actively promote plant growth and improve
heavy metal accumulation in various plants, thereby assisting
phytoremediation efforts. This dual role showcases the considerable
potential of bicaugmentation-assisted remediation strategies in effectively
addressing and mitigating the impacts of contaminated environments. On the
other side of the spectrum, biostimulation refers to the careful optimization
of various physicochemical parameters as well as the strategic addition of
essential nutrients, growth factors, and other substrates that can support
microbial activity. This method is specifically designed to stimulate and
enhance the metabolic activity of the native microbial populations that are
already present within the contaminated environment, allowing them to
thrive, reproduce, and perform more effectively in the degradation of
pollutants. Both of these innovative approaches have been successfully
applied for the effective removal of challenging hydrocarbons and heavy
metals under various controlled laboratory conditions and field trials.
However, it is important to note that they differ significantly not only in their
methodologies but also in terms of the persistence of the introduced
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microorganisms, their survival rates over time, and the overall scope of their
environmental impact and effectiveness when applied in real-world
scenarios. Understanding these differences can lead to more tailored and

effective strategies for cleanup and recovery in contaminated ecosystems 2%
211, 212, 213, 214, 215, 216].

Bioaugmentation and biostimulation are widely recognized in the
environmental science community as being relatively less expensive and less
invasive remediation techniques compared to traditional ex situ approaches,
which often involve significant disruption to the site being treated. However,
despite their advantages, bioaugmentation encounters several practical
limitations when it comes to the large-scale treatment and remediation of
soils heavily contaminated with metals. One of the primary challenges is the
incomplete separation and removal of metals from the treated media, which
makes it necessary to implement complementary strategies, such as
phytoremediation, to achieve higher levels of efficiency in remediation
processes. The co-inoculation, or simultaneous application, of
bioaugmentation agents along with hyperaccumulating plant species is a
promising approach that can lead to enhanced effectiveness in these
remediation efforts. Additionally, the careful selection of suitable
microorganisms and plant species is crucial; this choice must be informed by
a deep understanding of the specific contaminants present and their
interactions within the ecosystem. Furthermore, undertaking thorough
investigations into the fate of the heavy metals during and after the treatment
process, combined with strategic planning for the post-treatment
management of the biomass that has been contaminated, represents vital and
promising research directions. Collectively, these considerations help in
advancing the development and success of bioaugmentation-assisted
remediation Systems [217, 218, 219, 220, 221, 222].
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Chapter - 7

Case Studies of Successful Remediation

Implemented in varied environments ranging from industrial settings to
agricultural fields as well as urban landscapes these initiatives call on a
diverse toolbox comprised of advanced chemical analysis techniques and
innovative microbial remediation approaches. This body of literature serves
not only to conceptualize effective strategies but also to meticulously report
on successful projects that detail rigorous analytical procedures applied to
specific pollutant species. Active industrial complexes, particularly those
marked by metallurgic and automotive manufacturing processes, exemplify a
successful zone-wide application of these methodologies. The transfer of
heavy metals from soil to biota is carefully quantified through
comprehensive soil samples collected along busy roadways and across
varying altitudinal gradients. These fluctuations in data point to the
significant influence of both topographic and climatic factors on pollutant
distribution, leading to targeted remediation efforts that proceed with
sophisticated chemical analysis methods. These methods measure the
presence and concentration of heavy metals, including Pb, Zn, Cu, Cr, and
Ni, at various discrete depths in syrup and vinasse-polluted plantations,

thereby providing essential data for effective environmental management
Strategies [223, 224, 225, 226, 34, 227].

In agricultural settings, the variation in the use of pesticides and
herbicides is a significant issue, as it is highly dependent on the type of crop
being cultivated and the specific agricultural zone. This practice has led to
legacies that extend widely into nearby water systems and bodies. Notably,
an earlier oil spill has already disseminated harmful hydrocarbons into
various reservoirs, which are primarily associated with numerous adverse
health effects on both humans and wildlife alike. The process of removing
such pollutants is quite complex and involves dealing with several different
fractions: free oil, water-soluble components, emulsified substances, and
residual fractions. Remarkably, this process has demonstrated the capability
to secure a recovery rate of approximately 75% of oil from wastewater,
achieved through the use of highly efficient bio-derived hydrophobic
absorbents that are designed for maximum efficacy. Among the wide-
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ranging and innovative techniques that aim to serve as substitutes for
conventional pollutant removal methods, bioremediation has emerged as a
particularly promising and sustainable alternative. This method can be
applied conveniently in situ and leverages the natural abilities of indigenous
microorganisms to significantly decrease or remove various types of
environmental contaminants. In an urban context, a pressing environmental
concern arises from the presence of free polycyclic aromatic hydrocarbons,
which are released into the atmosphere in aerosol samples due to activities
such as coal combustion, fuel evaporation, and vehicle exhaust emissions.
These processes collectively contribute to the contamination of roadside air,

posing additional challenges for urban health and environmental
management [33, 228, 229, 230, 164, 231, 232]

7.1 Industrial sites

The waste generated in the modern industrial environment encompasses
a significantly large quantity of harmful pollutants, which consist of various
heavy metals, hazardous hydrocarbons, and a multitude of other toxic
compounds. These pollutants have a profound negative impact on the
existing environmental conditions, leading to a range of detrimental
consequences in the surrounding area and severely compromising local
ecosystems. Industrial waste, which is continuously produced from various
sectors such as dyeing, leather processing, and the mining industries, poses
serious and alarming threats of toxicity to human health. This contamination
can occur through multiple pathways, including air, water, and soil materials,
thereby affecting the health and well-being of people who reside in
proximity to these industrial sites. Numerous significant efforts have been
made to effectively tackle the treatment of this hazardous waste through a
comprehensive combination of physical, chemical, and biological methods
designed to convert these harmful pollutants into less toxic and safer
materials. Among these various techniques and strategies, bioremediation is
increasingly becoming the preferred method because it is widely considered
to be both eco-friendly and cost-effective, offering a sustainable solution.
This natural process utilizes microorganisms to actively break down
environmental pollutants, effectively detoxifying the harmful waste and

playing a crucial role in restoring the environment to a safer and more stable
state [33, 233, 234, 235, 236].

7.2 Agricultural land

Heavy Metals (HMs) represent one of the most severe and pressing
environmental pollutants that communities and ecosystems face today in
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various parts of the world. The detrimental contamination of soil by these
toxic metals is emerging as a significant global alarm that poses threats to
the entire agricultural system, thus endangering food security for countless
populations. This issue has gained more attention and urgency in recent
years, as the contamination exacerbates toxicity levels and creates major
environmental, economic, and ecological problems, thereby affecting human
beings, animals, and plants alike in profound and alarming ways. Toxic
metals such as lead, arsenic, cadmium, mercury, copper, nickel, chromium,
zinc, and iron are alarmingly abundant in our environment, often leading to
grave health concerns. Industrialization has become increasingly prevalent
over the past few decades, resulting in enormous amounts of metal-enriched
effluents being discharged into our surroundings without adequate
remediation. Notably, the agricultural land that receives treated or untreated
sewage water as a nutrient source has faced considerable adverse effects due
to the gradual accumulation of various harmful toxic pollutants, including
heavy metals and organic contaminants that seep into the soil. Numerous
harmful chemicals and hazardous metals are known to disrupt metabolic
processes crucial for plant growth and health, rendering the cultivation of
crops extremely risky and hazardous in areas affected by heavy metal
contamination. Metals pose serious agronomic and environmental challenges
because of their persistence, mobility, and bioaccumulation in both aquatic
and terrestrial habitats. The alarming accumulation of heavy metals in the
soil and waterways leads to chronic poisoning, which can have devastating
and long-term effects on entire ecosystems and food chains that depend on
these resources. The use of untreated wastewater, whether in domestic or
agricultural forms, serves as a significant contributing factor to the further
contamination of soil with metallic ions and an array of other detrimental
organic compounds, which exacerbates the existing situation. The growing
global demand for food has indirectly necessitated the increased use of
untreated water, pesticides, and fertilizers in agricultural production, often
without sufficient regard for long-term ecological and health consequences.
The rapid accumulation of heavy metals in agricultural soil can potentially
induce phytotoxicity, which is directly harmful to crop productivity and can
cause severe adverse health effects in humans and animals exposed to

contaminated food sources, thus creating a cycle of pollution and health
hazards [237, 238, 108, 45, 75, 49, 66, 42, 72, 77, 239]_

7.3 Urban environments

Urban environments undeniably occupy a substantial portion of the
earth’s land area and are immensely populated, encapsulating the ever-
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evolving dynamics of modern civilization and significantly shaping the
lifestyle choices and daily routines of millions. Due to the swift and
relentless urbanization experienced during the last few decades, numerous
environmental problems have emerged and intensively worsened, such as the
contamination of soil, ground, surface, and ocean water, along with the
discharge of both municipal and industrial wastewater, as well as significant
air pollution that adversely affect overall quality of life and communal
health. Urban areas generate a multitude of wastes, which includes both
hazardous and non-hazardous types, all of which can severely impact the
environment, the population, and the economy in both direct and indirect
ways when disposed of inadequately without sufficient treatment or effective
management. Urban pollutants, which consist of a diverse variety of harmful
substances, are highly carcinogenic, mutagenic, and teratogenic in nature.
These toxic substances can effortlessly enter the human body through
complex and intricate food chains, as well as through contaminated drinking
water supplies that pose further risks. The accumulation and enduring
persistence of such pollutants in the environment constitute a critical global
problem that poses serious and grave threats to human health and overall
well-being. The industrial revolution, combined with the rapid pace of
urbanization in recent years, has not only increased the volume of toxic
pollutants present in the environment, but it has also exacerbated the severity
and extensive reach of pollution. This situation has led to an urgent need for
sustainable practices, innovative solutions, and comprehensive strategies to
effectively mitigate these adverse environmental effects and protect the
health of communities worldwide [33: 240, 241, 242, 243, 244, 245]
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Chapter - 8

Regulatory Framework and Environmental Policies

Pollution of the environment has rapidly and alarmingly grown in recent
decades, having a profoundly detrimental impact on human, animal, and
plant life alike across the globe. In addition to the common factors associated
with globalization, particularly related to developing industries and the
extensive exchange of information on a worldwide scale, this increase in
pollution levels is also significantly driven by the continuous growth and
development of the global population, as well as the impressive economic
rise of developing countries such as India and China. The current work
briefly outlines and discusses the environmental occurrence and distribution
of heavy metals, alongside various innovative strategies for effectively
utilizing microorganisms in bioremediation processes, as reported in the vast
array of scientific literature available today. These methods present
promising avenues for effectively addressing the serious challenges posed by
pollution and restoring health to our fragile and precious environment for
future generations [33, 246, 247, 248, 249, 250, 251].

8.1 International guidelines

The International Guidelines provided by the United Nations
Environmental Programme (UNEP) compile an extensive and
comprehensive set of criteria and procedures that have been widely adopted
and embraced by various prominent international organisations. These can
include significant entities such as the World Bank, the UK-Department for
Environment, Food and Rural Affairs, and the prestigious United States
Environmental Protection Agency, all of which play crucial and pivotal roles
in the thorough assessment and management of contaminated sites around
the globe. The guidelines indicate and outline recommended best practices,
detailed codes of conduct, and thorough sampling procedures that are
imperative to ensure effectiveness, reliability, and consistency throughout
the process. Additionally, they provide a detailed list of the available and
more widely accepted remediation technologies that are commonly utilized
in global and international practice. This multifaceted approach consists of
several detailed assessment phases that are designed to adequately
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characterize the site and comprehensively evaluate both human and
ecological risks, as well as the various technologies that are available for
remediation efforts. Once all of these crucial aspects are thoroughly
examined and taken into consideration, the process then moves on to the
careful selection of the most appropriate and suitable remediation
programme. The guidelines also include important annotations of the
relevant documents from each organisation, providing clarity, context, and
insight. Furthermore, the content of various extensive studies that contain
important assessment methodologies and in-depth remediation-case reports
is meticulously summarised, thus offering a valuable and indispensable
resource for practitioners, stakeholders, and policymakers in the vital field of
environmental management and remediation [252 253, 254, 255, 256, 257, 258, 259]

8.2 National regulations

The global challenge of environmental pollution has significantly
heightened public awareness regarding its numerous adverse effects, which
are now more recognized and understood than ever before. This increased
awareness has in turn raised demands for more comprehensive assessment,
effective control, and thorough remediation efforts to tackle the ongoing
crisis that pollution presents. To effectively address these pressing issues,
governments, along with non-governmental organizations, have undertaken
the vital initiative to develop various environmental regulations and policies
aimed at tackling the multifaceted problems associated with pollution.
Floodplain deposits that can be found in many regions across the globe
frequently contain trace metals that pose a significant risk to both human
health and environmental integrity. This contamination often stems from
both past industrial activities and ongoing industrial practices that have taken
place over the years, emphasizing the need for stringent regulatory measures.
The principal objective of this section is to critically review and analyze the
influence, as well as the overall efficiency, of the monitoring and
remediation proposals put forth by existing directives and policies,
particularly concerning their broad impact on the environment and other
interconnected sectors within society. While it is important to note that the
developed regulations and environmental policies lack a universal
application at both worldwide and national levels, it remains abundantly
clear that a majority of the sources cited in the research refer to pertinent
national or international proposals that aim to mitigate these critical issues
effectively. Surveys conducted in the research indicate that when pollution
contamination exceeds permissible limits, it can lead to serious adverse
situations that can be quite alarming. These situations can result in extensive
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damage to various ecosystems, significant detriment to human health,
negative impacts on animal welfare, reduced agricultural productivity,
increased land sterility, and a general decline in both investment and trade
activities. These dire consequences may be viewed as direct outcomes of a
failure to adhere to these essential regulations that are meant to protect our
planet. Nonetheless, it is crucial to emphasize that effective pollution
remediation proposals, along with a thorough monitoring process aimed at
ensuring the adequacy of these measures and the reduction or removal of
environmental contaminants, must be actively and consistently implemented
in order to guarantee a healthier and more robust natural environment as well

as a sustainable future for all individuals and communities [260. 261, 262, 263, 264,
265, 266, 267, 268]

8.3 Local initiatives and community involvement

A truly fruitful and effective environmental movement does not
necessarily require the deployment of cutting-edge high-tech solutions or the
establishment of costly, long-distance collaborations; in fact, quite the
opposite is often true in many situations. Community organisers who are
actively working in the informal settlements situated around the town of
eKaterini are eager and highly motivated to engage in various
environmentally conscious activities and initiatives, yet they frequently find
their efforts hindered by overwhelming economic stressors, as well as the
persistent instability associated with poverty. This very principle of
environmental sustainability, precisely, tends to create disincentives among
various constituencies who feel overwhelmed and besieged by the relentless
pressures and demands of economic necessity that are often thrown their
way. These difficult conditions of scarcity not only render problem-draining
organisations those tasked with alleviating complex environmental issues
vulnerable to collapse and demobilisation; more critically, they also severely
curtail the growth and development of civil society as a whole by
significantly reducing the number of individuals who can feasibly afford to
engage in long-term involvement in such essential initiatives. Therefore,
support for these various grassroots groups and organisations should be
characterised less by an exclusive focus on technical expertise and
advancements in technology and more by the provision of urgent emergency
aid in various forms, assisting in bottom-up mobilisation throughout
challenging periods of crisis and adversity. By fostering an environment rich
in support and resilience, communities can more effectively navigate the
myriad difficulties they face while striving for a more sustainable and
equitable future rooted in environmental sustainability [269 270,271, 272,273, 274, 275]
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The example of the informal settlements located near Thessaloniki thus
introduces a multitude of new complexities to the traditional ecological
argument that supports local decision-making processes. Frequently, these
arguments tend to overlook or neglect the vital constraints that are imposed
by poverty and the harsh realities of social exclusion experienced by
residents. In situations where financial resources are of equal significance or
perhaps even greater than keen democratic participation, it becomes
increasingly clear that the most beneficial and effective realm for advancing
significant projects is, rather paradoxically, the national government. This
notion has been especially true in light of Greece's ongoing economic crisis,
during which environmentally conscious initiatives in the capitals of Athens
and Thessaloniki are being developed and implemented. These initiatives
demonstrate a wider reach and remarkable stability when compared to
grassroots efforts that are typically concentrated within the periphery and in
less economically thriving areas. In this context, both the leaders and
participants actively involved in the environmental movement tend to
occupy a privileged socioeconomic position. This privilege arms them with
the capacity to engage in these environmentally focused efforts more
robustly; even in instances when they are not directly participating in formal
political frameworks, they remain significantly less vulnerable to the
unpredictable fluctuations that characterize economic boom and subsequent
bust. These fluctuations consistently hinder the effectiveness of local-level
environmentalism initiatives, which struggle to gain traction in the shadow
of larger economic uncertainties [276: 277, 278, 279, 280, 281]
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Chapter -9

Future Directions in Research

In addition to the myriad of intricate and sophisticated systems that have
been meticulously crafted and designed for the effective treatment of
contaminants found in a wide range of environments, the extraordinary and
consistent advancement of scientific methodologies, when merged with
cutting-edge and innovative in silico tools, has greatly expanded the
extensive possibilities for engineering specialized microbes specifically
tailored for the efficient and effective remediation of both organic pollutants
and heavy metal contaminants present in various ecosystems. Together,
these progressive developments not only provide highly efficient and cost-
effective solutions to confront these urgent environmental challenges, but
they also pave the way for environmentally sustainable methods that hold
tremendous promise and potential for shaping the future of environmental
remediation strategies and initiatives worldwide. This synergy of traditional
methodologies and modern technological advancements is absolutely vital
for achieving sustainable outcomes in addressing and tackling pollution
within our delicate ecosystems, ensuring a cleaner and healthier environment

for future generations while promoting biodiversity and ecological balance
[282, 283, 284, 285, 286, 287, 288].

A fresh and innovative direction for future research into microorganisms
and their critical role in environmental remediation entails the
comprehensive application of a diverse variety of new tools and advanced
technologies that are specifically geared towards enhancing various
remediation processes and implementing effective clean-up initiatives. This
comprehensive approach includes:

1) Cutting-edge  microbial genomics  techniques, such as
metagenomics, metatranscriptomics, and metaproteomics, which
empower researchers and scientists with the essential capability to
attain a much deeper and richer understanding of microbial
communities and their complex interactions within the wide array
of ecosystems;

2) High-throughput methods that are meticulously designed for the
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enrichment, identification, and screening of diverse microorganisms
demonstrating effective capabilities for removing a range of
pollutants from various contaminated environments found in nature;

3) The rapidly progressing field of microbial engineering, which
encompasses an expansive array of strategic approaches, including
targeted and random mutagenesis, all aimed at substantially
enhancing microbial capabilities dedicated to bioremediation
efforts;

4) Updated and refined regulatory frameworks that comprehensively
govern the ethical use and implementation of these advanced
technologies in making meaningful and substantive changes to how
environmental cleanups are systematically conducted; and

5) Innovative clean-up strategies that are firmly grounded in principles
of sustainability and the circular economy, which are strategically
aimed at promoting a more holistic, cohesive, and effective
approach to environmental restoration and recovery, ensuring a
sustainable balance between human activities and the overall health
of our planet.

These advancements in methodologies not only promise to bolster our
understanding of microbial actions but also herald a new era of
environmental stewardship and restoration, fostering a necessity for
interdisciplinary collaboration [237. 289, 290, 291, 202, 283, 294, 295, 296]

9.1 Emerging technologies in remediation

Technologies for analytical characterisation of organic pollutants and
heavy metals are advancing at an incredibly rapid pace, reflecting a crucial
response to significant environmental challenges. This evolutionary progress
is primarily driven by the continuous and growing demands for a far deeper
understanding of the complex mechanisms and numerous factors that control
the adverse impacts these pollutants have on both ecosystems and human
health. The consequences of organic pollutants and heavy metals can be
profound and long-lasting, affecting biodiversity, water quality, and even the
health of entire populations. The development of analytical methods is also
of paramount importance as they play a critical role in underpinning the
efficacy and optimization of various remediation strategies that are vital for
restoring contaminated environments. This urgent need has spurred
extensive research efforts, particularly focusing on microbiological
approaches as promising alternatives to conventional physicochemical
treatments, which often have limitations in effectiveness and sustainability.
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These traditional methods, while effective in various contexts, are often
costly and can inadvertently cause secondary pollution, leading to further
environmental challenges that need to be addressed responsibly. Thus, with
the ongoing evolution in technology, new horizons in analytical
characterisation are being explored, thereby significantly enhancing our
ability to tackle these pressing environmental issues more efficiently and

sustainably, ensuring a healthier future for both the planet and its inhabitants
[54, 297, 298, 46, 299, 300, 44]

Emerging strategies of industrial and agricultural production have
undoubtedly led to significant improvements in social and economic
development across various sectors. However, a concerning series of
compounds, including Persistent Organic Pollutants (POPSs), generated
during both production processes and non-point-source runoff, continue to
pose substantial threats to environmental quality as well as human health. An
extensive and diverse array of organic pollutants is regulated under various
domestic laws in different regions, which encompass harmful compounds
such as allethrin, carbofuran, chlorpyrifos, dichlorvos, atrazine, and
methomyl.  Moreover, internationally  controlled substances like
Perfluorooctane Sulfonate (PFOS), Perfluorooctanoic Acid (PFOA), Short-
Chain Chlorinated Paraffins (SCCPs), polychlorinated terphenyls (PCTs),
and Polychlorinated Naphthalenes (PCNs) also pose serious ecological
challenges. Furthermore, heavy metals are found to be present in various
environments, stemming from both natural geological sources and a
multitude of anthropogenic activities. While it is recognized that trace
concentrations of these metals are necessary for a range of important
biochemical reactions, implementing effective recycling management
strategies is essential to mitigate toxic concentrations or anthropogenic
emissions that disrupt nature’s delicate balance. Adequate, proactive
measures must be taken to continuously monitor, regulate, and control these
pollutants to protect both ecological systems and human populations from
potential harm. The need for comprehensive understanding and intervention

is critical in ensuring a healthy environment for future generations [30%. 33 302
104, 54, 26, 27, 56, 59].

This chapter thoroughly explores various aspects of chemical analysis
along with microbial remediation strategies that have been rigorously
established over time to systematically address the increasingly pressing
issue of environmental contamination, which is caused by both organic and
metallic pollutants found in critical resources such as air, water, and soil. In
section 9.2, a comprehensive review is conducted that focuses on pollutants
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of particular concern in both industrial and agricultural settings, detailing
their various sources and consequential impacts on the environment and
public health. This is followed by an in-depth and methodical examination of
the sophisticated methods currently employed for the accurate
characterization and analysis of these pollutants, which is presented in
section 9.3. Moving forward, section 9.4 takes a closer look at a diverse
range of micro-organisms, including various species of bacteria, fungi, and
consortia, which have been specifically selected for their promising potential
applications in the field of bioremediation. Strategy options that have been
meticulously tailored to maximize the effectiveness and efficiency of these
organisms in remediation efforts are thoughtfully discussed in section 9.5.
Notably, real-world examples of successful decontamination -efforts,
showcasing practical applications, methodologies, and outcomes, are
presented in section 9.6. Finally, the chapter concludes with a well-
structured outline of the regulatory framework and significant environmental
policy considerations that collectively support and underpin further advances
in remediation efforts, as discussed in section 9.7. This thorough analysis
provides a critical foundation for understanding the intricate intersection of
microbial science, environmental chemistry, and policy in ongoing efforts

aimed at restoring and protecting our fragile ecosystem [303. 186, 304, 305, 306, 307,
308, 309]

9.2 Genomic and metagenomic approaches

Microorganisms exhibit a fascinating array of unique molecular
mechanisms that allow them to resist adverse conditions and thrive in
environments heavily contaminated by various pollutants. A comprehensive
and in-depth understanding of these molecular mechanisms not only holds
significant biological interest but can also greatly enhance the effectiveness
of bioremediation strategies employed in polluted ecosystems. Advanced
omics technologies including metagenomics, metatranscriptomics,
metaproteomics, and metabolomics have been extensively applied to
characterize both the impressive diversity and intricate functions of
microorganisms in environments impacted by contaminants. In scenarios
where isolating pure microbial strains poses a significant challenge, meta-
omics approaches emerge as vital tools that can identify a broad range of
target microorganisms, while simultaneously elucidating their complex
interactions and dependencies within the ecosystem. When combined with
meta-omics, the binning of contaminant-related DNA fragments alongside
the reconstruction of microbial genomes from metagenomic sequences has
proven to be immensely valuable; it facilitates the nuanced characterization
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of microbial diversity, and allows for the isolation of key functional enzymes
and metabolic pathways crucial for effective bioremediation processes.
Furthermore, the wealth of high-throughput multi-omics data produced
serves as an alternative and critical molecular resource, which fills gaps in
the often-scarce microbial information landscape. This enables a
comprehensive evaluation of pollutant biotransformations across a diverse
array of species and environmental contexts. Despite these advances, many
pathways associated with microbially catalyzed degradation, as well as
metal-tolerance mechanisms employed by various microorganisms, remain
unconfirmed due to the limited availability of isolated relevant strains and
the lack of representative environmental contexts. Given that aquatic systems
in the southern Santa Barbara Channel are frequently subjected to high
inputs of contaminants resulting from long-term oil and gas extraction
activities, they present a unique opportunity to gain valuable insights into the
metabolic capabilities of indigenous microbial communities that have
adapted to these challenging conditions. Therefore, future research should
prioritize the optimization of multi-omics technologies by modifying sample
processing methods, refining sequencing strategies, developing
comprehensive sequence databases and advanced analysis tools, exploring
the potential for automated high-throughput screening platforms, as well as
strengthening the integration of computer simulation with experimental
verification. By pursuing these strategic efforts, significant progress can be
made in enhancing microbial gene and strain discovery, which will

ultimately bolster environmental remediation initiatives on both local and
global scales [310, 311, 9, 312, 313, 314, 315, 199].

9.3 Sustainability and green chemistry

Sustainability within the chemical industry encompasses not only the
efficient and responsible use of various products but also actively
emphasizes the importance of minimizing waste generation and reducing
harmful emissions as much as possible. This extensive process includes the
recovery or reuse of by-products, waste materials, and solvents, thereby
aiming significantly to reduce pollution levels and ultimately prevent the
adverse health effects that can arise from the improper handling of hazardous
chemicals. The concept of green chemistry aims to further sustainable
development by strongly emphasizing the importance of prevention in all
practices, utilizing safe solvents and auxiliaries, enhancing energy efficiency
whenever possible, incorporating renewable resources as well as sustainable
feedstocks, and ensuring inherently safer chemistry right from the initial
design stage of products and processes. These innovative practices are
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particularly well suited to environmental technologies, where numerous
recent advancements and developments have emerged, providing effective
and practical solutions, especially in addressing the serious challenges posed
by organic pollutants and heavy metals that continually present a significant
risk to both the environment and public health at large [33 316 46,45, 44,28, 317, 48]
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Chapter - 10

Conclusion

Analytical techniques are a vital aspect of pollutant degradation. Detailed
organic-pollutant analyses provide information on the major pollutant
species present, their concentration levels, and the degree of pollution. Such
information is necessary to identify how the pollutants are introduced into
the environment. The predictive capabilities of pollution models are
seriously hampered when the source is unknown or not well defined. The
main function of chemical analysis is to provide the means of measurement
necessary for the operation of a process. In the field of pollution control, this
measurement allows the concentration of the pollutants to be followed
during the various stages of reduction to ensure that discharge-limit
requirements are met. Chemical analysis also confirms the performance of
the treatment process and can enable refinements in design to be made for
greater efficiency or economy. Bacteria are available for almost every
biodegradation requirement and operate either individually or cooperatively
thus, microbial consortia are also found as effective biodegrading agents.

The risk to human health and the environment resulting from the
increased production, marketing, and use of products, with subsequent
discharge of waste products into the environment, has become a worldwide
concern. Organic substances found in the environment severely affect
humans, animals, and plants because of their toxicity and stability.
Therefore, it is essential to remove these pollutants to reduce their harmful
impact on the environment.

Although these ancient techniques have been used for over 100 years,
they continue to be effective for many waste-disposal problems.
Phytoremediation serves as a good cleanup tool for heavy metals.
Bioaugmentation and biostimulation are very effective in remediating
organic compounds in soil and groundwater. In situ techniques can be used
for groundwater and a few soil sites, and ex situ techniques can be used for
both soil and groundwater. Remediation activities must be performed within
the regulatory framework and require physical involvement of various
organizations/communities.

Page | 48



10.

References

T. Zhang and H. Zhang, "Microbial consortia are needed to degrade soil
pollutants," Microorganisms, 2022. mdpi.com

Z. Cao, W. Yan, M. Ding, and Y. Yuan, "Construction of microbial
consortia for microbial degradation of complex compounds,” *Frontiers
in Bioengineering and Biotechnology*, vol. 10, 2022. frontiersin.org

D. Wu, W. Wang, Y. Yao, H. Li, Q. Wang, and B. Niu, "Microbial
interactions within beneficial consortia promote soil health," *Science of
the Total Environment*, vol. 2023, Elsevier. [HTML]

L. Behera, D. Datta, S. Kumar, S. Kumar, B. Sravani, and others, "Role
of microbial consortia in remediation of soil, water and environmental
pollution caused by indiscriminate use of chemicals in agriculture:
Opportunities and ...," in Microbial ..., 2022, Elsevier. [HTML]

P. Bhatt, K. Bhatt, A. Sharma, W. Zhang, "Biotechnological basis of
microbial consortia for the removal of pesticides from the environment,”
Critical Reviews in ..., vol. 2021, Taylor & Francis. [HTML]

P. Chaudhary, M. Xu, L. Ahamad, A. Chaudhary, G. Kumar,
"Application of synthetic consortia for improvement of soil fertility,
pollution remediation, and agricultural productivity: a review,"
Agronomy, 2023. mdpi.com

X. Li, S. Wu, Y. Dong, H. Fan et al., "Engineering microbial consortia
towards bioremediation," Water, 2021. mdpi.com

X. Chen, Y. Ke, Y. Zhu, M. Xu et al., "Enrichment of tetracycline-
degrading bacterial consortia: microbial community succession and
degradation characteristics and mechanism," Journal of Hazardous
Materials, 2023. [HTML]

D. Kour, T. Kaur, R. Devi, A. Yadav, M. Singh, and others, "Beneficial
microbiomes for bioremediation of diverse contaminated environments
for environmental sustainability: present status and future challenges,"
*Science and Pollution Research*, vol. 2021, Springer. google.com

E. T. Alori, A. I. Gabasawa, C. E. Elenwo, "Bioremediation techniques
as affected by limiting factors in soil environment," Frontiers in Soil,
2022. frontiersin.org

Page | 49


https://www.mdpi.com/2076-2607/10/2/261
https://www.frontiersin.org/journals/bioengineering-and-biotechnology/articles/10.3389/fbioe.2022.1051233/pdf
https://www.sciencedirect.com/science/article/pii/S0048969723044248
https://www.sciencedirect.com/science/article/pii/B9780323855778000196
https://www.tandfonline.com/doi/abs/10.1080/07388551.2020.1853032
https://www.mdpi.com/2073-4395/13/3/643
https://www.mdpi.com/2073-4441/13/20/2928
https://www.sciencedirect.com/science/article/pii/S0304389423002662
https://drive.google.com/file/d/1xjEqyFeO3Ke25ihI_AdonEJNGRe407KM/view
https://www.frontiersin.org/journals/soil-science/articles/10.3389/fsoil.2022.937186/pdf

11

12.

13.

14,

15.

16.

17.

18.

19.

20.

S. Bala, D. Garg, B. V. Thirumalesh, M. Sharma, K. Sridhar, "Recent
strategies for bioremediation of emerging pollutants: a review for a
green and sustainable environment," Toxics, vol. 10, no. 12, 2022.
mdpi.com

U. Haripriyan, K. P. Gopinath, J. Arun, "Bioremediation of organic
pollutants: a mini review on current and critical strategies for
wastewater treatment,” Archives of ..., vol. XX, no. YY, pp. ZZ-ZZ,
2022. [HTML]

A. Radhakrishnan, P. Balaganesh, M. Vasudevan, "Bioremediation of
hydrocarbon pollutants: recent promising sustainable approaches, scope,
and challenges," Sustainability, 2023. mdpi.com

S. Sokal, P. Palsania, and G. Kaushik, "Bioremediation and functional
metagenomics: advances, challenges, and opportunities,” in *Insights in
Environmental Bioremediation*, 2022, Springer. [HTML]

P. F. Steffi, B. Thirumalaiyammal, R. Anburaj, "Acrtificial intelligence in
bioremediation modelling and clean-up of contaminated sites: recent
advances, challenges and opportunities,” in *Bioremediation*, 2022,
Springer. [HTML]

A. O. Olaniran, A. Balgobind, and B. Pillay, "Bioavailability of Heavy
Metals in Soil: Impact on Microbial Biodegradation of Organic
Compounds and  Possible  Improvement  Strategies,”  2013.
ncbi.nlm.nih.gov

Y. Zhai, Y. Han, X. Xia, X. Li et al., "Anthropogenic organic pollutants
in groundwater increase releases of Fe and Mn from aquifer sediments:
Impacts of pollution degree, mineral content, and pH," Water, 2021.
mdpi.com

M. E. Close, B. Humphries, and G. Northcott, "Outcomes of the first
combined national survey of pesticides and emerging organic
contaminants (EOCSs) in groundwater in New Zealand 2018," Science of
the Total Environment, 2021. [HTML]

F. Wang, K. Song, X. He, Y. Peng, D. Liu, and J. Liu, "ldentification of
groundwater pollution characteristics and health risk assessment of a
landfill in a low permeability area," *International Journal of ...* vol.
2021. mdpi.com

Y. Zhai, Y. Han, H. Lu, Q. Du, X. Xia, Y. Teng, and R. Zuo,
"Interactions between anthropogenic pollutants (biodegradable organic

Page | 50


https://www.mdpi.com/2305-6304/10/8/484
https://link.springer.com/article/10.1007/s00203-022-02907-9
https://www.mdpi.com/2071-1050/15/7/5847
https://link.springer.com/chapter/10.1007/978-981-19-4320-1_1
https://link.springer.com/chapter/10.1007/978-981-19-4320-1_29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3676836/
https://www.mdpi.com/2073-4441/13/14/1920
https://www.sciencedirect.com/science/article/pii/S0048969720355340
https://www.mdpi.com/1660-4601/18/14/7690

21.

22.

23.

24.

25.

26.

217.

28.

29.

nitrogen and ammonia) and the primary hydrogeochemical component
Mn in groundwater," *Science of the Total Environment*, vol. 2022,
Elsevier. [HTML]

F. R. B. Twinomucunguzi and P. M. Nyenje, "Emerging organic
contaminants in shallow groundwater underlying two contrasting peri-
urban areas in Uganda,” *Environmental Science and Pollution
Research*, vol. 2021, pp. 1-10, 2021. researchgate.net

M. Gros, N. Catalan, J. Mas-Pla, M. Celi¢, and M. Petrovi¢,
"Groundwater antibiotic pollution and its relationship with dissolved
organic matter: Identification and environmental implications,”
*Environmental Pollution*, vol. 2021, Elsevier. sciencedirect.com

B. Panneerselvam, N. Ravichandran, S. P. Kaliyappan, "Quality and
health risk assessment of groundwater for drinking and irrigation
purpose in semi-arid region of India using entropy water quality and
statistical ...," Water, 2023. mdpi.com

T. B. Hofstetter, R. Bakkour, D. Buchner, H. Eisenmann, and others,
"Perspectives of compound-specific isotope analysis of organic
contaminants for assessing environmental fate and managing chemical
pollution,” Nature Water, 2024. [HTML]

I. Zahoor and A. Mushtaq, "Water pollution from agricultural activities:
A critical global review,” Int. J. Chem. Biochem. Sci, 2023.
iscientific.org

A. B. T. Akhtar, S. Naseem, A. Yasar, and Z. Naseem, "Persistent
organic pollutants (POPs): sources, types, impacts, and their
remediation,” *Environmental Pollution*, vol. 2021, Springer.
researchgate.net

N. Akhtar, M. I. Syakir Ishak, S. A. Bhawani, and K. Umar, "Various
natural and anthropogenic factors responsible for water quality
degradation: A review," Water, 2021. mdpi.com

M. Priyadarshanee, U. Mahto, and S. Das, "Mechanism of toxicity and
adverse health effects of environmental pollutants,” in *Microbial
biodegradation and ...*, 2022, Elsevier. [HTML]

P. K. Singh, U. Kumar, 1. Kumar, A. Dwivedi, "Critical review on toxic
contaminants in surface water ecosystem: sources, monitoring, and its
impact on human health,” *Environmental Science and Pollution
Research*, vol. 2024, Springer. researchgate.net

Page | 51


https://www.sciencedirect.com/science/article/pii/S0048969721072387
https://www.researchgate.net/profile/Felix-Twinomucunguzi/publication/350440433_Emerging_organic_contaminants_in_shallow_groundwater_underlying_two_contrasting_peri-urban_areas_in_Uganda/links/60771b302fb9097c0ce53e12/Emerging-organic-contaminants-in-shallow-groundwater-underlying-two-contrasting-peri-urban-areas-in-Uganda.pdf
https://www.sciencedirect.com/science/article/pii/S0269749121015098
https://www.mdpi.com/2073-4441/15/3/601
https://www.nature.com/articles/s44221-023-00176-4
https://iscientific.org/wp-content/uploads/2023/05/19-IJCBS-23-23-24.pdf
https://www.researchgate.net/profile/Sunanda-Mishra/publication/350938020_Emerging_Microfiber_Pollution_and_Its_Remediation/links/6106c3051ca20f6f86f162ee/Emerging-Microfiber-Pollution-and-Its-Remediation.pdf#page=220
https://www.mdpi.com/2073-4441/13/19/2660
https://www.sciencedirect.com/science/article/pii/B9780323854559000242
https://www.researchgate.net/profile/Umesh-Kumar-38/publication/384017987_Critical_review_on_toxic_contaminants_in_surface_water_ecosystem_sources_monitoring_and_its_impact_on_human_health/links/66e532ef2390e50b2c88ae57/Critical-review-on-toxic-contaminants-in-surface-water-ecosystem-sources-monitoring-and-its-impact-on-human-health.pdf

30

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

J. Ahmed, A. Thakur, and A. Goyal, "Industrial wastewater and its toxic
effects,” 2021. [HTML]

C. Thiagarajan and Y. Devarajan, "The urgent challenge of ocean
pollution: Impacts on marine biodiversity and human health,” Regional
Studies in Marine Science, 2025. [HTML]

A. Hidangmayum, A. Debnath, A. Guru, B. N. Singh, "Mechanistic and
recent updates in nano-bioremediation for developing green technology
to alleviate agricultural contaminants," *International Journal of ...*,
2023. springer.com

M. Kapahi and S. Sachdeva, "Bioremediation Options for Heavy Metal
Pollution," 2019. nchi.nlm.nih.gov

G. I. Edo, P. O. Samuel, G. O. Oloni, G. O. Ezekiel, "Environmental
persistence, bioaccumulation, and ecotoxicology of heavy metals,”
*Chemistry and ...*, 2024. [HTML]

N. D. Nnaji, H. Onyeaka, T. Miri, and C. Ugwa, "Bioaccumulation for
heavy metal removal: a review,” SN Applied Sciences, 2023.
springer.com

M. O. Agbugui and G. O. Abe, "Heavy metals in fish: bioaccumulation
and health,” British Journal of Earth Sciences, vol. 2022.
researchgate.net

P. Garai, P. Banerjee, P. Mondal, and N. C. Saha, "Effect of heavy
metals on fishes: Toxicity and bioaccumulation,” J Clin Toxicol. S,
2021. researchgate.net

M. Zaynab, R. Al-Yahyai, A. Ameen, Y. Sharif, L. Ali, "Health and
environmental effects of heavy metals,” Journal of King Saud
University, 2022. sciencedirect.com

A. Singh, A. Sharma, and R. K. Verma, "Heavy metal contamination of
water and their toxic effect on living organisms,” in The toxicity of ...,
2022. intechopen.com

F. J. Emon, M. F. Rohani, N. Sumaiya, M. F. Tuj Jannat,
"Bioaccumulation and bioremediation of heavy metals in fishes a
review," Toxics, vol. 2023. mdpi.com

M. Chugh, L. Kumar, D. Bhardwaj, "Bioaccumulation and
detoxification of heavy metals: an insight into the mechanism,"
Development in ..., vol. XX, no. YY, pp. ZZ-ZZ, 2022. [HTML]

Page | 52


https://books.rsc.org/books/edited-volume/937/chapter/741366
https://www.sciencedirect.com/science/article/pii/S2352485524006285
https://link.springer.com/content/pdf/10.1007/s13762-022-04560-7.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6905138/
https://www.tandfonline.com/doi/abs/10.1080/02757540.2024.2306839
https://link.springer.com/content/pdf/10.1007/s42452-023-05351-6.pdf
https://www.researchgate.net/profile/Marian-Agbugui/publication/366824521_Heavy_Metals_in_Fish_Bioaccumulation_and_Health/links/63b402b0c3c99660ebc6e46f/Heavy-Metals-in-Fish-Bioaccumulation-and-Health.pdf
https://www.researchgate.net/profile/Pradip-Mondal/publication/353848075_Effect_of_Heavy_Metals_on_Fishes_Toxicity_and_Bioaccumulation/links/61153ed9169a1a0103f92103/Effect-of-Heavy-Metals-on-Fishes-Toxicity-and-Bioaccumulation.pdf
https://www.sciencedirect.com/science/article/pii/S1018364721003153
https://www.intechopen.com/chapters/82246
https://www.mdpi.com/2305-6304/11/6/510
https://www.sciencedirect.com/science/article/pii/B9780323856577000134

42

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

R. N. Khalef, A. I. Hassan, and H. M. Saleh, "Heavy metal's
environmental impact,” in *Remediation of Heavy Metals*, 2022.
intechopen.com

L. Parida and T. N. Patel, "Systemic impact of heavy metals and their
role in cancer development: a review," Environmental Monitoring and
Assessment, 2023. [HTML]

J. Liu, L. Zhao, Q. Liu, J. Li, Z. Qiao, and P. Sun, "A critical review on
soil washing during soil remediation for heavy metals and organic
pollutants,” *Journal of Environmental*, vol. 2022, Springer. [HTML]

M. M. Ali, D. Hossain, M. S. Khan, and M. Begum, "Environmental
pollution with heavy metals: A public health concern,” in
*Environmental Pollution and its Impact on Public Health*, 2021.
intechopen.com

R. Taghavi, S. Rostamnia, M. Farajzadeh, et al., "Magnetite metal-
organic frameworks: applications in environmental remediation of
heavy metals, organic contaminants, and other pollutants,” *Inorganic
Chemistry*, vol. 2022, ACS Publications. hanyang.ac.kr

M. Meena, P. Sonigra, and G. Yadav, "Biological-based methods for the
removal of volatile organic compounds (VOCs) and heavy metals,"
Environmental Science and Pollution Research, vol. 2021, Springer.
academia.edu

R. Pachaiappan, L. Cornejo-Ponce, R. Rajendran, "A review on
biofiltration techniques: recent advancements in the removal of volatile
organic compounds and heavy metals in the treatment of polluted
water," Taylor & Francis, 2022. tandfonline.com

K. H. H. Aziz, F. S. Mustafa, K. M. Omer, and S. Hama, "Heavy metal
pollution in the aquatic environment: efficient and low-cost removal
approaches to eliminate their toxicity: a review,"” RSC Adv., vol. 2023.
rsc.org

V. Kinigopoulou, I. Pashalidis, D. Kalderis, "Microplastics as carriers of
inorganic and organic contaminants in the environment: A review of
recent progress," Journal of Molecular..., vol. 2022, Elsevier. [HTML]

M. Adnan, B. Xiao, P. Xiao, P. Zhao et al., "Research progress on heavy
metals pollution in the soil of smelting sites in China," Toxics, 2022.
mdpi.com

M. K. Abd Elnabi, N. E. Elkaliny, M. M. Elyazied, S. H. Azab et al,,

Page | 53


https://www.intechopen.com/chapters/81083
https://link.springer.com/article/10.1007/s10661-023-11399-z
https://link.springer.com/article/10.1007/s13762-021-03144-1
https://www.intechopen.com/chapters/76739
https://repository.hanyang.ac.kr/bitstream/20.500.11754/191466/1/2022.9_%EA%B9%80%EB%8F%84%EA%B7%A0_Magnetite%20Metal%E2%80%93Organic%20Frameworks-%20Applications%20in%20Environmental%20Remediation%20of%20Heavy%20Metals%2C%20Organic%20Contaminants%2C%20and%20Other%20Pollutants.pdf
https://www.academia.edu/download/97184912/s11356-020-11112-420230112-1-j156e7.pdf
https://www.tandfonline.com/doi/pdf/10.1080/21655979.2022.2050538
https://pubs.rsc.org/en/content/articlepdf/2023/ra/d3ra00723e
https://www.sciencedirect.com/science/article/pii/S0167732222001155
https://www.mdpi.com/2305-6304/10/5/231

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

"Toxicity of Heavy Metals and Recent Advances in Their Removal: A
Review," 2023. nchi.nlm.nih.gov

N. Munir, M. Jahangeer, A. Bouyahya, and N. El Omari, "Heavy metal
contamination of natural foods is a serious health issue: A review,"
Sustainability, vol. 2021. mdpi.com

T. Ruan, P. Li, H. Wang, T. Li et al., "Identification and prioritization of
environmental organic pollutants: From an analytical and toxicological
perspective,” Chemical Reviews, 2023. [HTML]

P. Zhang, M. Yang, J. Lan, Y. Huang, J. Zhang, and S. Huang, "Water
quality degradation due to heavy metal contamination: Health impacts
and eco-friendly approaches for heavy metal remediation," Toxics, vol.
2023. mdpi.com

X. Zhou, X. Zhou, C. Wang, and H. Zhou, "Environmental and human
health impacts of volatile organic compounds: A perspective review,"
Chemosphere, 2023. [HTML]

A. Jha and M. Jha, "The Hidden Dangers: How Synthetic Organic
Compounds Impact Health and the Environment,” International Journal
of Nursing Information, 2024. qgrcenter.com

H. Kolya and C. W. Kang, "Toxicity of metal oxides, dyes, and
dissolved organic matter in water: implications for the environment and
human health,” Toxics, 2024. mdpi.com

E. David and V. C. Niculescu, "Volatile organic compounds (VOCs) as
environmental  pollutants:  occurrence and  mitigation  using
nanomaterials,”" *International Journal of Environmental Research and
Public Health*, vol. 2021. mdpi.com

H. S. Budi, M. J. Catalan Opulencia, A. Afra, et al., "Source, toxicity
and carcinogenic health risk assessment of heavy metals," *Health*,
2024. [HTML]

Y. S. Wu, A. I. Osman, M. Hosny, A. M. Elgarahy, and others, "The
toxicity of mercury and its chemical compounds: molecular mechanisms
and environmental and human health implications: a comprehensive
review," *Acs Omega*, 2024. acs.org

S. Sarkar, S. S. Gill, G. Das Gupta, "Water toxicants: a comprehension
on their health concerns, detection, and remediation,” *Science and
Pollution Research*, vol. 2022, Springer. [HTML]

M. Nabi and N. Tabassum, "Role of environmental toxicants on

Page | 54


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10384455/
https://www.mdpi.com/2071-1050/14/1/161
https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.3c00056
https://www.mdpi.com/2305-6304/11/10/828
https://www.sciencedirect.com/science/article/pii/S0045653522039820
https://journal.qqrcenter.com/index.php/ijni/article/download/104/57
https://www.mdpi.com/2305-6304/12/2/111
https://www.mdpi.com/1660-4601/18/24/13147
https://www.degruyterbrill.com/document/doi/10.1515/reveh-2022-0096/html
https://pubs.acs.org/doi/pdf/10.1021/acsomega.3c07047
https://link.springer.com/article/10.1007/s11356-022-20384-x

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

neurodegenerative  disorders,”  Frontiers in toxicology, 2022.
frontiersin.org

D. Mohapatra, S. K. Rath, and P. K. Mohapatra, "Soil fungi for
bioremediation of pesticide toxicants: A perspective," Geomicrobiology
Journal, 2022. researchgate.net

J. Lee, G. Braun, L. Henneberger, M. Konig, et al., "Critical membrane
concentration and mass-balance model to identify baseline cytotoxicity
of hydrophobic and ionizable organic chemicals in mammalian cell
lines," Chemical Research, vol. 2021, ACS Publications. [HTML]

S. Mitra, A. J. Chakraborty, A. M. Tareq, "Impact of heavy metals on
the environment and human health: Novel therapeutic insights to
counter the toxicity,” Journal of King Saud University, 2022.
researchgate.net

B. H. Abdelmonem, L. T. Kamal, R. M. Elbaz, M. R. Khalifa, "From
contamination to detection: The growing threat of heavy metals,"
Heliyon, 2025. cell.com

A. Sarker, J. E. Kim, A. R. M. T. Islam, M. Bilal, et al., "Heavy metals
contamination and associated health risks in food webs a review focuses
on food safety and environmental sustainability in Bangladesh,"
*Environmental Science*, vol. 2022, Springer. springer.com

A. Alengebawy, S. T. Abdelkhalek, S. R. Qureshi, and M. Q. Wang,
"Heavy metals and pesticides toxicity in agricultural soil and plants:
Ecological risks and human health implications,” Toxics, 2021.
mdpi.com

M. H. Lafta, A. Afra, I. Patra, A. T. Jalil, "Toxic effects due to exposure
heavy metals and increased health risk assessment (leukemia)," Reviews
on..., 2024. [HTML]

W. Ahmad, R. D. Alharthy, M. Zubair, and M. Ahmed, "Toxic and
heavy metals contamination assessment in soil and water to evaluate
human health risk,” *Scientific Reports*, vol. 11, no. 1, 2021.
nature.com

W. Jadaa and H. Mohammed, "Heavy metals-definition, natural and
anthropogenic sources of releasing into ecosystems, toxicity, and
removal methods-an overview study,” Journal of Ecological
Engineering, 2023. bibliotekanauki.pl

M. Balali-Mood, K. Naseri, Z. Tahergorabi, "Toxic mechanisms of five

Page | 55


https://www.frontiersin.org/journals/toxicology/articles/10.3389/ftox.2022.837579/pdf
https://www.researchgate.net/profile/Debasish-Mohapatra-5/publication/357416183_Soil_Fungi_for_Bioremediation_of_Pesticide_Toxicants_A_Perspective/links/656795353fa26f66f439bda6/Soil-Fungi-for-Bioremediation-of-Pesticide-Toxicants-A-Perspective.pdf
https://pubs.acs.org/doi/abs/10.1021/acs.chemrestox.1c00182
https://www.researchgate.net/profile/Talha-Emran/publication/358217963_Impact_of_heavy_metals_on_the_environment_and_human_health_Novel_therapeutic_insights_to_counter_the_toxicity/links/62045c4050d0b450188da512/Impact-of-heavy-metals-on-the-environment-and-human-health-Novel-therapeutic-insights-to-counter-the-toxicity.pdf
https://www.cell.com/heliyon/pdf/S2405-8440(25)00093-3.pdf
https://link.springer.com/content/pdf/10.1007/s11356-021-17153-7.pdf
https://www.mdpi.com/2305-6304/9/3/42
https://www.degruyterbrill.com/document/doi/10.1515/reveh-2022-0227/html
https://www.nature.com/articles/s41598-021-94616-4.pdf
https://bibliotekanauki.pl/articles/24202899.pdf

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

heavy metals: mercury, lead, chromium, cadmium, and arsenic,"
Frontiers in..., 2021. frontiersin.org

D. Witkowska, J. Stowik, and K. Chilicka, "Heavy metals and human
health: Possible exposure pathways and the competition for protein
binding sites," Molecules, 2021. mdpi.com

R. Bharti and R. Sharma, "Effect of heavy metals: An overview,"
Materials Today: Proceedings, 2022. researchgate.net

D. Kapoor and M. P. Singh, "Heavy metal contamination in water and
its possible sources,” Heavy metals in the environment, 2021.
researchgate.net

M. K. Abd Elnabi, N. E. Elkaliny, M. M. Elyazied, S. H. Azab,
"Toxicity of heavy metals and recent advances in their removal: a
review," Toxics, 2023. mdpi.com

J. R. Feng and H. G. Ni, "Effects of heavy metals and metalloids on the
biodegradation of organic contaminants,” Environmental Research,
2024. [HTML]

B. Zhou, T. Zhang, and F. Wang, "Microbial-based heavy metal
bioremediation: Toxicity and eco-friendly approaches to heavy metal
decontamination," Applied Sciences, 2023. mdpi.com

A. Vega, N. Delgado, and M. Handford, "Increasing heavy metal
tolerance by the exogenous application of organic acids,” *International
Journal of Molecular*, vol. 2022. mdpi.com

P. Jeyakumar, C. Debnath, R. Vijayaraghavan, "Trends in
bioremediation of heavy metal contaminations,” *Environmental
Engineering Research*, vol. 2023. eeer.org

G. Satchanska, S. Davidova, and P. D. Petrov, "Natural and synthetic
polymers for biomedical and environmental applications," Polymers,
2024. mdpi.com

XK Chia, T. Hadibarata, MNH Jusoh, and LI Sutiknowati, "Role of
extremophiles in biodegradation of emerging pollutants," Topics in...,
2025. Springer. springer.com

M. Qasim, M. I. Arif, A. Naseer, L. Ali, R. Aslam, "Biogenic
nanoparticles at the forefront: transforming industrial wastewater
treatment with TiO2 and graphene,” Sch. J. Agric. Vet., 2024.
saspublishers.com

Page | 56


https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2021.643972/full?ref=healthtips.kr
https://www.mdpi.com/1420-3049/26/19/6060
https://www.researchgate.net/profile/Renu-Sharma-35/publication/353033255_Effect_of_heavy_metals_An_overview/links/611b6a440c2bfa282a4db1df/Effect-of-heavy-metals-An-overview.pdf
https://www.researchgate.net/profile/Ekhlaque-Khan/publication/347886618_Remediation_and_detection_techniques_for_heavy_metals_in_the_environment/links/60c63e18a6fdcc2e61403037/Remediation-and-detection-techniques-for-heavy-metals-in-the-environment.pdf#page=194
https://www.mdpi.com/2305-6304/11/7/580/pdf
https://www.sciencedirect.com/science/article/pii/S0013935123028736
https://www.mdpi.com/2076-3417/13/14/8439
https://www.mdpi.com/1422-0067/23/10/5438
http://www.eeer.org/journal/view.php?number=1441
https://www.mdpi.com/2073-4360/16/8/1159
https://link.springer.com/content/pdf/10.1007/s11244-024-01919-7.pdf
https://saspublishers.com/media/articles/SJAVS_115_56-76_c.pdf

85

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Y. Cao, S. Zhou, B. B. Yin, and Y. Wang, "A cadmium-based
coordination polymer as multifunctional fluorescent sensor for
simultaneous detection of heavy metal ions and antibiotics in water,"
Inorganica Chimica Acta, 2025. [HTML]

D. Mahlangu, K. Mphahlele, F. De Paola, and N. H. Mthombeni,
"Microalgae-mediated biosorption for effective heavy metals removal
from wastewater: A review," Water, 2024. mdpi.com

X. Zeng, Q. Hu, L. He, Z. Liu et al., "A simple analytical method for the
simultaneous determination of multiple organic pollutants in sediment
samples,” 2018. nchi.nlm.nih.gov

D. Muir and E. Sverko, "Analytical methods for PCBs and
organochlorine pesticides in environmental monitoring and surveillance:
a critical appraisal," 2006. ncbi.nlm.nih.gov

C. Zhang, "Fundamentals of environmental sampling and analysis,"
2024. sut.ac.th

F. X. Palacio, C. T. Callaghan, P. Cardoso, E. J. Hudgins, et al., "A
protocol for reproducible functional diversity analyses,” 2022. Wiley
Online Library. wiley.com

K. Nanglu, D. de Carle, T. M. Cullen, et al., "The nature of science: The
fundamental role of natural history in ecology, evolution, conservation,
and education," *Ecology and Evolution*, vol. 2023, Wiley Online
Library. wiley.com

W. M. Lim, "What is qualitative research? An overview and guidelines,"
Australasian Marketing Journal, 2025. sagepub.com

F. Hartig, N. Abrego, A. Bush, J. M. Chase, "Novel community data in
ecology-properties and prospects,” Trends in Ecology & Evolution,
2024. [PDF]

M. A. Helmich, M. J. Schreuder, L. F. Bringmann, et al., "Slow down
and be critical before using early warning signals in psychopathology,"
*Nature Reviews*, 2024. kuleuven.be

A. Inobeme, J. T. Mathew, E. Jatto, J. Inobeme, "Recent advances in
instrumental ~ techniques  for heavy  metal quantification,"
*Environmental Science*, vol. 2023, Springer. [HTML]

C. C. Johnson and A. Demetriades, "Urban geochemical mapping : a
review of case studies in this volume," 2011. [PDF]

Page | 57


https://www.sciencedirect.com/science/article/pii/S0020169325001938
https://www.mdpi.com/2073-4441/16/5/718?utm_source=releaseissue&utm_medium=email&utm_campaign=releaseissue_water&utm_term=doilink53&recipient=aguadoc@gmail.com&subject=Water%2C%20Volume%2016%2C%20Issue%205%20%28March-1%202024%29%20Table%20of%20Contents&campaign=ReleaseIssue
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6153379/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1705481/
http://sutlib2.sut.ac.th/sut_contents/H107471.pdf
https://nsojournals.onlinelibrary.wiley.com/doi/pdf/10.1111/ecog.06287
https://onlinelibrary.wiley.com/doi/pdf/10.1002/ece3.10621
https://journals.sagepub.com/doi/pdf/10.1177/14413582241264619
https://arxiv.org/pdf/2401.10860
https://fac.ppw.kuleuven.be/okp/_pdf/Helmich2024SDABC.pdf
https://link.springer.com/article/10.1007/s10661-023-11058-3
https://core.ac.uk/download/386344.pdf

97. P. Ciampi, C. Esposito, G. Cassiani, G. P. Deidda, et al.,
"Contamination presence and dynamics at a polluted site: Spatial
analysis of integrated data and joint conceptual modeling approach,"”
*Journal of Contaminant*, vol. 2022, Elsevier. unica.it

98. W. Jiang, L. Lin, X. Xu, X. Cheng et al., "A critical review of analytical
methods for comprehensive characterization of produced water," Water,
2021. mdpi.com

99. VC Shruti and G. Kutralam-Muniasamy, "Blanks and bias in
microplastic research: Implications for future quality assurance,” Trends
in Environmental Analytical, 2023. [HTML]

100.S. Sarkar, H. Diab, and J. Thompson, "Microplastic pollution: Chemical
characterization and impact on wildlife,” *International Journal of
Environmental ...*, vol. 2023. mdpi.com

101.S. Xu, E. Hu, Y. Cai, Z. Xie, X. Luo, L. Zhan, W. Tang, "Using
clusterProfiler to characterize multiomics data,” Nature Protocols, 2024.
[HTML]

102.S. Liu, E. Shang, J. Liu, Y. Wang, N. Bolan, "What have we known so
far for fluorescence staining and quantification of microplastics: a
tutorial review," *Science & Engineering*, vol. 2022, Springer.
springer.com

103.M. Wagner, K. Y. A. Lin, W. D. Oh, and G. Lisak, "Metal-organic
frameworks for pesticidal persistent organic pollutants detection and
adsorption-a mini review," Journal of Hazardous Materials, 2021.
[HTML]

104.K. C. Jones, "Persistent organic pollutants (POPs) and related chemicals
in the global environment: some personal reflections," Environmental
Science & Technology, 2021. [HTML]

105.P. Mohapatra, E. Ngklebye, T. Arora, and A. R. Basu, "International
regulatory frameworks and best practices in management of POPs," in
*Persistent Organic Pollutants*, 2023, Springer. [HTML]

106.1. Sheriff, S. A. Debela, and A. Mans-Davies, "The listing of new
persistent organic pollutants in the stockholm convention: its burden on
developing countries,” Environmental Science & Policy, 2022. [HTML]

107.S. Boulkhessaim, A. Gacem, S. H. Khan, A. Amari, "Emerging trends in
the remediation of persistent organic pollutants using nanomaterials and
related processes: A review," Nanomaterials, vol. 12, no. X, pp. Y-Z,
2022. mdpi.com

Page | 58


https://iris.unica.it/bitstream/11584/336125/7/Post-print%20Gian%20Piero%20Deidda%20Elsevier%20JCH.pdf
https://www.mdpi.com/2073-4441/13/2/183?utm_source=releaseissue&utm_medium=email&utm_campaign=releaseissue_water&utm_term=doilink50&recipient=aguadoc@live.com&subject=Water,%20Volume%2013,%20Issue%202%20(January-2%202021)%20Table%20of%20Contents&campaign=ReleaseIssue
https://www.sciencedirect.com/science/article/pii/S2214158823000090
https://www.mdpi.com/1660-4601/20/3/1745
https://www.nature.com/articles/s41596-024-01020-z
https://link.springer.com/content/pdf/10.1007/s11783-021-1442-2.pdf
https://www.sciencedirect.com/science/article/pii/S0304389421002880
https://pubs.acs.org/doi/abs/10.1021/acs.est.0c08093
https://link.springer.com/chapter/10.1007/978-3-031-31311-0_7
https://www.sciencedirect.com/science/article/pii/S1462901122000119
https://www.mdpi.com/2079-4991/12/13/2148/pdf

108.B. Allen Fiddler, "Bioremediation of Sites Co-contaminated with
Benzene or Toluene and Heavy Metals," 2016. [PDF]

109.L. El Hosry, N. Sok, R. Richa, L. Al Mashtoub, and P. Cayot, "Sample
preparation and analytical techniques in the determination of trace
elements in food: A review," *Foods*, vol. 12, no. 5, 2023. mdpi.com

110.C. G. Awuchi, "HACCP, quality, and food safety management in food
and agricultural systems,” Cogent Food & Agriculture, 2023.
tandfonline.com

111.J. S. Camara, R. Perestrelo, C. V. Berenguer, C. F. P. Andrade, et al.,
"Green extraction techniques as advanced sample preparation
approaches in biological, food, and environmental matrices: a review,"
Molecules, vol. 27, no. 12, 2022. mdpi.com

112.G. Weissenberger, R. J. M. Henderikx, and P. J. Peters, "Understanding
the invisible hands of sample preparation for cryo-EM," Nature
Methods, 2021. maastrichtuniversity.nl

113.W. Bahureksa, M. M. Tfaily, R. M. Boiteau, "Matter characterization by
Fourier transform ion cyclotron resonance mass spectrometry (FTICR
MS): A critical review of sample preparation, analysis, and data,"
Environmental Science & Technology, vol. 55, no. 1, pp. 1-15, 2021.
[HTML]

114.S. R. Khan, B. Sharma, P. A. Chawla, and R. Bhatia, "Inductively
coupled plasma optical emission spectrometry (ICP-OES): a powerful
analytical technique for elemental analysis," Food Analytical Methods,
2022. unine.ch

115.M. E. I. Badawy, M. A. M. El-Nouby, P. K. Kimani, and L. W. Lim, "A
review of the modern principles and applications of solid-phase
extraction techniques in chromatographic analysis,” *Analytical
Chemistry*, vol. 2022, Springer. springer.com

116.M. M. Diallo, C. Vural, and H. Cay, "Enhanced biodegradation of crude
oil in soil by a developed bacterial consortium and indigenous plant
growth promoting bacteria," *Journal of Applied ...*, vol. 2021.
researchgate.net

117.L. F. Chuah, K. W. Chew, A. Bokhari, M. Mubashir, et al.,
"Biodegradation of crude oil in seawater by using a consortium of
symbiotic bacteria,” *Environmental*, vol. 2022, Elsevier. [HTML]

118.F. Tang, H. Zhang, H. Cheng, Y. Wang, and Q. Liu, "New insights of

Page | 59


https://core.ac.uk/download/215237047.pdf
https://www.mdpi.com/2304-8158/12/4/895
https://www.tandfonline.com/doi/pdf/10.1080/23311932.2023.2176280
https://www.mdpi.com/1420-3049/27/9/2953
https://cris.maastrichtuniversity.nl/files/87949172/Peters_2021_Understanding_the_invisible_hands_of.pdf
https://pubs.acs.org/doi/abs/10.1021/acs.est.1c01135
https://www.unine.ch/npac/wp-content/uploads/sites/140/ICPOES_Powerful-analytical-technique.pdf
https://link.springer.com/content/pdf/10.1007/s44211-022-00190-8.pdf
https://www.researchgate.net/profile/Guven-Ozdemir/publication/344161195_Enhanced_biodegradation_of_crude_oil_in_soil_by_a_developed_bacterial_consortium_and_indigenous_plant_growth_promoting_bacteria/links/6348f84d76e39959d6bfdf26/Enhanced-biodegradation-of-crude-oil-in-soil-by-a-developed-bacterial-consortium-and-indigenous-plant-growth-promoting-bacteria.pdf
https://www.sciencedirect.com/science/article/pii/S0013935122010489

crude oil biodegradation construction by microbial consortium B10:
responded substrates, genomics, biodegradation mechanism and
pathways," Chemical Engineering, vol. 2023, Elsevier. [HTML]

119.X. Chen, X. Zhou, P. Geng, Y. Zeng, F. Hu, and P. Sun, "Advancing
biodegradation of petroleum contaminants by indigenous microbial
consortia through assembly strategy innovations,” *Chemical
Engineering™, vol. 2023, Elsevier. sciencedirect.com

120.M. M. Sabale and V. A. Pande, "Maintaining data safety and accuracy
through data integrity (DI): A comprehensive review," Research Journal
of ..., 2024. [HTML]

121.PR Chowdhury, H. Medhi, and K. G. Bhattacharyya, "Guidelines to
establish the quality assurance, analytical parameters, and inter-
laboratory studies," in *... and Trace Analysis of ...*, Elsevier, 2025.
[HTML]

122.H. Huang, B. Ruan, X. Wu, and Y. Qin, "Parameterized modeling and
safety simulation of shield tunnel based on BIM-FEM automation
framework," Automation in Construction, 2024. [HTML]

123.A. Mohajerani, H. Kurmus, D. Conti, L. Cash, "Environmental impacts
and leachate analysis of waste rubber incorporated in construction and
road materials: a review," *Science of the Total Environment*, vol.
2022, Elsevier. [HTML]

124.7. Jan, M. Abas, I. Khan, M. I. Qazi, and Q. M. U. Jan, "Design and
analysis of wrist hand orthosis for carpal tunnel syndrome using additive
manufacturing,” *Journal of Engineering*, 2025. sciencedirect.com

125.M. Fusaroli, F. Salvo, B. Begaud, T. M. AlShammari, A. Bate, "The
REporting of A disproportionality analysis for DrUg safety signal
detection using individual case safety reports in PharmacoVigilance
(READUS-PV): explanation ...," Drug Safety, vol. 47, no. 1, pp. 1-12,
2024. springer.com

126.S. Rekha, L. Thirupathi, S. Renikunta, "Study of security issues and
solutions in Internet of Things (loT),"” Materials Today, 2023.
researchgate.net

127.L. Burratti, E. Ciotta, F. De Matteis, and P. Prosposito, "Metal
Nanostructures for Environmental Pollutant Detection Based on
Fluorescence," 2021. ncbi.nlm.nih.gov

128.E. Villanueva, P. Glorio-Paulet, M. M. Giusti, G. T. Sigurdson,

Page | 60


https://www.sciencedirect.com/science/article/pii/S1385894723058746
https://www.sciencedirect.com/science/article/pii/S1385894723048738
https://www.indianjournals.com/ijor.aspx?target=ijor:rjpt&volume=17&issue=5&article=077
https://www.sciencedirect.com/science/article/pii/B9780323856010000151
https://www.sciencedirect.com/science/article/pii/S0926580524000980
https://www.sciencedirect.com/science/article/pii/S0048969722023622
https://www.sciencedirect.com/science/article/pii/S2307187723003346
https://link.springer.com/content/pdf/10.1007/s40264-024-01423-7.pdf
https://www.researchgate.net/profile/Rekha-Gangula/publication/353611537_Study_of_security_issues_and_solutions_in_Internet_of_Things_IoT/links/611e289a169a1a01030f9861/Study-of-security-issues-and-solutions-in-Internet-of-Things-IoT.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7911013/

"Screening for pesticide residues in cocoa (Theobroma cacao L.) by
portable infrared spectroscopy,” Talanta, 2023. sciencedirect.com

129.C. L. Gomez-Heredia, T. A. Lerma-Henao, et al., "Building of mid-
infrared spectral signature of pesticides using functionally-enhanced
derivative spectroscopy (FEDS)," Infrared Physics & Technology, vol.
2023, Elsevier. [HTML]

130.R. Sharma, G. P. Bhat, and S. Gandhi, "MXene-rGO nanocomposite
based electrochemical immunosensor for detection of endosulfan-An
organochlorine pesticide," Chemosphere, 2025. [HTML]

131.S. Soury, D. Nematollahi, S. Alizadeh, H. Kakaei, "Needle-trap device
packed with the MIL-100 (Fe) metal-organic framework for the
extraction of the airborne organochlorine pesticides,” Microchemical
Journal, vol. 2021, Elsevier. [HTML]

132.J. Ma, Z. Yu, S. Liu, Y. Chen, Y. Lv, Y. Liu, and C. Lin, "Efficient
extraction of trace organochlorine pesticides from environmental
samples by a polyacrylonitrile electrospun nanofiber membrane

modified with covalent ...," Journal of Hazardous Materials, vol. XX,
no. YY, pp. ZZ-ZZ, 2022. [HTML]

133.Y. Yang, Y. Guo, X. Jia, Q. Zhang, J. Mao, Y. Feng, "An ultrastable 2D
covalent organic framework coating for headspace solid-phase
microextraction of organochlorine pesticides in environmental water,"
*Journal of Hazardous Materials*, vol. 2023, Elsevier. [HTML]

134.Y. Wanging, Z. Shuhui, G. Zhihui, "The organochlorine pesticide
residues of mesona chinensis benth by near Infrared (NIR) Spectroscopy
and Chemometrics,” E3S Web of Conferences, vol. 2021, 2021. e3s-
conferences.org

135.X. Qi, Y. Lian, L. Xie, Y. Wang et al., "Water quality detection based
on UV-Vis and NIR spectroscopy: a review," Applied Spectroscopy
Reviews, 2024. researchgate.net

136.Z. Shi, C. W. K. Chow, R. Fabris, J. Liu et al., "Applications of online
UV-Vis spectrophotometer for drinking water quality monitoring and
process control: a review," Sensors, 2022. mdpi.com

137.Y. Du, X. Xu, Q. Liu, L. Bai et al., "ldentification of organic pollutants
with potential ecological and health risks in aquatic environments:
Progress and challenges," Science of the total environment, 2022.
[HTML]

Page | 61


https://www.sciencedirect.com/science/article/am/pii/S0039914023001376
https://www.sciencedirect.com/science/article/pii/S1350449523000890
https://www.sciencedirect.com/science/article/pii/S0045653524029059
https://www.sciencedirect.com/science/article/pii/S0026265X21009528
https://www.sciencedirect.com/science/article/pii/S0304389421024237
https://www.sciencedirect.com/science/article/pii/S0304389423005101
https://www.e3s-conferences.org/articles/e3sconf/pdf/2021/27/e3sconf_ictees2021_02050.pdf
https://www.e3s-conferences.org/articles/e3sconf/pdf/2021/27/e3sconf_ictees2021_02050.pdf
https://www.researchgate.net/profile/Xuan-Qi-23/publication/376541694_Water_quality_detection_based_on_UV-Vis_and_NIR_spectroscopy_a_review/links/6715b3c3069cb92a812347f7/Water-quality-detection-based-on-UV-Vis-and-NIR-spectroscopy-a-review.pdf
https://www.mdpi.com/1424-8220/22/8/2987
https://www.sciencedirect.com/science/article/pii/S0048969721057697

138.L. Xu, A. M. Abd El-Aty, J. B. Eun, J. H. Shim, "Recent advances in
rapid detection techniques for pesticide residue: a review," *Journal of
Agricultural*, vol. 2022, ACS Publications. nih.gov

139.E. Issaka, M. A. Wariboko, N. A. N. Johnson, "Advanced visual sensing
techniques for on-site detection of pesticide residue in water
environments,” Heliyon, 2023. cell.com

140.M. Bhattu, M. Verma, and D. Kathuria, "Recent advancements in the
detection of organophosphate pesticides: a review," Analytical Methods,
2021. [HTML]

141.P. Dave and G. Dutta, "Detection of pesticides in food by cds blue
luminescent material with the help of fluorescence quenching study,"”
*International Journal of Advanced ...*, 2021. researchlakejournals.com

142.D. Duff, C. Lennard, Y. Li, C. Doyle et al., "Portable gas
chromatography-mass spectrometry method for the in-field screening of
organic pollutants in soil and water at pollution incidents,” 2023.
ncbi.nlm.nih.gov

143.S. Ranjan, R. Chaitali, and S. K. Sinha, "Gas chromatography-mass
spectrometry (GC-MS): A comprehensive review of synergistic
combinations and their applications in the past two decades," Journal of
Analytical..., 2023. imist.ma

144.M. Krauss, H. Singer, and J. Hollender, "LC-high resolution MS in
environmental analysis: from target screening to the identification of
unknowns," 2018. [PDF]

145.M. James. Ford, "Modern mass spectrometric techniques applied to
occupational hygiene analysis.," 1970. [PDF]

146.S. D. Richardson and T. A. Ternes, "Water analysis: emerging
contaminants and current issues," Analytical Chemistry, 2021. [HTML]

147.N. Morin-Crini, E. Lichtfouse, G. Liu, V. Balaram, "Worldwide cases of
water pollution by emerging contaminants: a review," Environmental ...,
vol. 2022, Springer. hal.science

148.P. Valbonesi, M. Profita, . Vasumini, and E. Fabbri, "Contaminants of
emerging concern in drinking water: Quality assessment by combining
chemical and biological analysis," *Science of The Total Environment*,
vol. 2021, Elsevier. unibo.it

149.B. Anegbe, I. H. Ifijen, M. Maliki, I. E. Uwidia, "Graphene oxide
synthesis and applications in emerging contaminant removal: a

Page | 62


https://pmc.ncbi.nlm.nih.gov/articles/PMC10584040/pdf/nihms-1937285.pdf
https://www.cell.com/heliyon/pdf/S2405-8440(23)01193-3.pdf
https://pubs.rsc.org/en/content/articlehtml/2021/ay/d1ay01186c
https://www.researchlakejournals.com/index.php/IJANCA/article/download/85/136
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10447289/
https://revues.imist.ma/index.php/JASAB/article/download/40209/21702
https://core.ac.uk/download/159147778.pdf
https://core.ac.uk/download/154423739.pdf
https://pubs.acs.org/doi/full/10.1021/acs.analchem.1c04640
https://hal.science/hal-03662990/document
https://cris.unibo.it/bitstream/11585/787211/3/Valbonesi%20et%20al%20STOTEN%202021%20%28003%29.pdf

comprehensive review," Environmental Sciences, vol. 2024, Springer.
springer.com

150.P. Babuji, S. Thirumalaisamy, K. Duraisamy, "Human health risks due
to exposure to water pollution: a review," Water, 2023. mdpi.com

151.Y. Wang and P. Li, "Appraisal of shallow groundwater quality with
human health risk assessment in different seasons in rural areas of the
Guanzhong Plain (China)," Environmental Research, 2022. google.com

152.1. Sa'adu and A. Farsang, "Plastic contamination in agricultural soils: a
review," Environmental Sciences Europe, 2023. springer.com

153.D. Padhan, P. P. Rout, R. Kundu, "Bioremediation of heavy metals and
other toxic substances by microorganisms,” in *Soil Bioremediation*,
2021. [HTML]

154.A. Raklami, A. Meddich, K. Oufdou, and M. Baslam, "Plants
Microorganisms-based bioremediation for heavy metal cleanup: Recent
developments, phytoremediation techniques, regulation mechanisms,
and ...," *International Journal of ...*, 2022. mdpi.com

155.S. Kumari and S. Das, "Bacterial enzymatic degradation of recalcitrant
organic pollutants: catabolic pathways and genetic regulations,”
Environmental Science and Pollution Research, 2023. [HTML]

156.T. A. Aragaw, "Functions of various bacteria for specific pollutants
degradation and their application in wastewater treatment: a review,"
*International Journal of Environmental Science and ...*, vol. 2021,
Springer. researchgate.net

157.L. Xiang, J. D. Harindintwali, F. Wang, et al., "Integrating biochar,
bacteria, and plants for sustainable remediation of soils contaminated
with organic pollutants,” *Environmental Science & Technology*, vol.
56, no. X, pp. Y-Z, 2022. acs.org

158.EJ Espinosa-Ortiz and ER Rene, "Potential use of fungal-bacterial co-
cultures for the removal of organic pollutants," Critical Reviews in...,
vol. 2022, Taylor & Francis. nsf.gov

159.P. Elumalai, P. Parthipan, M. Huang, B. Muthukumar, "Enhanced
biodegradation of hydrophobic organic pollutants by the bacterial
consortium: Impact of enzymes and biosurfactants,” *Pollution*, vol.
2021, Elsevier. [HTML]

160.J. Wang, Y. Long, G. Yu, G. Wang, Z. Zhou, and P. Li, "A review on
microorganisms in constructed wetlands for typical pollutant removal:

Page | 63


https://link.springer.com/content/pdf/10.1186/s12302-023-00814-4.pdf
https://www.mdpi.com/2073-4441/15/14/2532/pdf
https://drive.google.com/file/d/1UVzU4g6ss7rhW237JWYvbhNMuH0VEjnB/view
https://link.springer.com/content/pdf/10.1186/s12302-023-00720-9.pdf
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781119547976.ch12
https://www.mdpi.com/1422-0067/23/9/5031
https://link.springer.com/article/10.1007/s11356-023-28130-7
https://www.researchgate.net/profile/Tadele-Assefa-Aragaw/publication/345851147_Functions_of_various_bacteria_for_specific_pollutants_degradation_and_their_application_in_wastewater_treatment_a_review/links/60f9b5311e95fe241a80e863/Functions-of-various-bacteria-for-specific-pollutants-degradation-and-their-application-in-wastewater-treatment-a-review.pdf
https://pubs.acs.org/doi/pdf/10.1021/acs.est.2c02976
https://par.nsf.gov/servlets/purl/10329015
https://www.sciencedirect.com/science/article/pii/S0269749121015384

species, function, and diversity," *Frontiers in ...*, vol. 2022.
frontiersin.org

161.SS Joshi, PK Jadhav, NK Chourasia, PJ Jadhav, "Bioremediation
strategies for soil and water pollution harnessing the power of
microorganisms,” Migration, 2024. researchgate.net

162.Y. Xiang, S. Wei, and E. Ewane, "Innovations in Bioremediation:
Harnessing Microbial Power to Clean Up Pollution,” Research of
Scientia Naturalis, 2025. ypidathu.or.id

163.S. Singh, "The Role of Environmental Microbiota in Bioremediation:
Harnessing Bacteria for Pollutant Degradation,” Clinical Medicine And
Health Research Journal, 2025. cmhrj.com

164.M. A. Kapur, M. Yuvarani, and G. Shiyamala, "The role of microbes in
environmental bioremediation: novel approaches for pollution control,"
*Journal of Advanced ...*, 2024. researchgate.net

165.N. Srivastava, V. K. Maurya, Z. Bee, N. Singh, "Green Solutions for a
blue planet: Harnessing bioremediation for sustainable development and
circular economies,” in *Treatment and Resource*, Elsevier, 2025.
[HTML]

166.V. Teronpi, A. Bordoloi, A. Kalita, A. Saikia, "Microbial
Bioremediation: Harnessing the Potential of Microbes for
Environmental Clean-up,” Industrial Microbiology, 2024. [HTML]

167.A. M. Elyamine, J. Kan, S. Meng, P. Tao, H. Wang, "Aerobic and
anaerobic bacterial and fungal degradation of pyrene: mechanism
pathway including biochemical reaction and catabolic genes,"
*International Journal of ...*, 2021. mdpi.com

168.P. Bokade and A. Bajaj, "Molecular advances in mycoremediation of
polycyclic aromatic hydrocarbons: Exploring fungal bacterial
interactions," Journal of Basic Microbiology, 2023. [HTML]

169.M. B. Alao and E. A. Adebayo, "Fungi as veritable tool in
bioremediation of polycyclic aromatic hydrocarbons- polluted
wastewater," Journal of Basic Microbiology, 2022. researchgate.net

170.FA Fouad, DG Youssef, FM Shahat, "Role of microorganisms in
biodegradation of pollutants," in *Handbook of ...*, 2023, Springer.
researchgate.net

171.Q. Li, J. Liu, and G. Michael Gadd, "Fungal bioremediation of soil co-
contaminated with petroleum hydrocarbons and toxic metals," 2020.
ncbi.nlm.nih.gov

Page | 64


https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.845725/pdf
https://www.researchgate.net/profile/Khushal-Pathade/publication/379037525_Bioremediation_Strategies_For_Soil_And_Water_Pollution_Harnessing_The_Power_Of_Microorganisms/links/65f7d981c05fd268801f3324/Bioremediation-Strategies-For-Soil-And-Water-Pollution-Harnessing-The-Power-Of-Microorganisms.pdf
https://journal.ypidathu.or.id/index.php/scientia/article/download/2008/1633
http://www.cmhrj.com/index.php/cmhrj/article/download/464/276
https://www.researchgate.net/profile/Amzad-Basha-Kolar/publication/378292143_Journal_of_Advanced_Zoology_The_Role_Of_Microbes_In_Environmental_Bioremediation_Novel_Approaches_For_Pollution_Control/links/661b636766ba7e2359c9a5ae/Journal-of-Advanced-Zoology-The-Role-Of-Microbes-In-Environmental-Bioremediation-Novel-Approaches-For-Pollution-Control.pdf
https://www.sciencedirect.com/science/article/pii/B9780443273766000281
https://link.springer.com/chapter/10.1007/978-981-97-6270-5_22
https://www.mdpi.com/1422-0067/22/15/8202
https://onlinelibrary.wiley.com/doi/abs/10.1002/jobm.202200499
https://www.researchgate.net/profile/Eliajh-Adebayo/publication/357966837_Fungi_as_veritable_tool_in_bioremediation_of_polycyclic_aromatic_hydrocarbons-polluted_wastewater/links/65a24199bc30165e6e3766c5/Fungi-as-veritable-tool-in-bioremediation-of-polycyclic-aromatic-hydrocarbons-polluted-wastewater.pdf
https://www.researchgate.net/profile/Mohamed-Abdelghany-7/publication/368920817_Role_of_Microorganisms_in_Biodegradation_of_Pollutants/links/64a7c72d95bbbe0c6e1c21d1/Role-of-Microorganisms-in-Biodegradation-of-Pollutants.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7567682/

172.F. Bosco and C. Mollea, "Mycoremediation in Soil," 2019. [PDF]

173.M. Refaey, A. M. Abdel-Azeem, H. H. Abo Nahas, "Role of fungi in
bioremediation of soil contaminated with heavy metals," in *Important
Fungi for  Environmental  Sustainability*, 2021,  Springer.
researchgate.net

174.A. Tomer, R. Singh, S. K. Singh, and S. A. Dwivedi, "Role of fungi in
bioremediation and environmental sustainability,” *Sustainability*, vol.
3, pp- 1-15, 2021. researchgate.net

175.A. Vaksmaa, S. Guerrero-Cruz, P. Ghosh, et al., "Role of fungi in
bioremediation of emerging pollutants,” *Frontiers in Marine Science*,
vol. 2023. frontiersin.org

176.J. Goutam, J. Sharma, R. Singh, and D. Sharma, "Fungal-mediated
bioremediation of heavy metal-polluted environment,” Microbial
rejuvenation of ..., 2021. researchgate.net

177.V. Kumar and S. K. Dwivedi, "Mycoremediation of heavy metals:
processes, mechanisms, and affecting factors,” Environmental Science
and Pollution Research, 2021. [HTML]

178.R. Muksy, K. Kolo, and S. M. Abdullah, "Bacterial and fungal-mineral
interactions and their application in bioremediation-A review," *Journal
of Ecological ...*, 2023. bibliotekanauki.pl

179.F. Dell’Anno, E. Rastelli, E. Buschi, G. Barone, "Fungi can be more
effective than bacteria for the bioremediation of marine sediments
highly contaminated with heavy metals," Microorganisms, vol. 10, no.
2, 2022. mdpi.com

180.E. Efremenko, N. Stepanov, O. Senko, A. Aslanli et al., "Using Fungi in
Artificial Microbial Consortia to Solve Bioremediation Problems,"
2024. ncbi.nlm.nih.gov

181.A. M. A. El-Bondkly and M. M. A. A. El-Gendy, "Bioremoval of some
heavy metals from aqueous solutions by two different indigenous fungi
Aspergillus sp. AHM69 and Penicillium sp. AHM96 isolated from
petroleum ...," Heliyon, 2022. cell.com

182.S. Ghosh, K. Joshi, and T. J. Webster, "Removal of heavy metals by
microbial communities,” Wastewater Treatment Reactors, 2021.
[HTML]

183.P. K. Chaurasia, N. Nagraj, N. Sharma, and others, "Fungal assisted
bio- treatment of environmental pollutants with comprehensive

Page | 65


https://core.ac.uk/download/pdf/234927045.pdf
https://www.researchgate.net/profile/Rabab-Majead-2/publication/352525955_Exploring_Fungal_Biodiversity_of_Genus_Epicoccum_and_Their_Biotechnological_Potential/links/60f7dbce1e95fe241a7a9c5e/Exploring-Fungal-Biodiversity-of-Genus-Epicoccum-and-Their-Biotechnological-Potential.pdf#page=529
https://www.researchgate.net/profile/Ajay-Tomer/publication/345710657_Role_of_Fungi_in_Bioremediation_and_Environmental_Sustainability/links/5fab6d77458515078107b9fb/Role-of-Fungi-in-Bioremediation-and-Environmental-Sustainability.pdf
https://www.frontiersin.org/journals/marine-science/articles/10.3389/fmars.2023.1070905/pdf
https://www.researchgate.net/profile/Moazzameh-Ramezani/publication/348574247_Nano-Bioremediation_Application_for_Environment_Contamination_by_Microorganism/links/6049c21e92851c1bd4df125d/Nano-Bioremediation-Application-for-Environment-Contamination-by-Microorganism.pdf#page=61
https://link.springer.com/article/10.1007/s11356-020-11491-8
https://bibliotekanauki.pl/articles/24201774.pdf
https://www.mdpi.com/2076-2607/10/5/993
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10974216/
https://www.cell.com/heliyon/pdf/S2405-8440(22)01142-2.pdf
https://www.sciencedirect.com/science/article/pii/B9780128239919000162

emphasis on noxious heavy metals: Recent updates,” *Biotechnology
and...,* vol. 2023, Wiley Online Library. wiley.com

184.E. Efremenko, N. Stepanov, O. Senko, A. Aslanli, "Using fungi in
artificial microbial consortia to solve bioremediation problems,"”
Microorganisms, 2024. mdpi.com

185.D. Daéssi, A. N. Hajaji, L. J. H. Alssulime, S. N. Alkhatib, "Fungal
consortia mediated bio-treatment of organic matter and metals uptake
from sewage water: Maize agro-physiological assessment,” Catalysts,
2024. mdpi.com

186.S. Verma, P. Bhatt, A. Verma, H. Mudila, and P. Prasher, "Microbial
technologies for heavy metal remediation: effect of process conditions
and current practices," Clean Technologies and ..., vol. 2023, Springer.
researchgate.net

187.W. Sun, K. Cheng, K. Y. Sun, and X. Ma, "Microbially mediated
remediation of contaminated sediments by heavy metals: a critical
review," Current Pollution Reports, 2021. [HTML]

188.S. Wang, T. Liu, X. Xiao, and S. Luo, "Advances in microbial
remediation for heavy metal treatment: a mini review," Journal of
Leather Science and Engineering, 2021. springer.com

189.A. Volari¢, Z. Sviréev, D. Tamindzija, and D. Radnovi¢, "Microbial
bioremediation of heavy metals,” Hemijska industrija, 2021. nb.rs

190.S. Li, X. Yan, M. Zhang, Q. Sun et al., "Microbial remediation
technology for heavy metal contamination of mine soil"
Chemoecology, 2024. [HTML]

191.S. Malik and D. Kumar, "Perspectives of nanomaterials in microbial
remediation of heavy metals and their environmental consequences: A
review," Biotechnology and Genetic Engineering, 2024. [HTML]

192.S. Simpanen, M. Dahl, M. Gerlach, A. Mikkonen et al., "Biostimulation
proved to be the most efficient method in the comparison of in situ soil
remediation treatments after a simulated oil spill accident,” 2016.
ncbi.nlm.nih.gov

193.A. Hgisater, H. P. H. Arp, G. Slinde, and H. Knutsen, "Excavated vs
novel in situ soil washing as a remediation strategy for sandy soils
impacted with per-and polyfluoroalkyl substances from aqueous film
forming ...," *Science of the Total Environment*, vol. 2021, Elsevier.
sciencedirect.com

Page | 66


https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/am-pdf/10.1002/bit.28268
https://www.mdpi.com/2076-2607/12/3/470
https://www.mdpi.com/2073-4344/14/4/257
https://www.researchgate.net/profile/Shulbhi-Verma/publication/349310268_Microbial_technologies_for_heavy_metal_remediation_effect_of_process_conditions_and_current_practices/links/64c359ebcda2775c03cae3b8/Microbial-technologies-for-heavy-metal-remediation-effect-of-process-conditions-and-current-practices.pdf
https://link.springer.com/article/10.1007/s40726-021-00175-7
https://link.springer.com/content/pdf/10.1186/s42825-020-00042-z.pdf
https://doiserbia.nb.rs/ft.aspx?id=0367-598X2102103V
https://link.springer.com/article/10.1007/s00049-024-00399-1
https://www.tandfonline.com/doi/abs/10.1080/02648725.2023.2182546
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5124059/
https://www.sciencedirect.com/science/article/pii/S0048969721038353

194.C. Muystrioti and N. Papassiopi, "A comprehensive review of
remediation strategies for soil and groundwater contaminated with
explosives," Sustainability, 2024. mdpi.com

195.D. Hou, A. Al-Tabbaa, D. O'Connor, and Q. Hu, "Sustainable
remediation and redevelopment of brownfield sites,” *Nature Reviews
Earth & Environment*, vol. 2023. guildhe.ac.uk

196.S. Rahman, M. Saito, S. Yoshioka, S. Ni, and K. H. Wong, "Evaluation
of newly designed flushing techniques for on-site remediation of
arsenic-contaminated excavated debris,” *Science and Pollution
Research*, vol. 2023, Springer. [HTML]

197.B. Qin, Q. Zhu, Y. Yang, C. Liang, Y. Fu, and F. Meng, "Embedded
slow-release materials for the remediation of organic pollutants in
groundwater: A review,” Desalination and Water, 2025.
sciencedirect.com

198.B. Prathima and G. L. Sivakumar Babu, "Integrated Framework for
Sustainable Remediation of Soil Contamination in India: From
Investigation to Implementation,” Journal of the Indian Institute of
Science, 2025. [HTML]

199.W. S. Shu and L. N. Huang, "Microbial diversity in extreme
environments,” Nature Reviews Microbiology, 2022. units.it

200.S. Wu, K. O. Konhauser, B. Chen, and L. Huang, "“Reactive Mineral
Sink” drives soil organic matter dynamics and stabilization," Npj
Materials Sustainability, 2023. nature.com

201.R. W. Brown, I. D. Bull, T. Journeaux, D. R. Chadwick, "Volatile
organic compounds (VOCs) allow sensitive differentiation of biological
soil quality," *Soil Biology and Biochemistry*, vol. 202, 2021.
bangor.ac.uk

202.R. S. Pandya, T. Kaur, R. Bhattacharya, and D. Bose, "Harnessing
microorganisms for bioenergy with Microbial Fuel Cells: Powering the
future," Water-Energy Nexus, 2024. sciencedirect.com

203.AA Akinsemolu, H Onyeaka, S Odion, "Exploring Bacillus subtilis:
Ecology, biotechnological applications, and future prospects,” *Journal
of Basic Microbiology*, 2024. wiley.com

204.A. N. Alabssawy and A. H. Hashem, "Bioremediation of hazardous
heavy metals by marine microorganisms: a recent review," Archives of
microbiology, 2024. springer.com

Page | 67


https://www.mdpi.com/2071-1050/16/3/961
https://rau.repository.guildhe.ac.uk/id/eprint/16584/1/NREE.%202023.%20Sustainable%20remediation%20and%20redevelopment%20of%20brownfield%20sites.pdf
https://link.springer.com/article/10.1007/s11356-023-30140-4
https://www.sciencedirect.com/science/article/pii/S1944398625001249
https://link.springer.com/article/10.1007/s41745-024-00456-2
https://moodle2.units.it/pluginfile.php/764350/mod_resource/content/0/Extreme%20environments.pdf
https://www.nature.com/articles/s44296-023-00003-7.pdf
https://research.bangor.ac.uk/portal/files/37138087/Soil_Quality_VOC_Manuscript_v5.1.pdf
https://www.sciencedirect.com/science/article/pii/S2588912523000279
https://onlinelibrary.wiley.com/doi/pdf/10.1002/jobm.202300614
https://link.springer.com/content/pdf/10.1007/s00203-023-03793-5.pdf

205.S. Sabreena, S. A. Bhat, V. Kumar, B. A. Ganai, "Phytoremediation of
heavy metals: an indispensable contrivance in green remediation
technology,"” Plants, vol. 2022. mdpi.com

206.J. K. Sharma, N. Kumar, N. P. Singh, "Phytoremediation technologies
and their mechanism for removal of heavy metal from contaminated
soil: An approach for a sustainable environment," Frontiers in Plant
Science, 2023. frontiersin.org

207.M. Gavrilescu, "Enhancing phytoremediation of soils polluted with
heavy metals," Current Opinion in biotechnology, 2022. [HTML]

208.P. Mukherjee, J. Dutta, M. Ray, T. K. Thakur, "Plant growth-promoting
rhizobacterial secondary metabolites in augmenting heavy metal(loid)
phytoremediation: An integrated green in situ ecorestorative ...,"
*Science and Pollution Research*, 2024. [HTML]

209.1. Diarra, K. K. Kotra, and S. Prasad, "Application of phytoremediation
for heavy metal contaminated sites in the South Pacific: strategies,
current challenges and future prospects,” Applied spectroscopy reviews,
2022. usp.ac.fj

210.S. Budi Kurniawan, N. Nadhirah Ramli, N. Sakinah Mohd Said, J. Alias
et al., "Practical limitations of bioaugmentation in treating heavy metal
contaminated soil and role of plant growth promoting bacteria in
phytoremediation as a promising alternative approach,” 2022.
ncbi.nlm.nih.gov

211.J. Brzeszcz, P. Kapusta, T. Steliga, and A. Turkiewicz, "Hydrocarbon
Removal by Two Differently Developed Microbial Inoculants and
Comparing Their Actions with Biostimulation Treatment,” 2020.
ncbi.nlm.nih.gov

212.0. Muter, "Current trends in bioaugmentation tools for bioremediation:
a critical review of advances and knowledge gaps,” Microorganisms,
2023. mdpi.com

213.C. O. Adetunji and O. A. Anani, "Bioaugmentation: a powerful
biotechnological techniques for sustainable Ecorestoration of soil and
groundwater contaminants,” in *Microbial Rejuvenation of Polluted
Environment*, 2021. [HTML]

214.D. Chettri, A. K. Verma, and A. K. Verma, "Bioaugmentation: an
approach to biological treatment of pollutants,” Biodegradation, 2024.
[HTML]

Page | 68


https://www.mdpi.com/2223-7747/11/9/1255
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2023.1076876/pdf
https://www.sciencedirect.com/science/article/pii/S0958166921002111
https://link.springer.com/article/10.1007/s11356-024-34706-8
https://repository.usp.ac.fj/id/eprint/12770/1/ASR_Paper.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8983376/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7036810/
https://www.mdpi.com/2076-2607/11/3/710
https://link.springer.com/chapter/10.1007/978-981-15-7447-4_15
https://link.springer.com/article/10.1007/s10532-023-10050-5

215.A. Ahmad, G. Mustafa, A. Rana, and A. R. Zia, "Improvements in
bioremediation agents and their modified strains in mediating
environmental pollution," Current Microbiology, 2023. [HTML]

216.A. Koolivand, F. Coulon, A. S. Ball, N. I. Ismail, "Challenges with
bioaugmentation and field-scale application of bioremediation processes
for petroleum-contaminated sites: a review," *Journal of Microbiology*,
2024. cranfield.ac.uk

217.H. Feng, B. Wang, M. Wang, D. Ye, M. Wang, and X. Sun, "Effective
soil remediation with fungal Co-inoculation and king grass for robust
cadmium and chromium phytoextraction,” Environmental..., vol. 2024,
Elsevier. [HTML]

218.S. B. Kurniawan, N. N. Ramli, N. S. M. Said, J. Alias, and M. F. Imron,
"Practical limitations of bioaugmentation in treating heavy metal
contaminated soil and role of plant growth promoting bacteria in
phytoremediation as a promising ...," Heliyon, vol. 8, no. 9, 2022.
cell.com

219.R. A. Abou-Shanab and C. M. Santelli, "Bioaugmentation with As-
transforming bacteria improves arsenic availability and uptake by the

hyperaccumulator plant Pteris vittata (L)," *International Journal of ...*,
2022. [HTML]

220.Y. Q. Song, S. Shahir, and F. Abd Manan, "Bacterial inoculant-assisted
phytoremediation of heavy metal-contaminated soil: inoculant
development and the inoculation effects,” Biologia, 2021. [HTML]

221.Q. Wang, S. Xu, Z. Wen, Q. Liu, L. Huang, G. Shao, and Y. Feng,
"Combined Plant Growth-Promoting Bacteria Inoculants Were More
Beneficial than Single Agents for Plant Growth and Cd Phytoextraction
of Brassica juncea," Toxics, 2022. mdpi.com

222.T. Ke, J. Zhang, Y. Tao, C. Zhang et al., "Individual and combined
application of Cu-tolerant Bacillus spp. enhance the Cu phytoextraction
efficiency of perennial ryegrass,”" Chemosphere, 2021. [HTML]

223.Y. Gao, Y. Qiao, Y. Xu, L. Zhu, and J. Feng, "Assessment of the
transfer of heavy metals in seawater, sediment, biota samples and
determination the baseline tissue concentrations of metals in marine
organisms," *Environmental Science and Pollution Research*, vol. 28,
no. 12, pp. 14567-14578, 2021. [HTML]

224.S. V. Koptsik and G. N. Koptsik, "Assessment of current risks of

Page | 69


https://link.springer.com/article/10.1007/s00284-023-03316-x
https://dspace.lib.cranfield.ac.uk/bitstreams/37143f38-9a85-46c2-b5c9-b34fd0018010/download
https://www.sciencedirect.com/science/article/pii/S0269749124016944
https://www.cell.com/heliyon/pdf/S2405-8440(22)00283-3.pdf
https://www.tandfonline.com/doi/abs/10.1080/15226514.2021.1951654
https://link.springer.com/article/10.1007/s11756-021-00804-y
https://www.mdpi.com/2305-6304/10/7/396
https://www.sciencedirect.com/science/article/pii/S0045653520321470
https://link.springer.com/article/10.1007/s11356-021-12650-1

excessive heavy metal accumulation in soils based on the concept of
critical loads: A review," Eurasian Soil Science, 2022. springer.com

225.Y. Gao, R. Wang, Y. Li, X. Ding, Y. Jiang, and J. Feng, "Trophic
transfer of heavy metals in the marine food web based on tissue
residuals,” *Science of the Total Environment*, vol. 2021, Elsevier.
[HTML]

226.H. Zhang, Y. Zhao, Z. Wang, and Y. Liu, "Distribution characteristics,
bioaccumulation and trophic transfer of heavy metals in the food web of
grassland ecosystems," Chemosphere, 2021. [HTML]

227.Y. G. Gu, Y. P. Gao, F. Chen, H. H. Huang, and S. H. Yu, "Risk
assessment of heavy metal and pesticide mixtures in aquatic biota using
the DGT technique in sediments,” Water Research, vol. 2022, Elsevier.
[HTML]

228.B. Singh and E. Christina, "Indigenous microorganisms as an effective
tool for in situ bioremediation,” in *Relationship Between Microbes and
the Environment*, 2022, Elsevier. [HTML]

229.S. Nandy, D. Panchal, A. Kapley, "Indigenous microorganisms: an
effective in situ tool to mitigate organic pollutants from contaminated
sites,” in *Microbial Technologies for ...*, 2022. [HTML]

230.P. Visvanathan, D. Kirubakaran, K. Selvam, et al., "Recent strategies for
natural bioremediation of emerging pollutants: development of a green
and sustainable environment," Bioremediation of ..., 2024. acs.org

231.K. F. Alabbosh, "Leveraging the Potential of Environmental
Microorganisms: An Extensive Examination of Their Capacity in
Tackling Global and Local Environmental and ...," Polish Journal of
Environmental Studies, 2025. pjoes.com

232.K. Mondal, S. Kumar, A. K. Singh, I. N. Najar, N. Thakur,
"Overcoming industrial challenges in microbial bioremediation:
leveraging modern technologies and sustainable practices,” Functional,
vol. 2024, Elsevier. [HTML]

233.S. N. Shah, "Impact of industrial pollution on our society,” Pakistan
Journal of Science, 2021. pastic.gov.pk

234.WU Khan, S. Ahmed, Y. Dhoble, and S. Madhav, "A critical review of
hazardous waste generation from textile industries and associated
ecological impacts,” *Journal of the Indian Chemical Society*, vol. 100,
no. 5, pp. 1234-1245, 2023. [HTML]

Page | 70


https://link.springer.com/content/pdf/10.1134/S1064229322050039.pdf
https://www.sciencedirect.com/science/article/pii/S0048969721001303
https://www.sciencedirect.com/science/article/pii/S0045653521008778
https://www.sciencedirect.com/science/article/pii/S0043135422010545
https://www.sciencedirect.com/science/article/pii/B9780323899376000139
https://api.taylorfrancis.com/content/chapters/edit/download?identifierName=doi&identifierValue=10.1201/9781003231738-9&type=chapterpdf
https://pubs.acs.org/doi/pdf/10.1021/bk-2024-1476.ch001
https://www.pjoes.com/pdf-185701-113801?filename=Leveraging%20the%20Potential.pdf
https://www.sciencedirect.com/science/article/pii/B9780323983723000058
https://nja.pastic.gov.pk/PJS/index.php/PJS/article/download/1806/1797
https://www.sciencedirect.com/science/article/pii/S0019452222004915

235.R. Munsif, M. Zubair, A. Aziz, and M. N. Zafar, "Industrial air emission
pollution: potential sources and sustainable mitigation," Environmental
emissions, 2021. intechopen.com

236.G. Palani, A. Arputhalatha, K. Kannan, S. K. Lakkaboyana, "Current
trends in the application of nanomaterials for the removal of pollutants
from industrial wastewater treatment a review,"” Molecules, 2021.
mdpi.com

237.V. Pande, S. Chandra Pandey, D. Sati, P. Bhatt et al., "Microbial
Interventions in Bioremediation of Heavy Metal Contaminants in
Agroecosystem,"” 2022. ncbi.nlm.nih.gov

238.M. Tartaglia, D. Zuzolo, A. Postiglione, A. Prigioniero et al.,
"Biotechnological Combination for Co-contaminated Soil Remediation:
Focus on  Tripartite  “Meta-Enzymatic”  Activity,"  2022.
ncbi.nlm.nih.gov

239.K. K. Sodhi, L. C. Mishra, C. K. Singh, and M. Kumar, "Perspective on
the heavy metal pollution and recent remediation strategies,” *Current
Research in Microbial Sciences*, vol. XX, pp. XX-XX, 2022.
sciencedirect.com

240.R. Jakhar, L. Samek, and K. Styszko, "A comprehensive study of the
impact of waste fires on the environment and health," Sustainability,
2023. mdpi.com

241.A. Tarig and A. Mushtag, "Untreated wastewater reasons and causes: A
review of most affected areas and cities," Int. J. Chem. Biochem. Sci,
2023. iscientific.org

242.C. Diaz-Mendoza, P. A. Ordiales, M. L. Bustos, et al., "Abundance and
distribution of cigarette butts on the sand of five touristic beaches in
Latin America during the COVID-19 pandemic,” Marine Pollution
Bulletin, vol. 2023, Elsevier. sciencedirect.com

243.G. Kumar, S. Vyas, S. N. Sharma, and K. Dehalwar, "Challenges of
environmental health in waste management for peri-urban areas,” in
Solid Waste Management, 2024, Springer. researchgate.net

244.AJ Jafari, P. Latifi, Z. Kazemi, Z. Kazemi, and M. Morovati,
"Development a new index for littered waste assessment in different
environments: A study on coastal and urban areas of northern Iran
(Caspian Sea)," Marine Pollution Bulletin, vol. 2021, Elsevier. [HTML]

245.M. P. Kannankai, R. K. Alex, V. V. Muralidharan, et al., "Urban

Page | 71


https://www.intechopen.com/chapters/72766
https://www.mdpi.com/1420-3049/26/9/2799
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9120775/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9121008/
https://www.sciencedirect.com/science/article/pii/S2666517422000633
https://www.mdpi.com/2071-1050/15/19/14241
https://www.iscientific.org/wp-content/uploads/2023/05/15-IJCBS-23-23-22.pdf
https://www.sciencedirect.com/science/article/pii/S0025326X23007403
https://www.researchgate.net/profile/Shashikant-Sharma-15/publication/383071132_Challenges_of_Environmental_Health_in_Waste_Management_for_Peri-urban_Areas/links/675a66c78a260162991aeeed/Challenges-of-Environmental-Health-in-Waste-Management-for-Peri-urban-Areas.pdf
https://www.sciencedirect.com/science/article/pii/S0025326X21007189

mangrove ecosystems are under severe threat from microplastic
pollution: a case study from Mangalavanam, Kerala, India,"
*Environmental Science*, vol. 2022, Springer. researchgate.net

246.S. V. Rathod, P. Saras, and S. M. Gondaliya, "Environmental pollution:
Threats and challenges for management,” in *Journal of Polluted
Environment*, 2024. [HTML]

247.V. Saxena, "Water quality, air pollution, and climate change:
investigating the environmental impacts of industrialization and
urbanization," Water, [HTML]

248.V. T. Mohite, "Pollution and pollution control,” Emerging trends in
environmental biotechnology, 2022. [HTML]

249.J. Awewomom, F. Dzeble, Y. D. Takyi, W. B. Ashie, "Addressing
global environmental pollution using environmental control techniques:
a focus on environmental policy and preventive environmental
management,” *Journal of Environmental Management*, vol. 2024,
Springer. springer.com

250.K. Sharma, S. Chakroborty, K. Pal, A. R. Panda, "Controllable synthesis
of high-yield magnetic nanomaterials assisted dye adsorbents from

waste-water treatment and applications," Journal of Molecular..., vol.
2024, Elsevier. [HTML]

251.J. Huo and C. Peng, "Depletion of natural resources and environmental
quality: Prospects of energy use, energy imports, and economic growth
hindrances," Resources policy, 2023. [HTML]

252.H. Canton, "United Nations Environment Programme UNEP," in *The
Europa Directory of International Organizations*, 2021. [HTML]

253.1. Citaristi, "United Nations Environment Programme UNEP," in *The
Europa Directory of International Organizations*, 2022. [HTML]

254.W. Health Organization, "Compendium of WHO and other UN
guidance on health and environment,” 2021. fiu.edu

255.12%. 11 UNEP, "One health joint plan of action (2022-2026): working
together for the health of humans, animals, plants and the environment,"
United Nations Environment Programme, 2022. google.com

256.UNEP, "Implementing the global action plan on antimicrobial
resistance: first quadripartite biennial report,” United Nations
Environment Programme, 2023. google.com

Page | 72


https://www.researchgate.net/profile/Madhuraj-Palat-Kannankai/publication/361431978_Urban_mangrove_ecosystems_are_under_severe_threat_from_microplastic_pollution_a_case_study_from_Mangalavanam_Kerala_India/links/62d0f6c32d029b64840f484c/Urban-mangrove-ecosystems-are-under-severe-threat-from-microplastic-pollution-a-case-study-from-Mangalavanam-Kerala-India.pdf
https://www.taylorfrancis.com/chapters/edit/10.1201/9781003423393-1/environmental-pollution-sandip-rathod-piyushkumar-saras-shradhdha-gondaliya
https://link.springer.com/article/10.1007/s11270-024-07702-4
https://www.taylorfrancis.com/chapters/edit/10.1201/9781003186304-2/pollution-pollution-control-vitthal-mohite
https://link.springer.com/content/pdf/10.1007/s44274-024-00033-5.pdf
https://www.sciencedirect.com/science/article/pii/S0022286024000735
https://www.sciencedirect.com/science/article/pii/S0301420723007602
https://www.taylorfrancis.com/chapters/edit/10.4324/9781003179900-30/united-nations-environment-programme%E2%80%94unep-helen-canton
https://www.taylorfrancis.com/chapters/edit/10.4324/9781003292548-46/united-nations-environment-programme%E2%80%94unep-ileana-citaristi
https://digitalcommons.fiu.edu/cgi/viewcontent.cgi?article=1958&context=srhreports
https://books.google.com/books?hl=en&lr=&id=FHwOEQAAQBAJ&oi=fnd&pg=PA1&dq=The+International+Guidelines+provided+by+the+United+Nations+Environmental+Programme+compile+criteria+and+procedures.&ots=ocQGhQeS8V&sig=EiDRE-CUx7pVlIOk1yE9pfig3IY
https://books.google.com/books?hl=en&lr=&id=DOLpEAAAQBAJ&oi=fnd&pg=PR5&dq=The+International+Guidelines+provided+by+the+United+Nations+Environmental+Programme+compile+criteria+and+procedures.&ots=klJaMcWvX-&sig=6EROpPJvTtOiP0IKfSQSo1bKzkI

257.World Health Organization, "Making every school a health-promoting
school: Implementation guidance," United Nations Educational, 2021.
google.com

258.A. S. Alamoush, F. Ballini, and A. 1. Olger, "Revisiting port
sustainability as a foundation for the implementation of the United
Nations Sustainable Development Goals (UN SDGs)," Journal of
Shipping and Trade, 2021. springer.com

259.D. Unep, "Partnership and United Nations Environment Programme,”
Reducing consumer food waste using green and digital ..., 2021.
yunbaogao.cn

260.N. Sh. Akimbekov, A. K. Yernazarova, K. T. Tastambek, G. Zh.
Abdieva et al., "Microbial Load as Ecotoxicological Assessment of
Heavy Metals Presence in Soil Samples from the Kazakhstan Part of the
Caspian Sea," 2017. [PDF]

261.U. Linda Nwaehiri, P. Ikechukwu Akwukwaegbu, and B. Ekejiuba
Bright Nwoke, "Bacterial remediation of heavy metal polluted soil and
effluent from paper mill industry,” 2020. ncbi.nlm.nih.gov

262.A. Weber, S. Wolf, N. Becker, L. Marker-Neuhaus, and others, "The
risk may not be limited to flooding: polluted flood sediments pose a
human health threat to the unaware public," Environmental Sciences,
vol. 2023, Springer. springer.com

263.S. Kumar, V. Kumar, R. K. Saini, N. Pant, R. Singh, "Floodplains
landforms, clay deposition and irrigation return flow govern arsenic
occurrence, prevalence and mobilization: A geochemical and isotopic
study of the mid ...," Environmental ..., vol. 2021, Elsevier. [HTML]

264.R. Kanianska, J. Varga, N. Benkov4, M. Kizekova, "Floodplain soils
contamination assessment using the sequential extraction method of
heavy metals from past mining activities," *Scientific Reports*, 2022.
nature.com

265.T. Matys Grygar, M. Faméra, M. Hosek, and others, "Uptake of Cd, Pb,
U, and Zn by plants in floodplain pollution hotspots contributes to
secondary contamination," *Science and Pollution*, vol. 2021, Springer.
[HTML]

266.S. Ahmad, M. Imran, B. Murtaza, and Natasha, "Hydrogeochemical and
health risk investigation of potentially toxic elements in groundwater
along River Sutlej floodplain in Punjab, Pakistan,"” *Environmental
Science and Health*, vol. 2021, Springer. [HTML]

Page | 73


https://books.google.com/books?hl=en&lr=&id=TMZqEAAAQBAJ&oi=fnd&pg=PR4&dq=The+International+Guidelines+provided+by+the+United+Nations+Environmental+Programme+compile+criteria+and+procedures.&ots=KAd3vV-dRj&sig=qfWf31SLsvUYscmXFrNwZ03QxH8
https://link.springer.com/content/pdf/10.1186/s41072-021-00101-6.pdf
https://www.yunbaogao.cn/index/partFile/5/unep/2022-04/5_31028.pdf
https://core.ac.uk/download/201263051.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7374185/
https://link.springer.com/content/pdf/10.1186/s12302-023-00765-w.pdf
https://www.sciencedirect.com/science/article/pii/S0013935121008100
https://www.nature.com/articles/s41598-022-06929-7.pdf
https://link.springer.com/article/10.1007/s11356-021-14331-5
https://link.springer.com/article/10.1007/s10653-021-00941-y

267.C. K. Yap and K. A. Al-Mutairi, "High ecological health risks of
potentially toxic metals in polluted drainage sediments: is there a need
for public concern during flash floods?," Water, 2022. mdpi.com

268.L. F. Steingrdber, C. Ludolphy, J. Metz, "... metal concentrations in
floodplain soils of the Innerste River and in leaves of wild blackberries
(Rubus fruticosus L. agg.) growing within and outside the floodplain
...," *Science and Pollution*, vol. 2022, Springer. springer.com

269.E. PANTAZIDI, "Navigating Uncertainty: An Exploration of Young
Adults' Lives in Post-Crisis Athens, Greece-Socioeconomic Conditions,
Challenges, Adaptation, and Future ...," thesis.unipd.it, unipd.it

270.D. Sarantidis, "Living in the Enduring 2015 “Refugee Crisis”: The
Perspectives of Lesvos' Local Populations," 2021. open.ac.uk

271.E. Lakioti, N. Pagonis, D. Flegkas, A. Itziou, K. Moustakas, "Social
Factors and Policies Promoting Good Health and Well-Being as a
Sustainable Development Goal: Current Achievements and Future
Pathways," Sustainability, 2025. mdpi.com

272.M. Daskalaki, M. Fotaki, and M. Simosi, "The gendered impact of the
financial crisis: Struggles over social reproduction in Greece,"
*Environment and Planning A: Economy and Space*, vol. 53, no. 6, pp.
1234-1250, 2021. warwick.ac.uk

273.K. Kotuldkova, V. Kohutiarovd, M. Orolinova, "A Q-methodology
study to identify Slovak and Czech secondary school teachers'
prioritised features of the sustainable development goals,"
Environmental ..., 2025. [HTML]

274.E. W. Stuhlhofer, "In pursuit of development: Post-migration stressors
among Kenyan female migrants in Austria," Social Sciences, 2021.
mdpi.com

275.N. Andreu, "The role of women leadership in community wellness and
resilience: Looking through the lens of the COVID-19 crisis,” 2022.
[HTML]

276.). Battilana, J. Yen, |. Ferreras, et al., "Democratizing work:
Redistributing power in organizations for a democratic and sustainable
future," *Organization*, vol. 29, no. 1, pp. 1-23, 2022. sagepub.com

277.E. B. Ali, V. P. Anufriev, and B. Amfo, "Green economy
implementation in Ghana as a road map for a sustainable development
drive: A review," Scientific African, 2021. sciencedirect.com

Page | 74


https://www.mdpi.com/2073-4441/14/15/2316
https://link.springer.com/content/pdf/10.1007/s11356-021-17320-w.pdf
https://thesis.unipd.it/bitstream/20.500.12608/79616/1/Pantazidi%20Eleni%2Ctesis.pdf
https://oro.open.ac.uk/76195/1/Living%20in%20the%20Enduring%202015%20Refugee%20Crisis.%20The%20Perspectives%20of%20Lesvos'%20Local%20Populations_%20Dimos%20Sarantidis.pdf
https://www.mdpi.com/2071-1050/17/11/5063
https://wrap.warwick.ac.uk/id/eprint/135389/1/WRAP-gendered-impact-financial-crisis-struggles-social-Greece-Fotaki-2020.pdf
https://www.tandfonline.com/doi/abs/10.1080/13504622.2024.2335632
https://www.mdpi.com/2076-0760/11/1/1
https://search.proquest.com/openview/e9379ca48254f14e13c5de5c8ebe9a73/1?pq-origsite=gscholar&cbl=18750&diss=y
https://journals.sagepub.com/doi/pdf/10.1177/26317877221084714
https://www.sciencedirect.com/science/article/pii/S2468227621000600

278.D. Dushkova and O. lvlieva, "Empowering communities to act for a
change: A review of the community empowerment programs towards
sustainability and resilience," Sustainability, 2024. mdpi.com

279.S. Heuninckx, G. Te Boveldt, C. Macharis, and T. Coosemans,
""Stakeholder objectives for joining an energy community: Flemish case
studies," Energy Policy, 2022. sciencedirect.com

280.S. Jang and T. H. T. Gim, "Considerations for encouraging citizen
participation by information-disadvantaged groups in smart cities,"
Sustainable Cities and Society, 2022. [HTML]

281.1. Goswami, S. Balakrishnan, and C. Vinotha, "Gender And Politics:
Examining Women's Representation And Empowerment," Journal of
Namibian..., 2023. researchgate.net

282.A. K. Sadanov, B. B. Baimakhanova, S. E. Orasymbet, "Engineering
Useful  Microbial Species for Pharmaceutical Applications,”
Microorganisms, 2025. mdpi.com

283.S. Kumar and Y. Shrivastava, "34 Integrative Insights: Merging
Biochemistry, Microbiology, and Biotechnology in Research Chapter,"
in *Exploring Multidisciplinary Research Frontiers*. researchgate.net

284.). Montafio Lépez, L. Duran, and J. L. Avalos, "Physiological
limitations and opportunities in microbial metabolic engineering,”
Nature Reviews Microbiology, 2022. nsf.gov

285.R. Dhanker, T. Hussain, P. Tyagi, K. J. Singh, "The emerging trend of
bio-engineering approaches for microbial nanomaterial synthesis and its
applications,” Frontiers in ..., vol. 2021. frontiersin.org

286.M. J. Volk, V. G. Tran, S. I. Tan, S. Mishra, and Z. Fatma, "Metabolic
engineering: methodologies and applications,” *Chemical Engineering*,
vol. 2022, ACS Publications. google.com

287.G. Pant, D. Garlapati, U. Agrawal, R. G. Prasuna, "Biological
approaches practised using genetically engineered microbes for a
sustainable environment: a review," Journal of Hazardous Materials,
vol. 2021, Elsevier. [HTML]

288.S. Joshi, A. Pandey, R. Sirohi, and S. H. Park, "Current Developments
in Biotechnology and Bioengineering: Designer Microbial Cell
Factories: Metabolic Engineering and Applications,” 2022. [HTML]

289.S. Srinivasan, A. Jnana, and T. S. Murali, "Modeling microbial
community networks: methods and tools for studying microbial
interactions," Microbial ecology, 2024. springer.com

Page | 75


https://www.mdpi.com/2071-1050/16/19/8700
https://www.sciencedirect.com/science/article/pii/S0301421522000337
https://www.sciencedirect.com/science/article/pii/S2210670721007101
https://www.researchgate.net/profile/Balakrishnan-s-5/publication/372193816_Gender_And_Politics_Examining_Women's_Representation_And_Empowerment/links/64a8d717c41fb852dd5bc3f9/Gender-And-Politics-Examining-Womens-Representation-And-Empowerment.pdf
https://www.mdpi.com/2076-2607/13/3/599
https://www.researchgate.net/profile/Ankit-Patel-28/publication/383779387_BRIDGING_DISCIPLINES_EXPLORING_MULTIDISCIPLINARY_RESEARCH_FRONTIERS/links/66d98412fa5e11512c767894/BRIDGING-DISCIPLINES-EXPLORING-MULTIDISCIPLINARY-RESEARCH-FRONTIERS.pdf#page=307
https://par.nsf.gov/servlets/purl/10285266
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2021.638003/pdf
https://drive.google.com/file/d/1OsZmLKacKB6LtuaDK7GPotJYHQ0ZRMXo/view
https://www.sciencedirect.com/science/article/pii/S0304389420326212
https://books.google.com/books?hl=en&lr=&id=2aRXEAAAQBAJ&oi=fnd&pg=PP1&dq=The+advancement+of+scientific+methodologies+has+expanded+possibilities+for+engineering+specialized+microbes.&ots=d_Zeo4-E9n&sig=gQ2wTnMSech3eSmm-ghqB36elv0
https://link.springer.com/content/pdf/10.1007/s00248-024-02370-7.pdf

290.R. Mishra, S. Gupta, and D. Kumar, "Integrative Approaches:
Combining Metagenomics and Network Science,” Genomic
Intelligence, [HTML]

291.E. ldowu, "Microbial ecology: understanding the dynamics of microbial
communities and their impact on ecosystems," 2024. preprints.org

292.S. Gupta and D. Kumar, "Constructing and Analysing Microbial
Interaction Networks using Al," Genomic Intelligence, [HTML]

293.B. Mallik, T. Mishra, P. Dubey, M. Kesheri, "Exploring the secrets of
microbes: unveiling the hidden world through microbial omics in
environment and health,”" in Microbial omics in ..., 2024, Springer.
[HTML]

294.M. Naveed, Z. Memon, M. Abdullah, "Use cases and future aspects of
intelligent techniques in microbial data analysis,” in *Techniques for
Microbial Data Analysis*, Springer, 2024. researchgate.net

295.V. Sharma, "MICROBIAL GENOMICS: SEQUENCING AND
COMPARATIVE = ANALYSIS," MICROBIAL  GENETICS,
wisdompress.co.in

296.S. Surekha, D. Kumar, A. D. Reddy, and S. Gupta, "Functional Profiling
of Microbial Communities through Al Approaches,” Genomic
Intelligence, [HTML]

297.S. Lata and N. G. Ansari, "Analytical Techniques for Heavy Metal
Analysis," in *Heavy Metal Contamination in the ...*, 2024. [HTML]

298.P. Punia, M. K. Bharti, R. Dhar, P. Thakur, "Recent advances in
detection and removal of heavy metals from contaminated water,"
ChemBioEng, vol. 2022, Wiley Online Library. [HTML]

299.M. Li, Q. Shi, N. Song, Y. Xiao, L. Wang, and Z. Chen, "Current trends
in the detection and removal of heavy metal ions using functional
materials,” *Chemical Society Reviews*, vol. 2023. rsc.org

300.J. Cai, B. Niu, Q. Xie, N. Lu, S. Huang, "Accurate removal of toxic
organic pollutants from complex water matrices,"” *ACS Sustainable
Chemistry & Engineering*, vol. 10, no. 12, pp. 4334-4345, 2022.
[HTML]

301.C. Firinca, L. G. Zamfir, M. Constantin, I. Raut et al., "Microbial
Removal of Heavy Metals from Contaminated Environments Using
Metal-Resistant Indigenous Strains," 2023. nchi.nlm.nih.gov

Page | 76


https://www.taylorfrancis.com/chapters/edit/10.1201/9781003570233-14/integrative-approaches-combining-metagenomics-network-science-riya-mishra-sheetanshu-gupta-presenjit-dhirendra-kumar
https://www.preprints.org/frontend/manuscript/b3c64ad36aa19d49d8edde1693d68f8c/download_pub
https://www.taylorfrancis.com/chapters/edit/10.1201/9781003570233-13/constructing-analysing-microbial-interaction-networks-using-ai-sheetanshu-gupta-dhirendra-kumar
https://link.springer.com/chapter/10.1007/978-981-97-1769-9_10
https://www.researchgate.net/profile/Syed-Munawar-5/publication/378629402_Plant_Diseases_Diagnosis_with_Artificial_Intelligence_AI/links/65e96851adf2362b637d21d9/Plant-Diseases-Diagnosis-with-Artificial-Intelligence-AI.pdf#page=268
https://www.wisdompress.co.in/wp-content/uploads/2022/10/Microbial-Genetics.pdf#page=61
https://www.taylorfrancis.com/chapters/edit/10.1201/9781003570233-7/functional-profiling-microbial-communities-ai-approaches-surekha-dhirendra-kumar-alla-devivaraprasad-reddy-sheetanshu-gupta
https://www.taylorfrancis.com/chapters/edit/10.1201/9781032685793-12/analytical-techniques-heavy-metal-analysis-sneh-lata-nasreen-ghazi-ansari
https://onlinelibrary.wiley.com/doi/abs/10.1002/cben.202100053
https://pubs.rsc.org/en/content/articlepdf/2005/xn/d2cs00683a
https://pubs.acs.org/doi/abs/10.1021/acs.est.1c07824
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10801475/

302.L. Li, C. Chen, D. Li, K. Breivik, and G. Abbasi, "What do we know
about the production and release of persistent organic pollutants in the
global environment?" *Environmental Science*, vol. 2023. rsc.org

303.A. Saravanan, P. S. Kumar, P. A. Duc, and G. Rangasamy, "Strategies
for microbial bioremediation of environmental pollutants from industrial
wastewater: a sustainable approach,” Chemosphere, 2023. [HTML]

304.V. Pande, S. C. Pandey, D. Sati, and P. Bhatt, "Microbial interventions
in bioremediation of heavy metal contaminants in agroecosystem,"
*Frontiers in Microbiology*, vol. 2022. frontiersin.org

305.B. Mishra, S. Varjani, G. Kumar, "Microbial approaches for remediation
of pollutants: Innovations, future outlook, and challenges," *Journal of
Environmental Management™*, vol. 2021. academia.edu

306.Q. Magsood, N. Hussain, M. Mumtaz, M. Bilal, "Novel strategies and
advancement in reducing heavy metals from the contaminated
environment,” *Journal of Microbiology*, vol. 2022, Springer.
researchgate.net

307.A. Karnwal, S. Martolia, A. Dohroo, and others, "Exploring
bioremediation strategies for heavy metals and POPs pollution: the role
of microbes, plants, and nanotechnology,” in Environmental Frontiers,
2024. frontiersin.org

308.W. Zheng, T. Cui, and H. Li, "Combined technologies for the
remediation of soils contaminated by organic pollutants. A review,"
Environmental Chemistry Letters, 2022. [HTML]

309.H. Rafeeq, S. A. Qamar, T. A. Nguyen, M. Bilal, et al., "Microbial
degradation of environmental pollutants," in *... and biodeterioration at
...* 2022, Elsevier. [HTML]

310.Y. Huang, H. Hu, T. Zhang, W. Wang et al., "Meta- omics assisted
microbial gene and strain resources mining in contaminant
environment," 2023. ncbi.nim.nih.gov

311.J. Arora, A. Kumari, A. Ranjan, and V. D. Rajput, "Microbial adaptation
in different extreme environmental conditions and its usefulness in
differently polluted soil,” *Agriculture and Soil*, vol. 2024, Springer.
[HTML]

312.Z. Rahman, L. Thomas, S. P. K. Chetri, S. Bodhankar, "A
comprehensive review on chromium (Cr) contamination and Cr (VI)-
resistant ~ extremophiles in  diverse extreme environments,"

Page | 77


https://pubs.rsc.org/en/content/articlepdf/2022/va/d2va00145d
https://www.sciencedirect.com/science/article/pii/S0045653522038164
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.824084/pdf
https://www.academia.edu/download/105118351/0958305X1989678120230819-1-rygrac.pdf
https://www.researchgate.net/profile/Quratulain-Maqsood/publication/361976851_Novel_strategies_and_advancement_in_reducing_heavy_metals_from_the_contaminated_environment/links/63fe16d10d98a97717c5c66f/Novel-strategies-and-advancement-in-reducing-heavy-metals-from-the-contaminated-environment.pdf
https://www.frontiersin.org/journals/environmental-science/articles/10.3389/fenvs.2024.1397850/pdf
https://link.springer.com/article/10.1007/s10311-022-01407-y
https://www.sciencedirect.com/science/article/pii/B9780128239704000191
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11065330/
https://link.springer.com/chapter/10.1007/978-3-031-70203-7_3

*Environmental Science and Pollution Research*, vol. 2023, Springer.
[HTML]

313.A. K. Wani, N. Akhtar, F. Sher, A. A. Navarrete, "Microbial adaptation
to different environmental conditions: molecular perspective of evolved
genetic and cellular systems,” *Archives of Microbiology*, vol. 2022,
Springer. ntu.ac.uk

314.M. Nag, D. Lahiri, S. Ghosh, T. Sarkar, and S. Pati, "Application of
microorganisms in  biotransformation and bioremediation  of
environmental contaminant: a review," Geomicrobiology, 2024.
researchgate.net

315.M. S. Avyilara and O. O. Babalola, "Bioremediation of environmental
wastes: the role of microorganisms,” Frontiers in Agronomy, 2023.
frontiersin.org

316.J. K. Im, H. R. Noh, T. Kang, and S. H. Kim, "Distribution of heavy
metals and organic compounds: contamination and associated risk
assessment in the Han River watershed, South Korea," Agronomy, 2022.
mdpi.com

317.K. Su, Q. Zhang, A. Chen, X. Wang, L. Zhan, and Q. Rao, "Heavy
metals concentrations in commercial organic fertilizers and the potential
risk of fertilization into soils,” Scientific Reports, 2025. nature.com

Page | 78


https://link.springer.com/article/10.1007/s11356-023-26624-y
https://irep.ntu.ac.uk/id/eprint/46762/1/1568313_Sher.pdf
https://www.researchgate.net/profile/Dr-Deo-Ram/publication/374527282_Application_of_Microorganisms_in_Biotransformation_and_Bioremediation_of_Environmental_Contaminant_A_Review/links/66dabeee64f7bf7b199992d4/Application-of-Microorganisms-in-Biotransformation-and-Bioremediation-of-Environmental-Contaminant-A-Review.pdf
https://www.frontiersin.org/journals/agronomy/articles/10.3389/fagro.2023.1183691/pdf
https://www.mdpi.com/2073-4395/12/12/3022
https://www.nature.com/articles/s41598-024-79681-9.pdf

