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Abstract

Ecosystems, biodiversity, and the human population all depend on a quality or uncontaminated envir-
onment. Quality environment provides people and wildlife access to nutrition, medications, dietary sup-
plements, and other ecosystem services. The conservation of biodiversity—that is, species richness,
abundance, heredities, and diversity—as well as the control of climate change are facilitated by such
an uncontaminated environment. However, these advantages are jeopardized by newly emerging envir-
onmental chemical contaminants (EECCs) brought on by increased industrialization and urbanization. In
developing countries, inadequate or poor environmental policies, infrastructure, and national standards
concerning the usage, recycling, remediation, control, and management of EECCs hasten their effects.
EECGC:s in these countries negatively affect biodiversity, ecological services and functions, and human
health. This review reveals that the most deprived or vulnerable local communities in developing coun-
tries are those residing near mining or industrial areas and cultivating their crops and vegetables on
contaminated soils, as is wildlife that forages or drinks in EECC-contaminated water bodies. Yet, people
in these countries have limited knowledge about EECCs, their threats to human well-being, ecosystem
safety, and the environment, as well as remediation technologies. Besides, efforts to efficiently control,
combat, regulate, and monitor EECCs are limited. Thus, the review aims to increase public knowledge
concerning EECCs in developing countries and present a comprehensive overview of the current status
of EECC:s. It also explores the sources and advancements in remediation techniques and the threats of
EECCs to humans, ecosystems, and biodiversity.
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Introduction

A safety ecosystem is important for food and biomass production, water retention, sup-
plies, and filtration. It is also vital for the survival of humans, biodiversity—which
encompasses a wide range of all living organisms on the planet, such as plants,
animals, fungi, and microbes, and their habitats—and healthy systems.'™ Along with
regulating climate change, a healthy ecosystem also maintains the provision of clean,
oxygen-rich air and water and raw products, including food and medicines.”* Also, it
promotes the interaction between biotic and abiotic components, which in turn facilitates
the breakdown and transformation of organic matter and carbon storage,4 aeration, and
detoxification of various harmful chemicals, e.g. pharmaceuticals, insecticides, and pes-
ticides.>® Our environment is home to millions of living things, both flora and fauna,
whose interplay ensures healthy and sustainable ecosystems and human life on
earth.>® However, contaminated environments are supposed to adversely affect these
organisms and their roles, threatening ecosystem health, agricultural productivity, bio-
diversity, and soil biotic.” Accordingly, in addition to losing thousands of biodiversity
and ecosystem services, a contaminated environment could also hinder people from pro-
ducing enough and safe food, which is crucial for food security and a sustainable world.>
This is due to the fact that a quality environment, biodiversity, and human health are all
clearly correlated.>®

Emerging environmental chemical contaminants (EECCs) are examples of major pol-
lutants as a result of industrialization and urbanization. They are defined in this article as
all chemical products that are continuously produced, used, and released into the envir-
onment in a multitude of ways; however, currently, they lack or have limited regulations
especially in developing countries. They include organic (e.g. insecticides, herbicides,
synthetic fertilizers, dyes, and phenols) and inorganic (e.g. potentially hazardous heavy
metals) chemicals.>*'® Further, nanoparticles, drugs, personal hygiene products, phtha-
lates, heavy metals, per- and poly-fluoroalkyl compounds, flame retardants, and micro-
plastics are a few examples of industrial and urban EECCs.>®*''"!'3 Nonetheless,
some EECCs that have harmful impacts on the environment and human well-being are
found in nature.®'? Since EECCs have a detrimental effect on biodiversity, human, envir-
onmental, and social integrity, they need to be managed globally, especially in develop-
ing countries.®'°

Overuse and misuse of agrochemicals, nanomaterials, drugs, personal hygiene pro-
ducts, and pharmaceuticals, materials containing toxic heavy metals, per- and poly-
fluoroalkyl compounds, and many other EECCs can lead to environmental or ecosystem
pollution, which may eventually cause the decline or extinction of biodiversity.>”"'*
When exposed to an EECC-contaminated environment, for instance, when eating or
drinking contaminated food, water, or forage, human beings and wild animals may
also be affected either directly or indirectly.”'> Earlier study affirms that more than
fifty thousand people die each year worldwide as a result of prolonged human exposure
to EECCs.'® Pregnant women, the elderly, and children make up the majority of these
victims.'*'%~'® Even with this established evidence of effects, controlling and preventing
EECCs from entering the environment remains the main problem facing developing
countries, especially those in sub-Saharan Africa.” And, there is increasing EECC
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contamination (e.g. pharmaceutical wastes, toxic heavy metals, microplastics, pesticides,
etc.) in the environment that increases the risk to humans, wildlife, and ecosystem safety.
Consequently, the increase in EECC pollution in the environment raises the risk to
people, wildlife, and ecosystem safety. This problem has been present since there are
insufficient or no national strategies for the use and discarding of EECCs in most devel-
oping countries.

The EECCs-caused contamination affects soil fertility by reducing soil organic matter
and reducing soil resilience, biodiversity, and its capacity to hold water.>*'® This occurs
because EECCs cause the demise of vital macro- and microorganisms, i.e. nematodes,
bacteria, fungi, protozoans, arthropods, and earthworms, which help maintain a healthy
soil ecosystem. These organisms execute imperative roles such as soil aeration, decom-
position and breakdown of organic matter, carbon cycling, and fixation of atmospheric
nitrogen, which ensure quality ecosystem.>**! Thus, the dwindling diversity of these
organisms and changes in their community structure due to EECCs could cause a loss
of ecosystem viability and services.**® This can further jeopardize the way different
soil macro- and microorganisms interact with each other and their environment.

Previous studies highlight that the most deprived local communities in the developing
world, particularly those residing near mining or industrial areas and cultivating their
crops on contaminated soils, are the most vulnerable, as is wildlife that forages or
drinks in EECC-contaminated water bodies.”'>**** However, people in developing
countries still lack knowledge about EECCs, their problems (i.e. threats to human well-
being, ecosystem safety, and the environment), and remediation technologies. Also,
effort to efficiently control, combat, regulate, and monitor EECCs is also limited. This
review aims to increase public knowledge concerning EECCs in developing countries
and present a comprehensive overview of the current status of EECCs. It also explores
the sources and advancements in remediation techniques and the challenges of EECCs
to human, ecosystem, and biodiversity. Overall, the rest of the paper is structured as
follows: Section 2 contains the literature review method; Section 3 contains the
sources of EECCs; Section 4 contains the potential effects of the EECCs on biodiversity
and humans; Sections 5, 6, and 7 contain the remediation technology of EECC, biodiver-
sity conservation implications, and the limitations of the study, respectively; and Section
8 is the conclusion.

Literature review method

Peer-reviewed articles from international databases and publishers, which include
Springer, FElsevier, Taylor & Francis, SAGE, Science Direct, Scopus,
Wiley-Blackwell, PLOS ONE, Hindawi, MDPI, the Directorate of Open Access
Journals, African Journal Online, and the Web of Science, are the source of the material
presented in this article. We looked at papers that addressed EECCs—their origins, types,
and effects on biodiversity, the environment, and people. Within the databases, publish-
ers, journals, article titles, and keywords, we specifically searched for the following
terms: “types of EECCs,” “soil pollutants,” “chemical pollutants,” “pollution,” “environ-
mental pollutants,” “sources of pollutants,” “remediation technology,” “industrial pollu-
tants,” “pharmaceuticals,” “urban pollutant,” “impact EECC humans,” “impact EECCs
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on biodiversity,” “pesticides,” “insecticides,” “impact EECCs on ecosystem health,” and
“types of EECCs.” The search for information took a period of four months, from
October 2023 to January 2024. The review covered the period from the 2000s to the
present to establish the very recent updates concerning research on EECCs and their
effects on biodiversity, humans, and remediation technology.

Sources of EECCs

Different economic activities release EECCs into the environment, including mining,
industrial, coal-burning, and agricultural practices such as extensive and inappropriate
application of synthetic fertilizer and chemical pesticides in farming systems.>***>
The primary sources of EECC, as shown in Table 1, include industrialization (e.g. manu-
facturing of pharmaceuticals, electronics, nanomaterials, plastics, personal care products,
poly-fluoroalkyl substances, etc.); increasing urbanization (e.g. domestic wastes); and
agriculture (e.g. pesticides, insecticides, synthetic fertilizer, and herbicides). These pollu-
tants are released into the environment through agricultural runoff, direct discharge, or
wastewater treatment facilities.”>*>>’ Some EECCs are released into the environment
by the application of untreated human excreta and animal waste on farms.>*> These
excreta and wastes contain a significant quantity of hazardous EECCs as well as other
materials such as polycyclic aromatic hydrocarbons, trace metals, and other contami-
nants.>> Some farmers in developing countries, for instance in Kenya, India,
Bangladesh, Zambia, Zimbabwe, and Tanzania, to mention a few, utilize agrochemicals
and human and animal waste extensively in their fields, which increase the accumulation
and risks of EECCs.>>>%%°

Given that the majority of these synthetic chemicals and fertilizers contain EECC, such as
hazardous heavy metals (i.e. arsenic, cadmium, lead, chromium, mercury etc.,) there is a risk
to human and biodiversity. They can change the composition of the soil’s biodiversity and the
overall condition of the soil as they stay inert for many years without degrading and ultim-
ately find their way into the food chain.”'® In addition, poor disposal of waste, urban runoff,
and the abuse of agrochemicals are sources of EECCs in the environment.” These herbicides
and pesticides could also contain antibiotic residues, genes for antibiotic resistance, and per-
sistent organic contaminants,>26-3-3 Therefore, their misuse can contaminate agricultural
products, plants, and crops and have a direct impact on humans through consumption and
pollinating insects, among other things.’

As EECCs, nanoparticles (particles with less than 100 manometers) pose a threat to
human, biodiversity, and environmental safety.''"'?*? According to earlier research,
nanoparticles can readily enter human living cells due to their small size, which might
cause cancer and other health issues.''"'? They are released throughout the fabrication
and application of nanoscopic objects, tools, equipment, or materials.'! Also, most indus-
trial processes or activities result in the production of nanowastes, which usually end up
in the atmosphere. Examples of nanomaterials that have been widely used in a variety of
goods comprise graphene, carbon nanotubes, and fullerenes.''*? Carbon nanotubes and
fullerenes, for instance, are employed as lubricants in industrial machines and equipment
and in sports. Besides, they are present in a wide range of goods, including sunscreen,
food packaging, and cosmetics.
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Table |. Some types and sources of EECCs.
EECCs Sources References

Heavy metals, e.g. arsenic,
mercury, lead, cadmium,

chromium, etc.

Nanoparticles

Per- and poly-fluoroalkyl
substances

Microplastics

Organophosphate flame
retardants

Persistent organic
contaminants

Pharmaceuticals, i.e.
stimulants, antibiotics,
antidiabetics, etc.; and
person care products,
i.e. sunscreens,
cosmetics, fragrances,
etc.

Pesticides, e.g. herbicides,

insecticides,

nematocides. fungicides,

etc,,

Untreated sewage sludge, industrial
production (smelters, petrochemical
facilities, oil refineries, pesticide
production, chemical industry), diffuse
sources (i.e. traffic metal, piping),
combustion byproducts from
coal-burning power plants, mining
processes.

Breakdown of larger particles, waste
disposal, emissions from industrial
activities, and runoff from agriculture
fields release nanoparticles in the soil.
They harm ecosystems human health,
and food safety.

Waste disposal, emissions from industries,
and runoff from agricultural fields. They
are very persistent in soil with harmful
effects on humans, biodiversity, and the
environment.

Breakdown of larger plastic items, the use
of microbeads in personal care
products, and the release of plastic
fibers from clothing.

Waste disposal, and from burning plastic
materials.

Industrial chemicals, polychlorinated
biphenyls, by-products of industrial
processes, i.e. polychlorinated
dibenzo-p-dioxins and dibenzofurans,
and organochlorine pesticides, e.g.
dichlorodiphenyltrichloroethane.

Human and animal waste; and wastes
disposal of unused sunscreen,
medicines, cosmetics, and toothpaste;
and industrial emissions, and agricultural
runoff

The possible sources of pesticides include
overuse of insecticides, herbicides, and
other agricultural chemicals, improper
waste disposal, and urban runoff.

Abu et al.® Kour et al.3°

Kulshreshtha et al.>'
Moeckel et al.?’
Mwegoha and
KihamJ:a9 Nabulo
et al.2® Tarfeen
etal.'

Egbuna et al.'? Meng
et al.3? Naghdi
etal"

Abu et al.® Egbuna
etal.'> Mwegoha and
Kihampa® Naghdi
etal.'' Omara etal3
Tarfeen et al."®

Egbuna et al.'?
Schépfer et al.*
Seltenrich®® Yu
etal®

Egbuna et al
Lamastra et al.'’

Kulshreshtha et al.3'

|.|2

Lamastra et al.'’
Olowoyo and
Mugivhisa®® Pantaleo
et al.'® Petrie et al.?*

Briihl and Zaller'
Carvalho®
Kulshreshtha et al
Tarfeen et al."®

31
l.

Personal care and pharmaceutical products are other examples of EECCs that are
found in a variety of products, including medications (such as carbamazepine, antibiotics,
etc.), toothpaste, makeup or cosmetics, laundry detergent, and sunscreen.”>*” For
instance, pharmaceuticals are employed by both humans and animals to reduce the risk
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of disease, enhance the quality of meat, or increase the rate of reproduction. Since they are
employed to improve the health of plants, animals, and people, and because they are partially
disintegrated in the environment, many of them end up in water bodies, soil, or sewage.24’25 38
This occurs because the majority of pharmaceuticals, whether metabolized or not, are elimi-
nated through urine and feces, contaminating the soil and causing bioaccumulation in certain
plants.25 Pharmaceutical residues, such as antibiotics, analgesics, and antiretrovirals, have
been revealed in plant tissues, feces, urine, wastewater, and sludge.24’25 38

Minute plastic particles or simple microplastics with sizes ranging from 0.1 to 5000 pm are
another potential industrial and urban EECCs.*'*** Similar to other EECCs, they pollute the
environment by using plastic mulch, sewage sludge, and organic fertilizers.* Microplastics’
presence in the environment has a significant negative effect on food or forages or directly
affects biodiversity in the food chain.>*>** The primary processes that result in microplastics
include the release of plastic fibers from clothing, the disintegration of larger plastic materials,
and the use of microbeads in personal care products.'?> However, in contrast to the developed
world, there is less awareness and information about microplastics in developing countries
and their effects on biodiversity, including human health”* Furthermore, EECCs are
present in a variety of products, including but not limited to nonstick cookware, stain-resistant
fabric, and firefighting foam. Per- and poly-fluoroalkyl compounds pollute the environment
and linger in it for years, much like other EECCs do.*® Organophosphate flame retardants are
another kind of EECC that are generated during garbage disposal and plastic item burning
from industries or urban areas.'> Human health, biodiversity, and ecosystem safety can all
be negatively impacted by per- and poly-fluoroalkyl chemicals, as well as organophosphate
flame retardants.**°

Potential effects of the EECCs on biodiversity and human

According to recent and earlier research, EECCs pose a serious risk to ecosystem safety,
endangering both human health and biodiversity.”'*'>*> The neurological, reproductive,
cardiovascular, and immune systems of humans and other animals, as well as their organs
(lungs, liver, kidneys, skin, etc.) may all suffer harm depending on EECCs.%12:33
Long-term negative consequences of EECCs include tumors, carcinoma, birth abnormal-
ities, and miscarriages in humans and wildlife, as well as the impairment of ecosystem
safety.®' However, the kind and degree of exposure to EECCs determines the magnitude
of the effects on biodiversity, human, and ecosystem safety (Figure 1 and Table 2). Being
one of the EECCs, antibiotics and heavy metals pose a threat to humanity as well as bio-
diversity.>'**! After being released into the environment, they generally build up in plant
and animal tissues and ultimately find their way into the food chain.**** For instance,
food crops like rice grains and cassava leaves that were farmed next to the Shenda
gold mine in Geita, Tanzania, were confirmed to have high levels of mercury (Hg) con-
centrations that exceeded the maximum amounts permitted by the Tanzania Bureau of
Standards.'®> So these contaminants could endanger the health of people, wildlife, and
other organisms when they consume contaminated meat, milk, vegetation, and/or
fruits, seeds, vegetables, and crops.””** Prolonged feasting on contaminated foods
may result in the loss of biodiversity and exacerbate the extinction risks of threatened
species.®*!
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Negatively affect . | Alterationsof | | Negatively affect
biodiversity ecosystem integrity human being
Wild and domestic | JLead to diseases and
 IEnialdlceases ¥ other complications

_JWild and cultivated|,
plant diseases Air, food, soil, and

e water contamination
and domestic animals i

# Mutation, cancer, etc.

| |Adjust menopause, birth
defects, and miscarriage

Damage lungs, liver,
Decline of plant and Death or species kidney, gut, etc.
animal diversity extinction

Impair growth, nervous
system, behaviour, etc.

Figure 1. Negative impacts of EECs on biodiversity and human being.

Some studies have documented incidences of poisoning caused by exposure to heavy
metals. For example, in 2010, research in the Nigerian state of Zamfara revealed that 400
children died as a result of lead poisoning.'” Also, it was reported that children whose
fathers worked in lead mines in the South African town of Aggeneys had high blood
lead levels (nearly 16 pg/dl) and that children in Kabwe, Zambia, where the soil had
high levels of lead contamination (around 51,188 mg/kg), had lead pollution of about
427.8 pg/dl.'”** Another piece of evidence of the impacts of heavy metals and antibiotics
on biodiversity and humans is from studies in Uganda,’®?*~*® and Kenya.?>?**°

Moreover, EECCs such as agrochemicals (i.e. pesticides, rodenticides, herbicides, syn-
thetic fertilizers etc.) are harmful to biodiversity e.g. insect pollinators and soil living organ-
ism.”'3%>* Widespread application of pesticides can cause the demise of agroecosystem
biodiversity, both aerial, ground, and underground species. Besides, this can affect the inter-
actions between organisms (e.g. plant—pollinator interactions) in the ecosystem, leading to the
collapse of primary productivity”>* and ecosystem services, for instance, airflow to the soil
and the cycling of nutrients.>”'*'® This can further have an impact on the species behavior,
e.g. reproduction and growth rate.'>'* Moreover, excessive use of agrochemicals can alter the
acidity, salinity, and eutrophication of ecosystems, which may cause species extinction.'
According to published data, exposure to agrochemicals eliminates millions of species and
affects roughly 25 million farmers each year.>”

Microplastics, like all other EECCs, impact the well-being of people, biodiversity, and
the composition, function, and physicochemical properties of soil in contaminated environ-
ments.* The diversity and species richness of soil-living things may decline as a result of
changes in ecosystem properties.* In addition to soil biodiversity, other wildlife species,
such as invertebrates, may also be indirectly affected by deviations in physicochemical
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Table 2. Some potential effects of EECs ecosystem, biodiversity, and human health.

Effects of EECCs

References

Noxious to biodiversity (e.g. kills soil macro- and microbes,
pollinators, mammals, etc.), humans, and ecosystem
services.

Increase the risk of disease and health problems, e.g. cancer,
skin and respiratory diseases.

Cause pregnancy complications (e.g. birth defects,
miscarriages, or premature death), hepatotoxicity, renal
toxicity, carcinogenesis, and neurotoxicity

Reduce output of animals and plants, which causes food
insecurity

Alter the behavior of soil living things and how they interact
with one another and their environment

Endanger soils’ ecological functions, damage the soil
ecosystem’s ability to deliver services, and pose
significant risks to human health and plant growth

Contaminate the soil and leads to eutrophication, which can
kill off soil flora and fauna

Reduce quality of soil, surface and groundwater, human
food, and environment

Influence soil fertility, imbalance of soil nutrients, decrease
soil organic matter and its’ capacity to act as a filter

Damage human organs (e.g. the lungs, skin, gut, liver, and
kidneys) and the immune, reproductive, neurological, and
cardiovascular systems

Exposure to EECCs can cause immediate health problems
i.e. headaches, coughing, chest pain, nausea,
unconsciousness, and skin/eye irritation

Outbreaks of diseases and new pests due to the loss of
predators or rival species killed by EECCs

Increase soil acidification and salinization which alter the
soil microbial community (i.e. abundance and
composition), soil physical-chemical properties, i.e.
aggregation, nutrient availability water holding capacity,
electrical conductivity, porosity, bulk density, and pH

Lower the crop quality and productivity

Threaten environment resilience and stability, and land
resource sustainability

Disrupt and/ or modify components of cells (i.e. cellular
organelles), and cells and tissues experience oxidative
stress

Interfere and disrupt the functioning of the central nervous
system, cause coronary heart diseases, and alter DNA
sequence resulting in mutation and cancer

Affect growth, behavior, enzymes, and DNA of the
non-target organism

Menopause at an early age

Chronic diseases (i.e. asthma, cancer, diabetes) and some

Carvalho® Seltenrich®* Tarfeen
13
et al.

Abu et al.® Yu et al.>* Maddela et al.*°
Vane et al.*

Egbuna et al.'? Lekei et al.'* Tindwa
and Singh”

Egbuna et al.'? Tindwa and Singh’

Omara et al.> Tarfeen et al.'?

Abu et al.® Seltenrich??

Tarfeen et al."® Vongdala et al.*'

Abu et al.® Carvalho® Lamastra
et al.'® Petrie et al.?*

Abu et al.2 Omara et al.? Schopfer
etal?

Abu et al® E§3buna etal.'?
Seltenrich

Omara et al.? Egbuna et al.'”
Olowoyo and Mugivhisa®®

Omara et al.> Kour et al.*°
Kulshreshtha et al.3'
Yu et al.>* Urra et al.>®

Carvalho® Mwegoha and Kihampa®

Mwegoha and Kihampa® Tarfeen
et al."® Tindwa and Singh’

Naghdi et al.'' Schépfer et al.*
Tarfeen et al."?

Egbuna et al.'?> Naghdi et al."’

Egbuna et al.'? Lekei et al."* Tarfeen
etal'
Brevik et al.

(Continued)
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Table 2. (continued)

Effects of EECCs References
acute problems (i.e. dizziness, nausea, headaches, and eye Brevik et al? Egbuna et al.'? Lekei
and skin irritation) etal'
Promote the occurrence of antibiotic-resistant pathogens  Brevik et al? Olowoyo and
Mugivhisa®®
Interfere and alter the physiological, metabolic, and Olowoyo and Mugivhisa®®

biochemical operations of the plants
Impaired psychosocial behavior, bone damage, weaken the Naghdi et al."’
immune system, and retard growth

properties (e.g. a decrease in water quality, a change in conductivity, and pH), including a
decrease in food or feed availability.* But, it is important to keep in mind that microplastics,
like other EECCS (e.g. heavy metals and antibiotics), can enter the food chain and endanger
human and wildlife by contaminating food or soil and eventually leading to their demise.>* In
general, adequate control and surveillance of EECCs are crucial to minimize these risks,
protect the welfare of people, and promote biodiversity conservation.

Remediation technology of EECC

To control the use and release of EECC products and minimize any possible risks, a
number of strategies are available.”'*'%*”** They include, yet are not restricted to bio-
logical, chemical, and physical remediation.”'*'*** Nevertheless, it is crucial to keep in
mind that these methods rely on the nature and source of EECCs, the degree of pollution,
and the effects they have on the ecosystem.”?’ Consequentially, integrating these
methods would improve remediation process. Figure 2 depicts some of the remediation
techniques used to remove hazardous EECCs from the environment.

Biological, chemical, and physical remediation of EECCs

Remediation is the most economical and efficient way to remove EECCs from the envir-
onment.'**33! Tt encompasses physical, chemical, and biological remediation (also
known as bioremediation, Figure 2).*°° A technology that uses living things to
break down, remove, or transform EECCs that are hazardous to people and biodiversity
is known as biological remediation, or simply bioremediation.”* It is regarded as one of
the most economical, effective, and environmentally benign ways to degrade EECCs.
Phytoremediation and microbial remediation techniques are all part of bioremedi-
ation.®”4*3!2 EECCs can also be eliminated from contaminated ecosystems using
chemical methods called chemical remediation.?>> It entails membrane filtration, oxida-
tion, reduction, chemical leaching, chemical stabilization, and ion exchange proce-
dures.**>* Moreover, EECCs are removed from the environment via physical methods
such as permeable barrier systems, excavation, vitrification, washing or soil cleansing,
electrokinesis, and isolating contaminated areas in impenetrable layers.*>® These
EECCs remediation technology are described below.
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EECCs’ remediation
technology

Biological remediation Chemical remediation

Phytoremediation Soil washing ‘

Immobilization ‘

Microbial remediation

Encapsulation \

Chemical remediation uses
chemical leaching, chemical
stabilization, ion exchange,
oxidation, and reduction
techniques

Lo L

Physical remediation is
simply physical methods

Figure 2. Examples of remediation techniques used to transform or/and remove hazardous
EECCs from the environment.

Biological remediation: phytoremediation and microbial remediation. Phytoremediation—
also known as agroremediation, botanoremediation, vegetative remediation, or green
remediation—uses certain plant species that are tolerant to metals in order to clean up or
restore contaminated areas or eliminate particular organic or inorganic contaminants from
the environment.”'*> Hyperaccumulators, sometimes referred to as high-biomass crops, are
plant species that have the capacity to absorb EECCs directly from the soil and store them
in their biomass.”*’ There are different types of phytoremediation, which include, phytostabil-
ization, phytoaccumulation or phytoextraction, and phytovolatilization (phytotransformation
or phytodegradation).”>*> Table 3 lists some possible plant species for phytoremediation
as well as phytoremediation methodologies. When plants absorb heavy metals or other
EECCs from the soil through their roots and move them into their shoots and leaves, this is
known as phytoaccumulation.”* While certain metals are particularly toxic to specific
plants, those plants that accumulate EECCs in their biomass and support permanent soil
clean-up are known as hyperaccumulators.>'>* They usually do not show any toxicity signs.*’
Phytostabilization employs plant species that produce phytochemicals to immobilize
EECCs and prohibit or restrict their mobility.>*>> This approach helps to prevent or
lessen EECC movement in the food chain and groundwater.>**>* In other words,
these plants restrict the leaching of EECCs (e.g. heavy metals), obstruct their flow, and
prevent interaction with contaminated soils’** During the process of phytodegradation,
plants take up EECCs from polluted soils, metabolize them, and convert them into vola-
tile organic compounds, less-toxic byproducts, or less-harmful vapors using certain
enzymes.”>*>°® In general, phytoremediation trials conducted in previous studies
have demonstrated efficacy in eliminating EECCs from contaminated areas.®>%34-5¢
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Table 3. Some examples of plants used in phytoremediation of EECCs.

Plant species

Heavy metals

Types of remediation

Solanum nigrum

Solanum photeinocarpum

Populus deltoides

Brassica nigra

Deschampsia cespitosa

Pteris vittata

Berkheya coddii

Eleocharis acicularis

Arabidopsis halleri

Prosopis laevigata

Potentilla griffithii

Andropogon schirensis

Eragrostis racemose

Acacia polycantha, Acacia
sieberana

Bauhnia thoniangii, Toona ciliate

Peltothorum Africanum

Lantana camara, Melinis repens

Helianthus annuus

Zea mays

Silene vulgaris

Agrostis capillaris

Arabidopsis thaliana

Cyperus textilis, Chrysopogon
zizanioides

Sorghum bicolor, and other
species

Brassica napus

Haumaniastrum robertii

Aeolanthus biformifolius

Sporobolus pyramidalis

Leucaena leucocephala

Blepharis maderaspatensis

Cadmium
Cadmium
Cadmium
Lead
Cadmium
Chromium
Nickel
Copper
Zinc
Chromium
Zinc
Copper
Copper
Copper, Zinc, Chromium

Arsenic, copper, zinc, chromium

Chromium, arsenic, copper, zinc

Manganese, arsenic, copper

Lead, zinc, and cadmium

Lead, zinc, and cadmium

Cadmium

Lead

Mercury

Lead, zinc, cadmium, chromium,
nickel, copper

Cobalt, arsenic, copper, zinc

Cadmium and zinc

Cobalt, zinc, lead, and cadmium
Copper and nickel

Lead

Manganese

Cadmium

Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytostabilization
Phytostabilization
Phytostabilization

Phytostabilization
Phytostabilization
Phytoextraction
Phytoextraction
Phytoextraction
Phytostabilization
Phytostabilization
Phytovolatilization
Phytostabilization,
Phytoextraction
Phytoextraction

Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction

Source: Mench et al.*®** Khalid et al.”*’ Jacklin et al.*****>¢ Kahangwa et al.®****>¢ Lee et al.*****>¢ and
Tindwa and Singh.3*%2%7

Microbial remediation is a technology uses microorganisms (such as fungi, bacteria,
algae, or genetically modified microbes) to either eliminate or lessen environmentally
harmful EECCs, such Because of their high specificity towards distinct EECCs, ability
to reproduce quickly, ability to withstand a variety of environmental conditions, ease
of cultivation, and ability to perform well even at lower concentrations, microorganisms
are preferred in bioremediation.’>' Further, compared to other remediation techniques,
the biomass of microbes—which are too small in size—increases the surface area to
volume ratio for the absorption of EECCs such as toxic metals.*>*' Some microbes
that utilize carbon produced from microplastics for growth and energy are used in the
remediation of microplastic contaminants.>** In order to successful complete the
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remediation process, fungi interact with the bacteria to release exudates, which serve as a
source of energy and stimulate bacterial activity.'>®° Fungi also have the ability to
detoxify EECCs using their peptides, which enhance the accumulation of contaminants
such as heavy metals.”'*®" Table 4 provides a number of microorganisms that could
be employed for the removal of hazardous heavy metals from the environment.'>->°

Chemical remediation: soil washing, immobilization and encapsulation. This method removes
EECCs, such as heavy metals, from contaminated environments using chemical reagents
or extractants, such as thylene diamine disuccinate (EDDS), calcium chloride, surfac-
tants, organic acids, compounds, cyclodextrins, and iron (III) chloride.””°! It entails
excavating the soil that has been contaminated by heavy metals and combining it with
the proper reagent or extractant solution.*>>° The method’s removal efficacy is contin-
gent upon the reagent’s or extractant’s ability to dissolve pollutants.****°* Using immo-
bilizing chemicals (e.g. zeolites, phosphates, cement, clay, minerals, and microbes), the
immobilization method reduces the mobility, bioaccessibility, and solubility of heavy
metals in soils with contaminants.*>*”®3 Immobilization of EECCs, such as toxic
heavy metals, employs organic and inorganic amendments in contaminated
soils.'**5% The contaminated soils are typically combined with concrete, asphalt,
lime, or other mobilizing agents such as chitosan, polyvinyl alcohol, polyurethanes, poly-
acrylamide, agar, and alginate in the encapsulation process.’>>*>” When these com-
pounds are combined with polluted soils, the EECCs, particularly heavy metals,
become stationary and stop contaminating other adjacent areas or materials.***>’

Physical remediation: soil replacement and isolation, electrokinetic and vitrification, and
containment. Soil replacement refers to partially or completely removal and replace con-
taminated soils with non-polluted soils.*”*** It entails digging deeper to disperse the
heavy metals in a polluted site; this technique is called metal dilution.**° Also, some-
times new uncontaminated soil is imported and added to EECC’s contaminated soil.*’
Soil isolation remediation simply involves separating heavy metal-contaminated soil
from clean soil.*>*° In order to isolate contaminated surfaces, such as soil or water, sub-
surface barriers are used, which limit the flow of surface or ground water at the contami-
nated site.”**>® Electrokinetic remediation technology employs electrophoresis or
electric seepage. However, for the efficient and effective removal of EECCs it may be
used along with other technologies e.g. electrokinetic-microbe remediation,®® reduc-
tion/electrokinetic-oxidation remediation,*” electrokinetic phytoremediation,®’ electroki-
netics conjugated with electrospun polyacrylonitrile nanofiber membrane,®® and
electrokinetic-chemical remediation.®* On the other hand, soil vitrification is a remedi-
ation technology that uses high temperatures to restrain EECCs like heavy metals in pol-
luted soils.®’ Therefore, during this process, temperature has a major role on reducing the
mobility of heavy metals in the contaminated area.”’ In addition, in order to avert the
migration of contaminants, the containment method entails isolating the EECCs in the
soil by employing physical barriers or biological techniques. Physical barriers include
the use of liners and covers to stop the spread of EECCs in the environment. Cover
can be utilized to stop EECC from escaping the atmosphere, while liners stop contami-
nants from seeping into the ground.
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Table 4. Potential examples of microorganisms that can be employed in the remediation of

EECCs.

Microorganism species

Target EECCs

Microorganism

Aspergillus flavus Chromium Fungi
Aspergillus clavatus Arsenic Fungi
Trichoderma sp. Cadmium Fungi
Penicillium chrysogenum Lead Fungi
Saccharina fusiforme Cadmium Fungi
Termitomyces clypeatus Chromium Fungi
Clavulina humicola Cadmium Fungi
Rhizopus delemar Nickel and copper Fungi
Lentinus edodes Zinc, cadmium, and mercury Fungi
Galerina vittiformis Lead, chromium, and copper Fungi
Bacillus methylotrophicus Chromium Bacteria
Bacillus cereus Mercury Bacteria
Micrococcus luteus Copper, and lead Bacteria
Stenotrophomonas rhizophila Zinc Bacteria
Scopulariopsis brevicaulis Arsenic Bacteria
Bacilus sp., and Pseudomonas sp., Chromium Bacteria
Arthrobacter viscosus Chromium Bacteria
Rhodococcus opacus Chromium, copper, and lead Bacteria
Bacillus cereus Chromium Bacteria
Scopulariopsis brevicaulis Mercury Bacteria
Spirogyra sp. Copper Algae
Spirogyra sp. Lead Algae
Oedogonium sp. Cadmium Algae
Oedogonium hatei Chromium Algae
Spirulina platensis Copper Algae
Cladophora fascicularis Lead Algae
Fucus vesiculosus Lead Algae
Desmodesmus sp Copper, and nickel Algae
Cystoseira crinitophylla Copper Algae
Laminaria japonica Nickel, copper, zinc, and cadmium Algae

Source: Mench et al.>®*° Khalid et al.”*’ and Tarfeen et al.”*’

Biodiversity conservation implications

EECCs have implications for biodiversity conservation and community socio-economic
growth through the health environment, ecosystems, agriculture, and people. If biodiver-
sity and ecosystems are protected from EECCs, it can essentially improve the species
richness and diversity of plants, animals, and vital microorganisms, as well as food secur-
ity and income. Thus, this work demonstrates the importance of controlling and prevent-
ing the misuse and disposal of EECCs in order to improve biodiversity conservation.
While biodiversity conservation influences people’s socio-economic growth, the man-
agement and control of EECCs have remained limited in some countries rich in biodiver-
sity, particularly in developing nations. The eco-friendly remediation techniques
discussed in this work could help to promote biodiversity conservation and ecosystem
safety. Besides being low cost techniques, they can further improve socio-economic
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development in society. Moreover, local people’s understanding of EECCs and their
remediation technologies would reduce the negative effects of the contaminants on bio-
diversity, thereby promoting its conservation. This can be further accomplished by train-
ing local people about the proper use and disposal of EECCs. This will enhance the
sustainable management of EECCs and the conservation of biodiversity.

Limitations of the review

The review only focuses on the types of EECCs from industrialization and urbanization
with limited regulations, particularly in the global south. However, it should be noted that
this review did not exhaust all the EECCs available in the environment and their effects
on biodiversity and humans. Thus, more reviews and original research work are needed to
highlight the remaining EECCs and their potential impacts. Moreover, the review did not
discuss the proper disposal, control, and monitoring techniques required in developing
countries. As such, we call upon other reviews to conduct research and/or reviews on
the suitable ways to control and prevent improper disposal of EECCs so as to minimize
the associated risks that would jeopardize public health and biodiversity conservation.

Conclusion

This review shows that a clean environment is essential for maintaining ecosystem safety,
biodiversity, and human population health. It also gives people and wildlife access to
food, medicine, nutritional supplements, and other ecosystem services. However,
EECCs brought on by industrialization and urbanization in developing countries endan-
ger these benefits. It should be acknowledged, however, that an improved understanding
of the composition and/or physical chemical characteristics of EECCs could increase
their remediation efficiency. The analysis comes to the conclusion that adequate
control and monitoring of EECCs are imperative to be in place in order to minimize
the risks associated with contaminants, safeguard public health, and promote biodiversity
conservation. In general, this review is a useful tool for policymakers, wildlife and envir-
onmental managers, ecologists, researchers, and farmers because it summarizes the state
of the field and future directions of EECCs. It explores the environmental ramifications,
highlighting the prospect of reducing the detrimental effects of EECCs on ecosystems,
human health, and universal sustainability. The present evaluation not only enhances
comprehension of the effectiveness of existing remediation strategies but also provides
valuable perspectives on the obstacles and prospects associated with their implementa-
tion. Finally, by tackling the pressing worldwide challenges of biodiversity conservation
and environmental sustainability, the assessment may ultimately serve as a roadmap for
the shift towards sustainable management of EECCs.
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