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Aims and Scope of the Series
Scientists have long researched to understand the environment and man’s place 
in it. The search for this knowledge grows in importance as rapid increases in 
population and economic development intensify humans’ stresses on ecosystems. 
Fortunately, rapid increases in multiple scientific areas are advancing our un-
derstanding of environmental sciences. Breakthroughs in computing, molecular 
biology, ecology, and sustainability science are enhancing our ability to utilize 
environmental sciences to address real-world problems.

The four topics of this book series - Pollution; Environmental Resilience and Man-
agement; Ecosystems and Biodiversity; and Water Science - will address important 
areas of advancement in the environmental sciences. They will represent an excel-
lent initial grouping of published works on these critical topics.
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Preface

Bioremediation plays a vital role in achieving environmental sustainability by utilizing 
biological agents such as plants, microorganisms, and fungi to detoxify contaminated 
environments. The book Bioremediation for Environmental Sustainability explores 
various innovative approaches that enhance the efficiency of bioremediation pro-
cesses, offering sustainable solutions to soil and water contamination. This compila-
tion of research provides insights into phytoremediation, microbial remediation, and 
technological advancements in the field, making it a valuable resource for researchers, 
practitioners, and policymakers.

Chapter Summaries

1. Phytoremediation: The Green Solution – Written by Harlina Ahmad, this chapter
highlights the role of plants in absorbing and neutralizing environmental pollutants. It 
discusses the mechanisms of phytoremediation, its effectiveness, and its applications 
in cleaning up contaminated soil and water.

2. Application of Fruit Wastes in the Bioremediation of Heavy Metals: Mechanism,
Challenges and Prospects – This chapter explores the potential of fruit-derived com-
pounds in removing heavy metals from polluted environments. It presents scientific
evidence on how organic components from fruits can interact with toxic elements,
offering an eco-friendly and cost-effective alternative for remediation.

3. Geochemical Processes Controlling Metals (Pb, Zn) Mobility during Amended
Phytostabilization on Sulfidic Mine Tailings – Lina Xie and Dirk van Zyl examine the
geochemical processes in the rhizosphere of sulfidic mine tailings during phytosta-
bilization, revealing that plant activity lowers pH and increases metal release, while
amendment additions neutralize acidity through three geochemical processes.

4. Innovations in Herbicide Bioremediation: Green Solutions for Soil Contamination –
Karolayne Silva Souza et al. build on the concepts introduced in previous chapters,
focusing on innovative strategies for degrading herbicides in contaminated soil. The
chapter discusses novel biotechnological approaches that combine phytoremediation,
microbial degradation, and mechanized support to enhance soil restoration.

5. Mycoremediation: An Innovative and Sustainable Approach – This chapter by Dalel
Daâssi et al. introduces the concept of using fungi for bioremediation and explores
the mechanisms by which fungi break down pollutants, emphasizing their role in
degrading hydrocarbons, heavy metals, and other toxic substances in the environ-
ment. Further expanding on fungal bioremediation, the chapter discusses different
fungal species and their efficiency in removing environmental contaminants. This
chapter highlights real-world applications of mycoremediation in restoring polluted
ecosystems.



IV

6. The Role of Bioremediation in Achieving Environmental Sustainability – Wafaa M. 
Abd El-Rahim and Hassan Moawad conclude the book with a comprehensive discus-
sion on the overall impact of bioremediation in achieving sustainability. This chapter 
synthesizes key insights from previous chapters and highlights future perspectives 
on integrating bioremediation with global environmental policies and sustainability 
goals.

Wafaa M. Abd El-Rahim
Agricultural Microbiology Department,

Agricultural and Biological Research Institute,
National Research Centre (NRC),

Cairo, Egypt
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Chapter 1

Phytoremediation: The Green 
Solution
Harlina Ahmad

Abstract

Phytoremediation is an eco-friendly, economical method that uses plants to 
remediate pollutants in soil, water, and air. This chapter examines the fundamental 
processes of phytoremediation, including phytoextraction, phytostabilization, 
phytodegradation, phytovolatilization, and rhizofiltration, that allow plants to 
absorb, degrade, stabilize, or filter contaminants such as heavy metals and organic 
pollutants. The work explores the selection of suitable plant species, emphasizing 
hyperaccumulators, and provides examples of cases that exemplify effective practical 
applications. This chapter analyzes current biotechnological breakthroughs that have 
improved the efficacy of phytoremediation, particularly via the use of genetically 
modified plants. Furthermore, it highlights the ecological and economic advantages 
of this green remediation method, while outlining prospective research opportuni-
ties to enhance its efficacy and face complex pollution issues. The chapter discusses 
phytoremediation’s significant role in sustainable environmental management and 
pollution mitigation through thorough exploration.

Keywords: phytoremediation, environmental restoration, pollutant detoxification, 
sustainable remediation, plant-based clean-up

1. Introduction

Phytoremediation is an innovative, plant-based strategy for addressing environ-
mental pollutants, including heavy metals, organic contaminants, and radionuclides 
in soil, water, and air. Derived from the Greek word “phyto” (plant) and the Latin 
“remedium” (treatment), this method offers a sustainable, eco-friendly alternative 
to traditional remediation techniques. Its appeal lies in its cost-effectiveness, envi-
ronmental sustainability, and ability to restore ecosystems with minimal disruption. 
By harnessing the natural processes of specific plants, phytoremediation provides an 
efficient, low-impact solution for contaminant removal or stabilization.

Phytoremediation improves polluted environments while enhancing ecosystem 
health and resilience by preserving biodiversity and supporting recovery from 
environmental stresses. For instance, a study conducted in the Lake Hawassa sub-
basin showed that active restoration efforts increased biodiversity and soil moisture, 
significantly contributing to ecosystem resilience in water-limited areas [1]. By 
promoting species diversity and restoring critical ecosystem functions, phytore-
mediation enables ecosystems to recover from pollution and become more resilient 
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to future challenges. It plays a crucial role in ecological restoration by fostering 
biological stability and resilience, aiding ecosystems in adapting to anthropogenic 
disturbances [2].

Phytoremediation encompasses a range of processes that vary depending on the 
specific pollutant and environmental medium (soil, water, or air) involved. Plants can 
absorb, stabilize, decompose, or volatilize contaminants, making this method effec-
tive for addressing pollutants such as heavy metals, hydrocarbons, and agricultural 
chemicals. Due to its versatility, phytoremediation can be applied across various 
settings, including industrial sites, agricultural fields, and urban areas. It is widely 
recognized as an effective environmental management tool, supporting the natural 
restoration of degraded ecosystems while maintaining biodiversity [3].

Phytoremediation plays a vital role in environmental restoration by offering a sus-
tainable alternative to conventional remediation methods, which are often costly and 
environmentally harmful [4]. Traditional techniques, such as soil extraction, landfill 
disposal, and chemical treatments, require significant financial and energy resources 
and can have detrimental effects on the environment. In contrast, phytoremediation 
harnesses natural processes to restore environmental health without causing addi-
tional harm. By utilizing plants to stabilize or remove contaminants, this approach 
effectively eliminates pollutants from contaminated areas while enhancing ecosystem 
resilience and recovery [5].

Phytoremediation significantly improves soil health, preserves biodiversity, and 
contributes to carbon sequestration. By enhancing soil structure and increasing 
microbial activity, it supports soil fertility and ecosystem functionality. The introduc-
tion of carefully selected plant species into polluted areas facilitates the restoration 
of vegetation cover, providing habitats for organisms and promoting ecosystem 
recovery. Additionally, as plants grow and absorb pollutants, they simultaneously 
capture carbon dioxide from the atmosphere, aiding in climate change mitigation. 
Phytoremediation is often more cost-effective than mechanical or chemical methods, 
making it an ideal solution for large-scale projects or economically disadvantaged 
regions. With its potential for long-term use and bioenergy production, phytore-
mediation offers a promising approach to pollution reduction and environmental 
sustainability [6].

This chapter provides an in-depth exploration of the key mechanisms of phy-
toremediation, including phytoextraction, phytostabilization, phytodegradation, 
phytovolatilization, and rhizofiltration. It emphasizes the importance of selecting 
appropriate plant species tailored to specific contaminants and environmental 
conditions. Additionally, it examines advancements in biotechnology, such as genetic 
engineering and microbial-assisted technologies, that enhance plant capacities for 
contaminant removal. The ecological and economic advantages of phytoremediation 
are also discussed, highlighting its potential as a sustainable environmental solution.

2. Mechanisms of phytoremediation

Phytoremediation operates through a variety of biological and chemical mecha-
nisms that enable plants to interact with environmental contaminants. These 
mechanisms exploit the natural processes of plants to stabilize, degrade, or remove 
pollutants from soil, water, or air. The primary mechanisms of phytoremediation 
include phytoextraction, phytostabilization, phytodegradation, phytovolatilization, 
and rhizofiltration. These processes rely on the plant’s inherent metabolic systems, 
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such as root uptake, microbial interactions within the rhizosphere, and enzymatic 
degradation. Figure 1 illustrates how plants interact with soil and water contaminants 
through these different mechanisms.

2.1 Phytoextraction

Phytoextraction, also referred to as phytoaccumulation, involves the absorption of 
contaminants by plant roots from soil or water, followed by their translocation to the 
above-ground parts such as shoots and leaves. This method has proven highly effec-
tive in remediating a wide variety of environmental contaminants, including heavy 
metals, radionuclides, and certain organic pollutants. As a result, phytoextraction is a 
versatile and valuable tool for environmental restoration [7].

Phytoextraction is an effective method for removing heavy metals such as 
lead (Pb), cadmium (Cd), zinc (Zn), and nickel (Ni) from contaminated soils. 
Hyperaccumulator plants absorb and concentrate these metals in their tissues at levels 
far higher than those found in the surrounding environment. For example, research 
has shown that Cyperus rotundus efficiently extracts cadmium and lead from soils 
contaminated by battery scrap waste, making it a promising candidate for bioreme-
diation [8]. Similarly, Sedum plumbizincicola has successfully extracted cadmium 
without increasing its leaching into agricultural soils [9]. Additionally, species such as 
Erythrina polymnioides and Miconia from the Ecuadorian Amazon have demonstrated 
the ability to extract cadmium and zinc, further illustrating the versatility of phyto-
extraction techniques [10].

The effectiveness of phytoextraction is influenced by several factors, including 
the bioavailability of contaminants, soil conditions, and the plant species involved. 
To enhance metal uptake by plant roots, soil amendments such as chelating agents 

Figure 1. 
Plant interaction with soil or water contaminants for each mechanism.
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or organic matter are often applied to increase the bioavailability of metals. Once the 
contaminants are absorbed and stored in the plant tissues, the biomass is harvested 
and either safely disposed of or processed to recover valuable metals through a 
method known as phytomining [11]. This approach not only helps remediate con-
taminated soils but also offers the potential to provide secondary raw materials for 
industrial applications [12].

2.2 Phytostabilization

Phytostabilization is a process by which plants reduce the mobility or bioavailabil-
ity of contaminants in soil, thereby preventing their spread through water or air. This 
mechanism is particularly effective in managing heavy metal contamination in soils 
where the extraction of pollutants is either impractical or undesirable. In phytostabi-
lization, plants immobilize contaminants by adsorbing them onto their root surfaces, 
precipitating them within the root zone, or altering soil chemistry to decrease con-
taminant solubility [13, 14].

Various plant species with extensive root systems are used in phytostabilization 
to effectively immobilize heavy metals and prevent their migration into surrounding 
environments. Commonly used species include Vetiveria zizanioides (vetiver grass) 
and Cyperus alternifolius, known for their tolerance to contaminated soils and abil-
ity to stabilize metals such as lead, cadmium, and zinc within the root zone [15]. 
These plants work by adsorbing contaminants onto their root surfaces, altering the 
soil chemistry, and trapping pollutants within the rhizosphere, preventing further 
contamination of groundwater and air. The selection of plant species for phytostabi-
lization depends on specific site conditions, contaminant types, and environmental 
factors, all of which can influence the effectiveness of the remediation process. This 
method is particularly beneficial in areas at risk of erosion or leaching, as it creates 
vegetative cover that not only prevents soil erosion but also minimizes the likelihood 
of contaminants being transported off-site.

2.3 Phytodegradation

Phytodegradation, also referred to as phytotransformation, is the process by 
which plants absorb and break down contaminants through their metabolic path-
ways. Complex pollutants are converted into simpler, less harmful compounds 
that are then integrated into plant tissues to support growth. This transformation 
is facilitated by enzymes such as dehalogenases and oxygenases, which are either 
released within the plant tissues or in the rhizosphere. Phytodegradation is par-
ticularly effective for the treatment of chemical pollutants, including chlorinated 
solvents, herbicides, and hydrocarbons in soil, groundwater, and air. The success 
of this process depends on the plant’s capacity to absorb contaminants and convert 
them into non-toxic or less harmful metabolites [16]. When phytodegradation 
occurs in the rhizosphere, plants release specific enzymes from their roots to degrade 
pollutants before absorption, further enhancing the efficiency of contaminant 
breakdown [5].

A recent study investigated the ability of Cyperus papyrus, a wetland plant, to 
metabolize neonicotinoid insecticides. The plant absorbed these chemicals through 
its roots, transporting them to the shoots, where they were broken down through 
processes such as nitro reduction, hydroxylation, and demethylation. The study 
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identified key enzymes and genes involved in the plant’s response to neonicotinoid 
exposure, highlighting its potential for removing these contaminants in constructed 
wetlands [17].

2.4 Rhizofiltration

Rhizofiltration involves the use of plant roots to absorb, adsorb, or precipitate 
contaminants from water [18, 19]. This method is particularly effective for treating 
contaminated water sources such as industrial wastewater, stormwater runoff, and 
polluted groundwater. Rhizofiltration is especially efficient at removing heavy metals 
and radionuclides from water, and can also address certain organic contaminants 
[20]. The process works primarily by utilizing plant root systems as a natural filter, 
where pollutants either bind to the root surfaces or are taken up by the plant for 
further processing.

Plants like Helianthus annuus and Eichhornia crassipes are commonly used in 
rhizofiltration due to their extensive root systems and a high tolerance for pollutants 
[4]. This technique can be implemented in constructed wetlands or applied in situ to 
treat contaminated water bodies, offering a cost-effective and natural alternative to 
traditional filtration methods.

2.5 Phytovolatilization

Phytovolatilization is a process within phytoremediation in which plants absorb 
contaminants through their roots and release them into the atmosphere in a volatile 
form through transpiration. This method is particularly effective for certain heavy 
metals and metalloids, such as mercury, selenium, and arsenic. During this process, 
plants uptake contaminants from soil or water, translocate them through their tissues, 
and convert them into less harmful or volatile compounds. These compounds are then 
released as gases into the atmosphere. For example, Pteris vittata has demonstrated 
the effective removal of arsenic from contaminated soils through phytovolatilization, 
achieving approximately 90% reduction [21].

One of the main advantages of phytovolatilization is its ability to address wide-
spread contamination, including in remote or difficult-to-access areas. Certain plant 
species, such as Chinese brake fern (Pteris vittata) and Cyrtomium macrophyllum, have 
demonstrated significant potential for mercury phytovolatilization due to their high 
mercury accumulation capabilities and resistance to mercury stress. These species 
exhibit high translocation factors, making them suitable candidates for phytoreme-
diation efforts in contaminated environments [22]. However, phytovolatilization 
poses challenges, particularly the risk of secondary contamination due to the release 
of volatile pollutants into the atmosphere, which may impact surrounding areas. This 
concern highlights the importance of carefully selecting plant species and conducting 
proper monitoring to ensure that volatilized pollutants do not cause further environ-
mental harm [23].

2.6 Translocation and accumulation processes

Translocation and accumulation are vital processes in phytoremediation, where 
plants absorb contaminants through their roots and transport them to above-ground 
tissues. These processes are influenced by several factors, including the plant spe-
cies, the type of contaminant, and the surrounding environmental conditions. 
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For instance, Phragmites australis has demonstrated the ability to effectively trans-
locate and accumulate heavy metals such as copper (Cu) and zinc (Zn), making 
it suitable for remediating contaminated soils [24]. The effectiveness of a plant in 
accumulating contaminants is often measured using translocation factors (TF) and 
bioconcentration factors (BCF), with higher values indicating better performance in 
pollutant extraction and translocation.

Furthermore, plants like Rhizophora apiculata exhibit varying translocation 
behaviors depending on the metal involved. For example, it efficiently translocates 
lead (Pb) (TF > 1), but shows lower translocation efficiency for copper (TF < 1), sug-
gesting that it can play dual roles in both phytoextraction and phytostabilization [25]. 
Understanding the combination of translocation and accumulation factors is crucial 
for assessing a plant’s potential in phytoremediation, ensuring the successful remedia-
tion of contaminated sites.

3. Selection of plant species in phytoremediation system

The success of a phytoremediation system largely depends on the careful selection 
of plant species, as different plants vary in their ability to tolerate, accumulate, or 
degrade specific pollutants. The selection process must consider the plant’s physi-
ological characteristics, ecological adaptability, and pollutant-specific mechanisms to 
ensure optimal remediation outcomes.

3.1 Criteria for plant selection

The appropriate selection of plant species is crucial for the success of phytore-
mediation projects. Several factors must be considered to ensure the plant’s ability to 
survive in contaminated environments, extract pollutants, and remediate the site. The 
following criteria are generally used for plant selection:

3.1.1 Contaminant tolerance

Plants must exhibit high tolerance to pollutants and the ability to thrive in con-
taminated environments. Species such as Typha angustifolia and Juncus effusus are 
frequently chosen due to their demonstrated tolerance to micropollutants and supe-
rior ability to absorb and accumulate contaminants [26]. Additionally, plants with 
large biomass production, such as Vetiveria zizanioides, are favored for their capacity 
to take up heavy metals while maintaining growth in contaminated soils [27].

Selecting species based on their tolerance to specific contaminants, such as heavy 
metals or organic pollutants, also ensures more targeted remediation efforts. For 
instance, sweet potato cultivars have been shown to tolerate high levels of lead (Pb) 
contamination, demonstrating efficient uptake without significant growth inhibition 
[28]. Plant selection, therefore, together with pollutant tolerance, biomass produc-
tion, and the capacity for pollutant accumulation, ensures both ecological sustainabil-
ity and effective remediation outcomes.

3.1.2 Root structure and depth

Root structure is a critical factor in selecting plant species for phytoremedia-
tion, as it directly affects the plant’s capacity to absorb, translocate, and accumulate 
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contaminants. Plants with extensive, fibrous root systems, such as Vetiveria zizani-
oides and Phragmites australis, are often favored for their ability to penetrate the soil 
more effectively and enhance pollutant uptake [29]. Additionally, the root system 
must demonstrate a high tolerance to contaminants and be capable of forming sym-
biotic relationships with soil microbes, which further support pollutant degradation 
and stabilization [30].

In urban and industrial environments, Populus balsamifera (balsam poplar) 
proves to be particularly effective in phytoremediation due to its robust root system, 
which enhances both pollutant absorption and soil stabilization. Studies have shown 
that while contamination levels can shape the microbial community associated with 
the roots of other plants, the fungal community associated with Populus balsamifera 
remains resilient, making it an ideal candidate for such efforts in polluted environ-
ments [31].

3.1.3 Biomass production

Biomass production is another important feature for plant selection, particularly 
for species used in large-scale applications. High biomass-producing plants, such as 
Helianthus annuus (sunflower) and Arundo donax (giant reed), are favored because 
they can absorb significant amounts of contaminants while generating substantial 
biomass, which in turn can be utilized for bioenergy production [29].

Additionally, plants with high biomass output, such as Salix viminalis (willow) 
and Eichhornia crassipes (water hyacinth), can simultaneously improve soil or water 
quality and provide renewable energy sources [32]. The dual-purpose use of these 
plants, both for contamination clean-up and biomass generation, enhances the overall 
sustainability of the remediation process, making it a valuable criterion in plant 
selection.

3.1.4 Adaptability to local conditions

In phytoremediation, selecting plant species that can adapt to local environmental 
conditions is crucial for ensuring the success of the remediation process. Plants that 
are well-suited to the local climate, soil composition, and pollutant levels are more 
likely to thrive and effectively accumulate or degrade contaminants. For instance, 
Pinus halepensis has shown remarkable adaptability to contaminated soils, main-
taining growth and survival rates even in environments with multiple heavy metal 
pollutants [33]. Similarly, Dittrichia viscosa demonstrates tolerance to both drought 
and metal pollutants such as arsenic and cadmium, making it a promising candidate 
for phytoremediation in harsh environments [34].

The ability of plants to adapt to the specific conditions of a contaminated site 
reduces the need for external inputs, such as water and fertilizers, thereby enhanc-
ing the sustainability of the remediation process. Locally adapted species also tend 
to establish stronger associations with indigenous microbial communities, further 
improving the efficiency of phytoremediation [35].

3.1.5 Contaminant-specific uptake mechanisms

In phytoremediation, contaminant-specific uptake mechanisms are crucial in 
determining a plant’s ability to absorb and detoxify particular pollutants. For heavy 
metals such as lead, cadmium, and zinc, plants utilize specific transport proteins 
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and enzymes to bind and translocate these metals into their tissues. This process 
often involves chelation, where metals are bound to organic molecules, followed by 
compartmentalization within vacuoles to prevent toxicity [36]. For organic pollut-
ants, plants employ enzymatic pathways, such as those involving cytochrome P450 
enzymes, to break down contaminants into less harmful compounds, which can 
either be incorporated into the plant biomass or volatilized into the atmosphere [37].

These mechanisms vary based on the type of contaminant and the plant spe-
cies involved. Hyperaccumulator plants, for instance, have evolved to efficiently 
translocate and store metals in their shoots, making them ideal for phytoextraction. 
Conversely, plants used for phytodegradation excel at transforming organic pollut-
ants into non-toxic substances through enzymatic activity in their roots or leaves. 
This adaptability enables the implementation of targeted phytoremediation strategies 
tailored to specific contaminants and environmental conditions.

3.1.6 Non-invasiveness and ecological impact

When selecting plants for phytoremediation, it is essential to ensure that they 
do not pose an invasive risk to the local ecosystem. Invasive species can outcompete 
native plants, disrupt biodiversity, and create long-term ecological imbalances. 
Therefore, when non-native species are used, monitoring and control measures must 
be in place to prevent their spread beyond the remediation site. Phytoremediation, as 
a whole, is a non-invasive and environmentally friendly approach, utilizing plants to 
remove contaminants without causing significant disturbance to the ecosystem. By 
enhancing soil quality, conserving biodiversity, and contributing to habitat restora-
tion, it offers a sustainable alternative to conventional remediation methods. Its care-
ful integration into diverse ecosystems can minimize ecological impact and promote 
long-term environmental health [38].

3.2 Hyperaccumulator plants

Hyperaccumulator plants are species with a unique ability to absorb and accumu-
late unusually high concentrations of metals or other contaminants in their tissues. 
These plants are particularly valuable in phytoextraction, where the goal is to remove 
metals from contaminated soils or water. Hyperaccumulators can store metals at 
levels that would typically be toxic to most plants, often concentrating pollutants in 
their shoots and leaves. They possess specialized biochemical mechanisms that allow 
them to sequester metals in vacuoles or cell walls, thereby avoiding toxic effects. For 
instance, hyperaccumulators produce metal-binding proteins like metallothionein 
and phytochelatin, which help detoxify absorbed metals. These plants also thrive in 
nutrient-poor, metal-rich soils where other species would struggle to survive [39].

Numerous hyperaccumulator species have been identified and are widely used 
in phytoremediation, as shown in Table 1. Pteridium aquilinum is a highly effective 
hyperaccumulator of hexavalent chromium (Cr), capable of accumulating up to 
11,854 mg.kg−1 of Cr in its underground parts. This fern is particularly well-suited 
for remediating chromium-contaminated environments, especially in industrial and 
mining areas where hexavalent chromium poses significant ecological risks. Its ability 
to sequester such high concentrations of Cr makes it an invaluable tool for phytoreme-
diation projects targeting heavy metal contamination [40].

Similarly, Acorus calamus is known for its ability to accumulate copper (Cu) from 
contaminated water sources. Frequently used in aquatic phytoremediation, this plant 
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demonstrates strong bioaccumulation capabilities and a high tolerance to metal pol-
lution. It is commonly used in wetlands and constructed water treatment systems as 
part of an eco-friendly approach to mitigating metal pollutants [41].

Pistia stratiotes, commonly known as water lettuce, is another efficient hyperac-
cumulator of copper (Cu). Noted for its large root system and high bioaccumulation 
factor, this plant is widely employed in constructed wetlands and water treatment 
systems to address copper contamination, providing a sustainable solution for manag-
ing metal pollutants in water [41]. Azolla pinnata is also highly effective in absorbing 
copper in aquatic environments, thanks to its high bioaccumulation factor and rapid 
growth rate, which allows it to quickly colonize contaminated water bodies [41]. 
Additionally, Arabis paniculata is recognized for its tolerance to and accumulation of 
heavy metals such as lead (Pb), zinc (Zn), and cadmium (Cd). This species is fre-
quently used in phytoremediation projects to restore soils contaminated by industrial 
and mining activities due to its high metal tolerance and accumulation capacity [42].

Although hyperaccumulators show great potential for remediating metal-
contaminated soils, they have certain limitations. These plants typically produce low 
biomass, which slows the rate at which they accumulate contaminants compared to 
faster-growing species. Additionally, hyperaccumulators tend to be specialized for 
specific metals, limiting their use to certain contaminants. As a result, in large-scale 
remediation projects, hyperaccumulators are often combined with other species that 
can target a wider range of contaminants or produce more biomass [43].

3.3 Genetic and biotechnological enhancements in phytoremediation

Recent advancements in genetic engineering and biotechnology have greatly 
enhanced the potential of phytoremediation. These innovations allow plants to 
remediate a broader range of contaminants more effectively and improve their 
ability to withstand harsh environmental conditions, such as high pollution levels or 

Plant 
species

Accumulated 
contaminant

Accumulation 
capabilities

Application Reference

Pteridium 
aquilinum

Hexavalent 
chromium (Cr)

11,854 mg.kg−1 in 
underground parts

Industrial and mining 
areas with chromium 
contamination

[40]

Acorus 
calamus

Copper (Cu) High tolerance and 
bioaccumulation in 
aquatic settings

Wetlands and 
constructed water 
treatment systems for 
copper removal

[41]

Pistia 
stratiotes

Copper (Cu) Large root system, high 
bioaccumulation factor

Constructed wetlands 
and water treatment 
systems for copper 
removal

[41]

Azolla 
pinnata

Copper (Cu) High bioaccumulation 
factor, effective in low 
copper concentrations

Aquatic settings for 
copper detoxification

[41]

Arabis 
paniculata

Lead (Pb), Zinc 
(Zn), Cadmium (Cd)

High metal tolerance and 
accumulation, suited for 
phytoextraction

Industrial and mining 
sites for heavy metal-
contaminated soil

[42]

Table 1. 
Summary of the species, their accumulation capabilities, and their respective applications.
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extreme soil environments. This section will explore key biotechnological approaches, 
including genetic modifications, CRISPR technology, and the use of plant-associated 
microorganisms.

3.3.1 Genetically modified plants for phytoremediation

Genetically modified plants (GMPs) have shown great promise in enhancing 
the effectiveness of phytoremediation. By introducing specific genes that improve 
the uptake and detoxification of heavy metals and other pollutants, these trans-
genic plants can target environmental contaminants more efficiently. For example, 
advancements in CRISPR-Cas9 technology have facilitated the genetic modification 
of ornamental and aromatic plants, increasing their tolerance and capacity to remove 
heavy metals from polluted environments [44]. This biotechnological approach 
represents a significant breakthrough, allowing scientists to develop plant species 
with enhanced detoxification abilities [45].

In another study, CRISPR-Cas9 technology was used to modify tobacco plants by 
eliminating xyloglucan from their cell walls. This modification improved the plant’s 
ability to retain arsenic in its roots while minimizing translocation to other parts of 
the plant, making it more effective in remediating arsenic-contaminated soils [42]. 
These advancements demonstrate the potential of CRISPR-Cas9 to create plants 
specifically designed for large-scale environmental restoration efforts.

3.3.2 Plant-microbe symbiosis and rhizosphere engineering

Plant-microbe symbiosis and rhizosphere engineering are essential for improving 
the efficiency of phytoremediation. Plant growth-promoting bacteria (PGPR), such 
as Pseudomonas and Bacillus, significantly enhance the ability of hyperaccumulator 
plants like Helianthus annuus to absorb and accumulate heavy metals such as zinc (Zn) 
and cadmium (Cd). These beneficial microbes interact with the plant’s root system, 
modifying the rhizosphere by increasing nutrient availability and enhancing metal 
solubility, thus facilitating greater metal uptake [46]. The rhizosphere, the biologi-
cally active zone around plant roots, becomes a focal point for pollutant degradation 
when inoculated with these microbes.

Rhizosphere engineering involves deliberately manipulating this zone by intro-
ducing specific microbes or altering soil conditions to boost microbial activity. This 
approach enhances the plant’s natural remediation capabilities by promoting processes 
like metal chelation, organic pollutant degradation, and nutrient cycling. Studies have 
shown that microbial inoculants can increase phytoremediation efficiency, reduce 
toxicity, and improve plant growth in contaminated environments [47].

3.3.3 Integration of phytoremediation with synthetic biology

The integration of synthetic biology into phytoremediation offers exciting new 
possibilities for enhancing the removal of contaminants from the environment. 
Synthetic biology enables the engineering of both plants and microbial communities 
to improve their capabilities for pollutant uptake, degradation, and detoxification. For 
example, modifying rhizosphere microorganisms using synthetic biology techniques 
can enhance interactions between plants and microbes, optimizing the rhizosphere 
environment for more efficient phytoremediation [48]. By designing microbial strains 
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or plant genes specifically tailored to target certain pollutants, scientists can develop 
systems that precisely degrade contaminants.

This integration also enables the construction of synthetic regulatory networks 
in plants, allowing them to respond to environmental signals and dynamically 
control the expression of remediation genes. These innovations present a promising 
approach for addressing complex environmental pollution in a targeted and sustain-
able way, significantly improving the effectiveness of phytoremediation in large-scale 
applications.

4. Applications of phytoremediation in environmental remediation

Phytoremediation has a wide range of applications. Depending on the type of 
pollutant and the medium impacted, different strategies can be employed in various 
environmental settings involving soil and water treatment as well as air pollution 
control.

4.1 Soil remediation

Phytoremediation in soil remediation presents an eco-friendly and cost-effective 
solution to remove heavy metals and other pollutants. This method utilizes plants, 
often combined with soil microbes, to absorb, translocate, and stabilize contaminants 
in the soil. Techniques like phytoextraction and phytostabilization are commonly 
used, depending on the type of pollutant and soil conditions. For instance, hyperaccu-
mulator species like Phragmites australis have shown high efficiency in removing met-
als such as zinc and cadmium from contaminated soils, especially in industrial areas 
[49]. Another example is Helianthus annuus (sunflower), widely used for phytoextrac-
tion due to its ability to accumulate lead and other toxic metals from the soil [50].

Many large-scale phytoremediation projects have integrated innovative tech-
niques, such as bioaugmentation and biochar amendments, to enhance soil fertility 
and contaminant removal. Research has shown that combining biochar with plants 
like Jatropha curcas significantly reduces the bioavailability of heavy metals while 
improving soil quality [51]. These advancements emphasize phytoremediation’s 
potential to tackle severe soil pollution in mining areas and urban settings, providing 
a sustainable alternative to conventional remediation methods.

4.2 Water and wetland treatment

Phytoremediation has proven to be an effective approach for treating water and 
wetlands, particularly for removing pollutants like heavy metals and organic com-
pounds from contaminated water bodies. Constructed wetlands utilizing plants such 
as Phragmites australis and Typha latifolia have been successfully implemented to treat 
wastewater reducing contaminants like nitrates, phosphates, and heavy metals [52]. 
These systems leverage the natural capacity of plants to absorb, accumulate, and 
detoxify pollutants, providing a sustainable and cost-effective alternative to tradi-
tional water treatment methods.

Recent studies have also emphasized the potential of floating wetland systems 
using terrestrial plant species such as Canna indica and Chrysopogon zizanioides, 
which have demonstrated high pollutant removal efficiencies in treating domestic 
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sewage [53]. Additionally, constructed wetlands utilizing Napier grass have shown 
remarkable chromium removal from industrial wastewater, with removal capacities 
as high as 99.96% [54].

4.3 Air pollution mitigation

Phytoremediation has also proven to be an effective method for mitigating air 
pollution by utilizing the natural abilities of plants to absorb, adsorb, and degrade 
airborne contaminants. Plants such as Ficus religiosa and Mangifera indica have been 
identified for their high tolerance to air pollution and are commonly used to reduce 
harmful pollutants, including particulate matter (PM), nitrogen oxides (NOx), 
and sulfur dioxide (SO2), in urban environments [55]. These plants act as biofil-
ters, removing pollutants from the air while providing ecological benefits such as 
improved air quality and reduced urban heat island effects.

Advances in the use of green walls and vertical gardens have further enhanced 
the application of phytoremediation in urban areas. These systems not only improve 
air purification but also process larger volumes of air, making them suitable for areas 
with high pollution levels [56]. Studies show that broad-leaf species like white mul-
berry and plane trees are particularly effective in reducing pollutants such as ozone 
(O3) and carbon monoxide (CO), making phytoremediation a valuable strategy for 
air pollution control in cities [57].

4.4 Urban and industrial sites

Phytoremediation has been successfully applied in urban and industrial areas 
to address contamination from heavy metals, hydrocarbons, and other pollutants. 
This method provides a sustainable and cost-effective solution for cleaning up sites 
impacted by years of industrial activity, especially where metals like lead, cadmium, 
and copper have accumulated. For example, Ulmus glabra has demonstrated a high 
capacity for heavy metal accumulation, making it particularly valuable in con-
taminated urban and industrial zones [58]. Tree-based phytoremediation is often 
preferred in urban environments as it not only mitigates soil contamination but also 
offers additional benefits such as air purification and erosion control [59].

In areas where both soil remediation and biomass production are priorities, 
combining phytoremediation with biomass cultivation has proven to be an effective 
strategy. For instance, studies have shown that in industrial sites, this approach not 
only reduced hydrocarbon concentrations but also generated viable biomass suitable 
for bioenergy applications [60]. This dual-purpose technique is gaining recognition as 
a promising way to restore contaminated urban and industrial areas while producing 
renewable resources.

5. Advantages and limitations of phytoremediation

Phytoremediation is a promising and sustainable method for cleaning contami-
nated environments, offering significant ecological, economic, and social benefits. 
However, like any remediation technique, it has inherent limitations that must be 
considered for effective use. A thorough understanding of both the advantages and 
challenges of phytoremediation is essential for its successful application.
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5.1 Environmental and ecological benefits

One of the most significant advantages of phytoremediation is its environmentally 
friendly approach to remediation. Unlike traditional methods that rely on mechani-
cal, chemical, or thermal interventions, phytoremediation works in harmony with 
natural processes to restore contaminated environments. The use of plants not only 
aids in pollutant removal but also contributes to the overall improvement of soil, 
water, and air quality.

5.1.1 Soil health improvement

Phytoremediation significantly enhances soil health and provides various 
environmental and ecological benefits. This method utilizes plants to detoxify and 
immobilize contaminants, thereby improving the physical, biological, and chemical 
properties of soil. The reduction of heavy metals in the soil enhances soil fertility and 
promotes microbial activity [6]. Phytoremediation facilitates pollutant removal and 
promotes long-term soil recovery, mitigating erosion and runoff, thereby enhancing 
overall ecological stability [61]. Hyperaccumulator plants introduced in contaminated 
soils enhance soil structure restoration and facilitate nutrient cycling, resulting in 
sustainable improvements in soil health [16].

5.1.2 Biodiversity conservation

Phytoremediation is essential for biodiversity conservation as it rehabilitates 
contaminated environments and promotes the growth of native plant species. This 
method effectively eliminates harmful pollutants while simultaneously fostering 
conditions conducive to the flourishing of diverse ecosystems. Halophytes exhibit 
high tolerance to salt and pollutants, playing a crucial role in phytoremediation and 
biodiversity restoration. Their significance lies in addressing ecosystem degradation 
and enhancing food security and renewable resources [62]. These plants offer the dual 
advantage of environmental detoxification and the enhancement of native species 
diversity.

Agroforestry systems integrate trees and other plants with agriculture, thereby 
enhancing biodiversity conservation via phytoremediation. This method enhances 
soil health, augments microbial diversity, and facilitates intricate species interactions, 
thereby increasing biodiversity and ecosystem productivity [63]. The multi-species 
planting model of agroforestry improves soil quality and supports a greater diversity 
of plant and animal species relative to monoculture systems, positioning it as a 
sustainable approach for remediation and biodiversity conservation.

5.1.3 Carbon sequestration and climate change mitigation

Phytoremediation plays a crucial role in carbon sequestration and addressing 
climate change by harnessing the inherent capacity of plants to absorb atmospheric 
CO2 and transform it into biomass. Phragmites australis is utilized in urban forestry 
and constructed wetlands, contributing to carbon sequestration, enhancing air qual-
ity, and providing habitats for wildlife [64]. The establishment of greenbelts and the 
rehabilitation of polluted areas highlight the significant contributions of these plants 
to environmental restoration and climate management, positioning phytoremediation 
as a crucial strategy for meeting climate change objectives.
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Furthermore, agroforestry systems, especially those that combine tree species 
with crops, demonstrate significant potential for carbon sequestration, while also 
enhancing biodiversity and soil health. Agroforestry initiatives in semi-arid areas 
have shown potential in enhancing biomass and carbon stock, thereby playing a role 
in climate change mitigation and promoting agricultural sustainability [65].

5.2 Economic benefits

Phytoremediation typically presents a more economical alternative to conven-
tional remediation methods, which require costly mechanical procedures such as 
excavation, transportation, and disposal of contaminated soil, or the application of 
intricate chemical treatments. The reduced expense associated with phytoremedia-
tion renders it a viable choice, especially for large-scale projects or in low- to middle-
income areas where financial constraints are prevalent.

5.2.1 Cost-effectiveness

Phytoremediation is acknowledged for its economic advantages, positioning 
it as an attractive option for addressing contaminated soils and water bodies. This 
sustainable method utilizes the inherent capacity of plants to take in, break down, 
or stabilize pollutants, eliminating the necessity for expensive mechanical or chemi-
cal interventions. Research indicates that hyperaccumulator plants like Vetiveria 
zizanioides and Phragmites australis can considerably lower remediation expenses 
while ensuring effective metal uptake and water treatment [66, 67]. Furthermore, the 
integration of phytoremediation with biochar or microbial inoculation significantly 
boosts its economic feasibility by enhancing soil fertility and contaminant extraction, 
thereby providing both environmental and monetary advantages.

Compared to conventional approaches, phytoremediation demands less energy, 
labor, and materials, positioning it as a more sustainable long-term strategy for the 
recovery of contaminated sites. For example, the application of constructed wetlands 
utilizing Typha angustifolia for the treatment of acid mine drainage has demonstrated 
significant effectiveness and cost-efficiency, with removal rates reaching 94.35% for 
iron and 85.21% for manganese, all while circumventing the elevated expenses linked 
to sludge generation in active processing techniques [68]. Phytoremediation serves 
as an essential strategy in extensive environmental management, particularly in 
resource-limited contexts.

5.2.2 Applicability to large-scale and low-resource settings

Phytoremediation demonstrates significant potential for implementation in exten-
sive and resource-limited environments, largely because it utilizes natural mechanisms 
and requires minimal infrastructure. This method enables economical restoration of 
polluted soils and water across large regions, eliminating the requirement for advanced 
machinery or chemical solutions. For instance, rapidly proliferating species such as 
Helianthus annuus (sunflower) and Eichhornia crassipes (water hyacinth) are frequently 
employed in extensive initiatives due to their capacity to uptake heavy metals and 
various pollutants, all while necessitating minimal upkeep [69].

In low-resource settings, phytoremediation can be applied with minimal financial 
investment, presenting a viable solution for countries or regions facing resource 
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limitations. Utilizing local plant species significantly improves the adaptability of this 
method, guaranteeing successful results across diverse climatic conditions and soil 
types [65].

5.3 Social and Esthetic benefits

Phytoremediation presents considerable social and esthetic advantages, espe-
cially in urban settings. The inclusion of green spaces and vegetation in urban 
areas significantly contributes to better air quality while simultaneously elevat-
ing the esthetic value of cityscapes. Moreover, integrating phytoremediation into 
public areas can enhance community involvement and promote environmental 
consciousness.

5.3.1 Urban beautification and green spaces

Phytoremediation offers notable social and esthetic advantages by improving 
urban landscapes and encouraging the development of green areas. In urban areas, 
the use of plants for remediation enhances soil and environmental quality, leading 
to the development of more appealing and habitable spaces. Ornamental trees and 
plants, commonly utilized in phytoremediation, play a dual role by alleviating heavy 
metal pollution while simultaneously enhancing green spaces in densely populated 
regions, thus aiding in urban beautification [70]. The dual functionality of phytore-
mediation serves as an important tool in urban planning, enhancing environmental 
sustainability and elevating the esthetic value of urban areas.

Furthermore, the implementation of green infrastructure, including vertical 
gardens and green roofs in urban settings, highlights the architectural and ecological 
advantages associated with phytoremediation. These systems improve the esthetics 
of buildings, reduce the urban heat island effect, and aid in enhancing air quality, 
thereby rendering cities healthier and more visually attractive [71]. Phytoremediation 
serves as a remediation strategy while simultaneously providing cultural ecosys-
tem services that improve social well-being and elevate the quality of life in urban 
environments.

5.3.2 Community engagement and education

Phytoremediation encourages community involvement and learning by engaging 
local residents in environmental restoration initiatives, increasing awareness of pollu-
tion challenges, and advocating for sustainable practices. Communities can engage in 
the planting and upkeep of phytoremediation sites, promoting a sense of ownership 
and commitment to environmental care. Programs associated with these initiatives 
assist communities in taking the scientific principles of phytoremediation and its 
advantages for public health and ecological sustainability [72].

Furthermore, phytoremediation efforts create possibilities for educational 
institutions to integrate practical learning experiences into their programs. Through 
the involvement of students and local stakeholders in remediation activities, these 
initiatives improve environmental education and encourage individuals with the 
knowledge needed to address future environmental challenges. This collaborative 
effort enhances local ecosystems while supporting community connections and 
encouraging sustained responsibility for the environment.



Bioremediation for Environmental Sustainability

16

5.4 Limitations and challenges of phytoremediation

Phytoremediation presents various advantages; however, considerable challenges 
exist that require to be addressed to further improve its effectiveness and broader 
implementation. The constraints include the timeframe needed for remediation, the 
bioavailability of contaminants, reliance on climatic conditions, and the necessity for 
effective site management.

5.4.1 Long timeframes

Phytoremediation is constrained by the extended timescales necessary for effec-
tive remediation, due to the slower growth cycles of plants. This prolonged length 
creates challenges, particularly for emergencies demanding rapid remediation, 
because the entire process can take months or years [73]. Additionally, factors such 
as soil toxicity and adverse environmental conditions may hinder plant development, 
hence delaying the clean-up process. Improvements in plant breeding and genetic 
engineering are being investigated to improve growth rates and pollution absorption, 
hence reducing these time periods [27].

5.4.2 Contaminant bioavailability

A significant restriction of phytoremediation is the difficulty related to the 
bioavailability of soil pollutants. The efficacy of phytoremediation is greatly affected 
by the bioavailability of heavy metals in the soil and the capacity of plants to absorb 
these pollutants. Enhancing metal bioavailability requires optimization of soil condi-
tions and the selection of appropriate plant species. Furthermore, using chelating 
chemicals such as ethylenediaminetetraacetic acid (EDTA) or citric acid may enhance 
metal absorption by plant roots; yet, this method may elevate the possibility of metal 
leaching into groundwater, hence posing environmental hazards [49].

5.4.3 Climatic and environmental limitations

Environmental vulnerability, including severe weather conditions like drought or 
temperature variations, may adversely affect plant growth, nutrient absorption, and 
the total bioavailability of soil pollutants [74]. In arid regions such as those in Chile, 
the severe scarcity of water could hinder the survival of plants and the remediation 
process, affecting the setting up and ongoing operation of phytoremediation schemes 
[75]. Moreover, seasonal fluctuations and the biological needs of plants, including 
particular growth circumstances, may extend the remediation period, making the 
method less efficient compared to other approaches [73].

5.4.4 Potential for contaminant Re-entry into the ecosystem

The potential of pollutant re-entry into the environment is an important challenge 
to the sustained efficacy of phytoremediation activities. Upon the breakdown of 
phytoremediation plants, pollutants like heavy metals or organic pollutants may be 
reintroduced into the soil or water, thereby affecting the remediation processes. This 
issue has been highlighted in research on polluted mining locations, where inadequate 
disposal or degradation of plants resulted in the re-emission of contaminants [76].
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Moreover, adverse environmental conditions, such as intense precipitation or soil 
erosion, may result in the remobilization of contaminants, particularly in areas where 
phytostabilization is used to isolate pollutants rather than eliminate them. Effective 
post-remediation techniques, such as the safe removal of biomass and continuous site 
monitoring, are crucial to reduce the risk of pollutant re-entry and ensure long-term 
success [77].

5.5 Addressing the challenges of phytoremediation

Research and innovative approaches are being explored to address the problems 
related to phytoremediation. Multiple approaches have been established that reduce 
limitations and improve the application of phytoremediation.

5.5.1 Use of soil amendments

Soil amendments, such as biochar, organic matter, or synthetic chelating 
agents, may be used to enhance the bioavailability of pollutants. Biochar has 
shown the capacity to increase the bioavailability of heavy metals and improve soil 
structure, allowing more effective absorption by plant roots. Still, it is necessary 
to evaluate the advantages of these adjustments against potential environmental 
consequences [43].

5.5.2 Biotechnology and genetic engineering

Advancements in genetic engineering, particularly the use of CRISPR-Cas9 
technology, have made it possible to enhance the tolerance of plants to contaminants, 
increase their uptake capacity, and even modify plants to break down organic pollut-
ants. By genetically modifying plants to express specific enzymes or metal transport-
ers, innovative approaches are being explored to produce more resilient species that 
can thrive in harsh environmental conditions and accelerate the phytoremediation 
process [78].

5.5.3 Combining phytoremediation with other techniques

Combining phytoremediation with other remediation methods may greatly 
increase its efficacy in addressing the problems with it. For example, integrating phy-
toremediation with stabilization methods, including the application of amendments 
such as steel slag or pyrolusite, can mitigate the spread of contaminants like cadmium 
and arsenic, providing a more holistic approach [79]. This combination enhances 
the immobilization of contaminants and enhances both the economic and technical 
viability of the remediation process.

Furthermore, the integration of bio-combined techniques, including the use of 
plant growth-promoting rhizobacteria or microbial inoculants, significantly enhances 
the efficiency of phytoremediation. These microorganisms contribute to better metal 
absorption and reduce stress in plants, thereby increasing their resilience in polluted 
environments. This combined method has demonstrated greater efficacy in eliminat-
ing trace elements compared to phytoremediation used alone [80].

By addressing these challenges with innovative techniques and integrated 
approaches, phytoremediation has the potential to emerge as a more viable and 
effective solution for environmental restoration. As studies advance and innovative 
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technologies develop, the promise of phytoremediation to aid in sustainable environ-
mental management expands, presenting reassurance for the remediation of polluted 
areas across the world.

6. Conclusion

Phytoremediation represents a novel and economically viable method for 
addressing pollution, employing the inherent capabilities of plants to restore 
contaminated ecosystems. Plants utilize mechanisms including phytoextraction, 
phytostabilization, phytodegradation, and rhizofiltration to effectively mitigate 
various pollutants, such as heavy metals, organic compounds, and radionuclides. 
Phytoremediation is applicable across various environmental contexts, including 
industrial sites, agricultural lands, and urban areas. Case studies from various 
regions have shown its effectiveness, offering important insights for upcoming 
projects. Furthermore, advancements in biotechnology, such as genetic modifica-
tions, CRISPR-Cas9 technology, and plant-microbe symbiosis, have particularly 
improved the efficiency of phytoremediation. Recent advancements have expanded 
the potential of phytoremediation by boosting plant tolerance to pollutants, improv-
ing contaminant uptake, and facilitating the degradation of complex pollutants that 
used to be difficult to manage.

Phytoremediation, while advantageous, encounters challenges including 
extended remediation periods, dependency on climate variables, and limitations 
in addressing non-bioavailable contaminants. Ongoing research and innovations 
in synthetic biology, along with improved integration with other remediation 
techniques, are expected to address these limitations. Future research should 
prioritize the optimization of genetic enhancements, the advancement of rhizo-
sphere engineering, and the integration of real-time monitoring technologies, 
such as machine learning, to enhance the prediction of remediation outcomes and 
expedite the process.

Phytoremediation provides interesting ecological and economic benefits alongside 
its technical advantages. This process enhances biodiversity, promotes soil health, 
and facilitates carbon sequestration, thereby aiding in comprehensive environmental 
restoration initiatives. Phytoremediation is more cost-effective than conventional 
remediation methods, rendering it advantageous for extensive projects and areas with 
constrained financial resources. The integration with global environmental policies, 
including the Sustainable Development Goals (SDGs) and the Paris Agreement, 
underscores its significance in addressing pollution and climate change on a 
global scale.

Phytoremediation presents significant potential for sustainable environmental 
management in the future. This approach addresses current pollution issues while 
also serving as a proactive solution that aligns with global goals for the environment. 
Greater funding for research, policy support, and public awareness is crucial for com-
prehending the full potential of phytoremediation. Collaboration among scientists, 
policymakers, and communities can enhance phytoremediation’s role in promoting a 
healthier, cleaner, and more resilient planet for future generations.
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Chapter 2

Application of Fruit Wastes in the 
Bioremediation of Heavy Metals: 
Mechanism, Challenges and 
Prospects
Felicia Omolara Afolabi and Paul Musonge

Abstract

Heavy metals are toxic substances which are hazardous to plant, animal and 
human health. The presence of these pollutants in the environment can have adverse 
effects that can threaten human health if inhaled or absorbed. The bioremediation 
of heavy metals using fruit wastes offers the application of agricultural wastes and 
low-cost biomaterial and is eco-friendly for the treatment of wastewater. Fruit peels 
are promising and sustainable waste material for the effective treatment of wastewa-
ter, which support the concept of circular economy and environmental sustainability. 
This chapter provides an overview of bioremediation of heavy metals while highlight-
ing the application of fruit peels as a promising waste material for effective treat-
ment of wastewater. Given the success of bioremediation using agricultural wastes, 
the mechanisms involved in the biosorption process are discussed. Challenges and 
prospects for the efficient application of fruit wastes for the bioremediation of heavy 
metals are discussed.

Keywords: bioremediation, fruit peels, mechanisms, heavy metals, eco-friendly, 
wastewater

1.  Introduction

The occurrence of heavy metals in the environment, majorly soil and water, has 
become challenging and alarming. This is due to consistent increase in urbanization 
and technological advancement. The heavy metal sources can be traced to several 
industrial activities such as smelting, galvanizing, metal plating, paint, textile, 
laundry processes, thermal power plant and so on. These pollution sources are 
increasing with time and producing huge quantity of pollutants to water bodies, 
thus reducing the quality and accessibility to fresh and clean water. It is stated that 
the major sources of water pollution are industrial discharges, agricultural activi-
ties and municipal waste discharges. There are rules and regulations by government 
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and protection agencies to minimize the discharge of industrial effluent and water 
pollution. However, the industries are faced with high cost of treatment processes 
due to the large flux of water generated, thus narrowing the profit margin of the 
industries. Hence, there is need for sustainable and economical wastewater treatment 
techniques.

Basically, the wastewater treatment process can be divided into three phases, 
namely primary, secondary and tertiary treatment. These phases involve several 
techniques employed in water engineering such as biological, chemical, coagulation/
flocculation, ion-exchange, precipitation, electrochemical, adsorption and other 
combinations processes. Adsorption process is a renowned wastewater treatment 
technique for the removal of heavy metals and other organic pollutants. Adsorption 
is well applied for treatment of wastewater due to its versatility, ease of operation, 
and economics. The efficiency of the adsorption process depends on the choice of 
adsorbent. A suitable adsorbent must possess high affinity for the selected pollutant 
to achieve good percentage removal and efficiency. The sources of these adsorbents 
could be natural or synthetic. Some of the pronounced adsorbents include activated 
carbons (ACs), metal organic frameworks, zeolites, biomass, carbon nanotubes, 
graphene-based materials, polymeric materials and so on. Recently, researchers 
have focused on the application of naturally occurring materials such as agricultural 
wastes as adsorbents for wastewater remediation. These biological materials are 
abundant in nature, readily accessible, inexpensive and sustainable. These biowastes 
are mostly trashed in the bin and eventually end up in the dumping site or left to rot 
on the farmland. In the past decade, researchers have proven that these biomaterials 
contain active sites suitable for the adsorption of heavy metals and organic matter. 
Fruit wastes have high lignocellulosic composition comprising of cellulose, hemicel-
lulose and lignin. These compositions contain chemical functional groups responsible 
for the adsorptive potential of the bio-adsorbents. However, the performance and 
behavior of these bio-adsorbents during the adsorption process depends on their 
preparation, composition and different modification techniques.

Fruit wastes are a major contributor to biomass wastes. These wastes include 
orange peel, banana peel, watermelon rinds, lemon peel, apple seeds and pomace, 
mango peel, jackfruit seed kernel, pomegranate peel, papaya peel and seeds, grape-
fruit peel, coconut husks, date seeds, date seeds, pumpkin peel, passion fruit peel, 
custard apple seed and peel, almond wastes, tamarind seeds and husk, granadilla 
peels, shaddock seeds and peel, citrus limetta peel and so on [1–15]. Different adsor-
bents derived from fruit wastes have been explored for the treatment of wastewater. 
The fruit-based bio-adsorbents have been investigated for the removal of heavy met-
als and other contaminants [1, 16]. A family of adsorbents called “fruit waste derived 
bio-adsorbents” offers a more comprehensive view of their uses in the treatment of 
wastewater. These adsorbents are highly appealing, and feasibility studies indicate 
that using these bio-adsorbents for large-scale applications will be profitable.

This chapter elaborates different sources and preparation of bio-adsorbents 
derived from fruit wastes for the removal of heavy metals from wastewater. The 
modification techniques and biosorption capacities of the fruit wastes and adsorption 
isotherm and kinetics of the various fruit wastes of bio-adsorbents are discussed. 
The effects of the operating parameters such as initial concentration, adsorbent 
dosage, pH, contact time and the adsorbent particle size on the adsorption process 
are discussed. Furthermore, the adsorption mechanism and the challenges with the 
application of fruit wastes in adsorption studies are also provided.
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2.  Sources and preparation

Fruit wastes are naturally and abundantly available biomass which are a rich 
polymer source. Natural fruit is a type of cellulose-rich biopolymer source, and as 
Figure 1 illustrates, their wastes are separated into various sections. These wastes have 
a high mechanical strength functionality and a high chemical surface reform due to 
their hydrophilic character. The availability, preparation and modification of the fruit 
waste bio-adsorbents are discussed in this section.

2.1 Sources and availability

The need for and consumption of food and fruit has increased to billions of tons 
annually due to population growth. This suggests that a lot of fruit wastes, like peels, 
leaves, stalks, seeds, stones and so forth, are produced. These wastes can be collected 
from the marketplace, household bins, restaurants and fruit juice industries. High 
quantities of these wastes end up in the dumping site, which pollute the environment 
or become nuisance in the community if not well disposed of. Table 1 lists the quanti-
ties of these fruit wastes and shows that a significant amount of specific fruit waste is 
thrown away annually. It has also been noted that excessive garbage production might 
pollute the environment and increase waste management expenses. As Table 1 illus-
trates, the fruit wastes have a high lignocellulosic component. They contain around 
50% carbon elements, which can be transformed into activated carbons by high-
temperature thermal treatment procedures carried out in an inert atmosphere. As of 
right now, fruit waste bio-adsorbents have been shown to be effective at removing 
pollutants from wastewater. Fruit waste can be used as biochar (BAs) for wastewater 
treatment. Examples of these are bananas, oranges, watermelon, pomegranates, 
strawberries, pineapples, avocados, jackfruit, mangos, coconuts, apricots, peaches, 
walnuts, peanuts, dates, cherries and almonds.

2.2 Preparation

The preparation of bio-adsorbents derived from fruit wastes is an easy and simple 
process. The bio-adsorbents can be utilized in its natural form or be subjected to 

Figure 1. 
Different parts of fruit wastes.
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further treatments and modification to enhance the properties and the active sites. 
The preparation processes can be grouped into three stages (Figure 2).

Most of the studies chose to use bio-adsorbents in their natural form without any 
modification or further processing. This simplifies the processing stages and saves 
time and cost, and it is also efficient. Generally, the bio-adsorbents are firstly sourced 
or collected and washed with water to remove dirt and debris. The type of water used 
for washing ranges from tap water, distilled water and deionized water to double 

Figure 2. 
Preparation stages of bio-adsorbents.

Fruit Waste Lignocellulosic composition (dry basis) Waste volume 
MTY

Reference

Cellulose Hemicellulose Lignin

Banana Peel 9.9 41.38 8.9 41.265 [17]

Leaves 35.58 23.46 10.58 320,000–400,000 T [16]

Stem 38.48 25.36 5.77 1000 [17]

Orange Peel 24.0 50.8 20.7 25–30 [18]

Watermelon Peel 58 14 11 42 [19]

Pomegranate Peel 7.9 8.1 22.1 1.5 [20]

Lemon Peel 23.1 8.09 7.6 57.2 [21]

Citrus Peel 20.8 17.2 8.9 52.2–57.2 [21]

Pineapple Skin 20.44 9.43 41.21 0.62 [22]

Avocado Peel 12.1–27.6 11.5–25.3 4.4–35.3 1,050,000 [23]

Stone 6.5–40.9 3.0–47.9 1.8–15.8 1,500,000 [23]

Tamarind Husk 14.85 33.40 25.77 0.17 [24]

Seeds 20.93 15.77 28.76 0.055 [24]

Jackfruit Leaves 34 4 19 — [25]

Mango Leaves 40 11 28 — [8]

Peels 38.35 13.90 27.90 35 [26]

Stone 49.99 21.15 25.53 60 [26]

Coconut Shell 48.9 19.8 30.1 2.31 T [27]

Peanut Shell 31.5 18.8 50 11,000,000 T [28]

Dates Seed 23.9 26.8 21.6 900,000 T [29]

Table 1. 
Waste volume of fruit wastes and their lignocellulosic composition.
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distilled water. Washing is mostly done to get rid of any dirt, dust or other particles 
that have adhered to the leaves’ surface. After the powder has been made, washing 
is occasionally carried out to get rid of soluble materials, colors, tannins and other 
things.

Reducing moisture through drying is the second important stage in the production 
of bio-adsorbents from fruit wastes. There are three major techniques employed by 
researchers for effective drying of bio-adsorbents, namely.

1. Sun drying

2. Ambient temperature drying

3. Oven drying

4. Combination of the above 3 techniques

While some research only utilized sun drying as a first stage of drying, others 
reported using it exclusively. Sun drying requires a lot more time than oven drying; 
in some cases, it might take up to 7 days. Most of the research, however, employed 
oven drying. There was a range of 50–110°C in temperature and 2 hours to 2 days in 
duration [30–32]. Drying was also ended when crisp without giving a precise time. 
Room-temperature air drying was used by certain studies. Grinding and sieving are 
the third important step in the preparation process. The bio-adsorbents are sieved 
to particle sizes using a range of mesh diameters after being ground. To enhance 
their functional qualities, the bio-adsorbents can be utilized either exactly as it is or 
through additional changes.

2.3 Modification

The standard procedure for altering bio-adsorbents involves soaking them in an 
acid or an alkali for a few hours while shaking them occasionally at high temperatures. 
Formic acid, hydrochloric acid, sulfuric acid and nitric acid are among the acids 
that are employed. The alkali that is most widely used is sodium hydroxide. Other 
compounds utilized for alteration include formaldehyde, iron oxide, calcium oxide, 
sodium sulphide, methanol, detergents and many others. Additionally, reports of 
extremely complex multi-stage pre-treatment procedures can be found in the public 
literature.

In other investigations, the materials underwent chemical activation followed by 
carbonization in place of chemical modification. Compounds including zinc chloride, 
sulfuric acid and phosphoric acid are used in activation. The typical range for car-
bonization temperature was 400–1200°C; some experiments used microwave heating 
with a specific heating power. The time range for carbonization was 1–24 hours. For 
several reasons, washing is typically performed following chemical pre-treatment.

1. To eliminate extra reagents from the bio-adsorbents following the modification 
procedure.

2. To make sure that, even after more washing, the pH is neutral or no longer 
changing.
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3.  Biosorption capacity of fruit peels

The removal efficiency and adsorption capacity of a material are important 
indicators that help assess its effectiveness as an adsorbent in eliminating a particular 
pollutant from an aqueous solution. While the removal effectiveness is dependent 
on various circumstances such as the concentration of the pollutant, the existence of 
competing chemical species in the aqueous phase and time, the adsorbent’s inherent 
attribute towards the pollutant is its adsorption capacity. It should be mentioned that 
the removal efficiencies were occasionally shown as values that were more than (>) 
or less than (<). These are the values that were determined by visually examining the 
graphs in the articles where precise values were not stated. The removal efficiencies 
and adsorption capacities given in the articles are maximum values (at the optimal 
factor levels), not averages.

3.1 Effects of operating parameters

In relation to the biosorption of contaminants from aqueous solution by fruit 
wastes, a few aspects have been investigated. They consist of process temperature, 
adsorbent dosage, pH, and equilibration time. We will look at these factors’ optimums 
and effects in this section. Temperature has a minor impact on biosorption at medium 
temperatures (20–35°C) and a significant impact at higher temperatures. Elevated 
temperatures have the potential to significantly denature the bio-adsorbent. However, 
after the biomaterial has been carbonized, this is not considered. According to Anwar 
et al. [33], pH is the most crucial factor in the biosorption process. It is possible to 
think of biomass as naturally occurring ion-exchange materials, the majority of 
which are basic and mildly acidic. As a result, the pH of the solution impacts the 
metals’ solution chemistry, the activity of the functional groups in the biomass and 
the competition between metallic ions, as well as the type of the binding sites in plant 
leaves and their solubility in metals. The ideal biosorption period varies considerably 
throughout research. This depends on the kinetics of the biosorption process to a 
large degree. The ideal dosage is very individualized and will never be the same for 
two studies. On the other hand, an increase in dosage generally results in an increase 
in the amount of heavy metals adsorbed. This makes sense because a higher dosage 
translates into more active sites that are available for adsorption.

3.1.1 Adsorbent dosage

One of the key components in creating an effective adsorption system is 
optimizing the adsorbent-dose ratio. It aids in estimating the treatment cost of an 
adsorbent and establishing the equilibrium relationship between the adsorbent 
and the adsorbate. The availability of more empty sites on the adsorbent for the 
adsorbate in solution is what causes the rise in adsorption capacity at higher 
amounts of adsorbent. Furthermore, when the dose of the adsorbent is changed, 
its surface area is likewise increased. Moreover, interactions between adsorbed 
ions and ions in solution might occasionally cause a larger dose of adsorbent to 
cause the desorption of adsorbed ions from the adsorbent’s surface. As a result, for 
pollutants to be removed effectively, the adsorbent dose must be tuned. Numerous 
investigations on metal adsorption have been conducted utilizing various natural 
adsorbent materials. In most of the results reported, the adsorption capacity 
increased as the adsorbent dosage increased [5].
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3.1.2 pH

The adsorption system is dependent on the pH of the solution due to the variation 
in the surface characteristics of the adsorbent and adsorbate at different pH levels. The 
removal percentage of phenol was shown to decrease as solution pH increased from 1 
to 8 when phenol adsorption was carried out using chemically activated banana peel 
adsorbents. This was due to the larger concentration of OH- ions at higher pH levels. 
The disruption in phenol ion transport caused by an increase in hydroxyl ion con-
centration in solution lowers the adsorption capacity. As pH rises, the oxidation state 
of chromium changes from the more stable Cr(III) to the more hazardous Cr(IV). 
When it comes to lead, lower pH levels result in higher concentrations of free lead, 
while higher pH values cause immobilization due to precipitation [34]. When it comes 
to metal adsorption, rising pH causes the adsorbent surface to become negatively 
charged, which makes it easier for positively charged heavy metal ions to sorb [35].

3.1.3 Particle size

One special way to change an adsorbent’s sorption capacity is through physical 
alteration. Smaller particle size adsorbents hold a larger adsorbent surface area and 
higher active unoccupied sites that lead to better sorption capacity. The available 
adsorbent surface area for adsorbate is estimated by the particle size distribution. The 
widening of holes and pores on the surface of adsorbents is contributed by a higher 
surface area. In the adsorption study of Cu2+ and Pb2+ using orange peels [36], the 
effect of particle size was investigated in the range of 75–455 microns. The increase 
in the particle size had little or no effect on the adsorption capacity of the metal ions 
hence 75 microns gave the optimum adsorption efficiency.

3.1.4 Contact time

An adsorbent’s sorption capacity rises as the contact/interaction time does. Dyes’ 
absorption first rises with an increase in contact duration before reaching an optimal 
value. Because there are many open adsorbent sites at the beginning of the adsorption 
process, maximum sorption occurs there. Eventually, the rate of adsorption reduces, 
creating a straight line on the adsorption amount against time that indicates the adsor-
bent’s saturation level. The best time to choose for the adsorption process is crucial 
since it reduces operational costs and time. The amount of pollutant sorption reduces 
when the adsorbent and solution have more contact time. In a study conducted to 
investigate the effect of contact time in the adsorption of Cd2+ using banana peels 
[37], the increased adsorption of cadmium was observed with the increasing of con-
tact time. The result showed that maximum adsorption (85% removal) of cadmium 
occurred at the first 10 minutes of contact time. Adsorption rate gradually increased 
up to 50 minutes of contact time. After 50 minutes, less increase in adsorption rate 
was observed and remained almost constant after 120 minutes. Optimum contact time 
for cadmium adsorption was selected as 120 minutes for further experiments.

3.1.5 Temperature

One of the key process variables that establishes the endothermic or exothermic 
character of an adsorption process is temperature. Adsorption treatment proce-
dures are often endothermic. The bio-adsorbent sorption capability increases with 
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temperature. Pollutant molecules’ mobility or the expansion of active sites on the 
adsorbent’s surface could be the cause of the increase in sorption capacity. Higher 
temperatures cause the sorbent’s interior structure to enlarge, which allows dye 
molecules to penetrate even further [38].

3.1.6 Initial concentration

The higher initial concentration of pollutant in the wastewater results in higher 
removal of the pollutant and vice versa. The orange peels and magnetized orange 
peels have been used as adsorbents for the removal of crystal violet dyes from the 
textile wastewater. In a study on the adsorption of Cu2+ and Pb2+ onto sawdust [39], 
an increase in the Pb concentration from 1 to 50 mg/L results in an increase in the 
percent metal removal for up to 25 mg/L Pb for contact times above 3 hours and up 
to 10 mg/L Pb for lower contact times. The decrease in metal removal percentages, 
whenever observed, can be related to saturation of available binding sites on the 
adsorbent above a certain concentration of metal. The increase in adsorption capacity 
may be due to the higher adsorption rate and the utilization of all available active sites 
for adsorption at elevated metal concentration.

3.2 Isotherm studies

The adsorbate’s adsorption uptake behavior on the adsorbent surface is described 
by adsorption isotherms. This sheds light on the forces of attraction and the affinity 
between the sorbent surface and the sorbate. However, it offers a necessary situation 
to produce monolayers and multilayers on the sorbent surface. Furthermore, sorbate 
adsorption on the adsorbent surface might result in the creation of a single molecular 
layer (monolayer formation) or, if sorbate adsorption is permitted on the surface, the 
accumulation of many layers (multilayer). To investigate the adsorption mechanisms, 
the Langmuir and Freundlich isotherm models are most utilized. At the molecular 
level, each of the isotherm models has a distinct sorption mechanism. These models 
are adapted to experimental data under isothermal conditions.

One of the isotherm models that is frequently used to characterize and identify 
monolayer adsorption systems is the Langmuir model. The link between the free 
adsorbate molecules/vacant sites on the adsorbent materials and the unavailable 
site on the adsorbent material is known to be inferred from this equilibrium [40]. 
The maximal monolayer adsorption on the adsorbent is predicted by the Langmuir 
adsorption theoretical concept. The distribution of metal ion equilibrium between 
the liquid and solid stages is correlated with the creation of a single monolayer on 
the adsorbent outer surface. There are no interactions between lateral adsorbed 
molecules, uniform adsorption sites across the surface, and finite adsorption sites in 
the case of monolayer adsorption. There are only a limited number of adsorption sites 
on the monolayer surface, which have a constant adsorption energy and no adsorbate 
transmigration. In summary, adsorption becomes clogged due to saturation of the 
adsorption sites once they have been filled on a homogenous surface and do not 
interact with any more adsorbed species.

Using a semiempirical formulation for the adsorption, the Freundlich model is 
used for adsorption uptake, which arises from both multilayer and heterogeneous 
adsorption layers. The basic premise of Freundlich isotherm model indicates that 
monolayer adsorption facilitates the adsorption on heterogeneous surface by the 
result of wastewater treatment activity [41]. The Freundlich model postulates that 
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there is a non-stable, continuously stepping ratio between the solute concentration 
in the solution and the solute uptake quantity onto the adsorbent mass. This is the 
reason that the adsorption on the heterogeneous surface and multilayer adsorption 
are screened by the Freundlich equation.

3.3 Kinetic studies

One of the key components of adsorbents is the adsorption kinetics data. These 
empirical or semi-empirical models are essential for assessing and verifying the experi-
mental results, together with isotherms. The Weber-Morris intraparticle diffusion 
(WMIPD), Elovich eq. (EL), Bangham equation (BNG), intraparticle diffusion (IPD), 
pseudo second order (PSO), pseudo first order (PFO), and so on are a few of the impor-
tant kinetic models. In 1898, Lagergren initially introduced the pseudo first order kinetics 
model, which has been used to depict the sorption process in many research studies. One 
way to put it is that the number of accessible adsorption sites and the rate of sorbate ion 
uptake are related. According to the pseudo first order kinetics model, the adsorption rate 
appropriately depends on the expression of concentration differences rather than the bulk 
solute concentration in the solution. This is because the adsorption rate is relatively related 
to the adsorption capacity available during the reaction time.

4.  Mechanism of adsorption

Numerous processes exist for the bio-adsorbent to absorb heavy metals; varying 
theories have been proposed in the literature, depending on the bio-adsorbent type 
and categorization standards. Furthermore, because the biological nature of the bio-
adsorbents involves complexations, most mechanisms are not fully known in detail. 
The mechanisms are either characterized according to (a) the dependence on cell 
metabolism or (b) the location within the cell where the metal is eliminated, which 
is separated into three types: extra cellular accumulation/precipitation, cell surface 
sorption/precipitation and intracellular accumulation.

Bioaccumulation has replaced the term “biosorption” as the term used to describe the 
biosorption based on cellular metabolism. Transport across the cell membrane and pre-
cipitation are the mechanisms of biosorption or bioaccumulation that are dependent on 
cell metabolism, whereas precipitation, physical adsorption, ion exchange and complex-
ation are the mechanisms of biosorption that are independent of cell metabolism. Several 
variables, such as the metal of interest’s chemical, stereochemical and coordination 
properties—which include the metal ion’s mass, ionic radius, and oxidation state—can 
influence the mechanisms. The number of reactive binding sites, the type of binding site, 
the accessibility and availability of binding sites and the affinity between the binding site 
of the bio-adsorbent and the metal ion of interest are some of the parameters of the bio-
adsorbent of choice that influence the biosorption mechanism. In some circumstances, 
more than one mechanism may take place in a multi-step process mechanism; biosorption 
of uranium by Aloe vera waste includes physical adsorption, ion exchange, complexation 
and precipitation [42].

4.1 Physical adsorption

When working with microorganisms, physical adsorption occurs on the surface of the 
bio-adsorbent with the help of electrostatic interactions like Van der Waals forces and may 
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even involve the cell walls. The bio-adsorbent’s surface area and, occasionally, the pH of 
the solution have an impact on the physical adsorption mechanism. Physical adsorption 
was only favored under basic conditions in the biosorption of lead by Hami melon peels, 
with the biomass’s carboxylate and hydroxylate groups contributing [43].

4.2 Ion exchange

Ion exchange process is the replacement of an ion bounded into the solid phase, 
which is readily exchangeable with another ion in solution [41]. Furthermore, it was 
discovered that certain biosorption processes, such ion exchange, might be impacted 
by the pH of the solution. At low pH levels, the biosorption mechanism of lead ions 
by Hami melon peels was accomplished through ion exchange; at higher pH levels, 
the process was accomplished through electrostatic interactions between the lead ions 
and the carboxylate and hydroxylate groups on the biomass [43].

4.3 Complexation

The advanced form of complexation is chelation, in which the organic ligand 
would bond coordinatively with the metal ion from more than one position at the 
same time to form a complex of higher stability. Complexation is the process of 
complex formation by electrostatic attraction or covalent bonds between metal ions 
and organic molecules acting as ligands with the ability to donate electrons. The 
Hard and Soft Acids and Bases (HSAB) theory suggests that elements are classified 
into hard or soft acids (mainly metals) and hard or soft bases (mainly non-metals). 
Hard acids have a stronger affinity to hard bases and therefore the weak acids to weak 
bases. This theory underpins the affinity of metal ions and organic ligand, which is 
the most important factor in complexation. Since lead is a soft acid, it will bind more 
readily to organic ligands of the bio-adsorbent that contain soft bases like nitrogen or 
sulfur. Similarly, ions with borderline hard/soft characteristics like manganese, zinc, 
cadmium, and copper will also readily form complexes with organic compounds that 
contain nitrogen or sulfur. However, the availability and accessibility of the binding 
site that houses the donor atom (base) have an impact on complexation.

4.4 Precipitation

Precipitation refers to the development of insoluble metal in the form of precipi-
tate, which is one of the few mechanisms involved in the metabolism-dependent 
biosorption, although metabolism-independent biosorption can also occur by precip-
itation. Precipitation is the result of the microorganisms’ active defense mechanism 
reacting to an environment containing harmful metal ions in metabolism-dependent 
biosorption. Precipitation results from chemical reactions between the metal ion and 
the functional groups of the bio-adsorbent’s cell wall in metabolism-independent 
biosorption; these reactions may involve oxidation-reduction processes.

5.  Reusability and disposal of bio-waste adsorbent

Reusing adsorbent helps ensure process economic viability, which allows for the 
appropriate exploitation of an adsorbent’s potential. Fruit-based bio-adsorbents’ 
reusability lowers wastewater treatment costs while simultaneously strengthening 
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the lengthy cycle process. The re-adsorption and desorption procedures are carried 
out multiple times to reuse the bio-adsorbent. In one such instance, a bio-adsorbent 
produced from kiwi fruit and enhanced by magnetic chitosan was designed to 
adsorb patulin [44]. According to the study, the produced adsorbent’s adsorption 
effectiveness peaked at 89% in the first step, while the desorption rate dropped to 
67.7% following ethyl acetate regeneration. The adsorption and desorption rates 
then progressively dropped to 87.15 and 70.5% for adsorption and 51.3 and 34.7% for 
desorption, respectively, for the second and third cycles.

Additionally, it is quite beneficial to dispose of old adsorbent, which assesses the 
entire environmental impact. After the biomass has decomposed, the leftover adsor-
bents can typically be employed as soil fertilizers, which otherwise could pollute the 
environment. In this context, numerous techniques for getting rid of spent adsorbents 
have been developed [45]. For instance, at 473 K, fluoride-loaded adsorbents are 
transformed into ash by leaching fluoride, and the fluoride-free ash is then utilized 
for brickmaking or road construction [46].

6.  Challenges with fruit wastes and prospects

After being chemically or physically activated, fruit waste can be used as a sustain-
able alternative to traditional, expensive commercial adsorbents for the management 
of solid waste. The use of hemicellulose and lignin as adsorbents has garnered a lot of 
attention lately due to their increased concentration and relative affordability. Fruit 
wastes are further investigated in terms of their properties, such as porosity, specific 
surface area, adsorption rate towards contaminants and so on, prior to being used as 
adsorbents. The expense of chemicals needed for their synthesis and regeneration is 
one of the main obstacles in the development of bio-adsorbents obtained from fruit 
waste. However, to create bio-adsorbents with strong physio-chemical properties 
and an exceptional adsorption capacity for industrial use, environmentally sound 
and sustainable ways of modifying bio-adsorbents obtained from fruit waste are 
needed. During the off-season, fruits are more expensive. The cost of raw materials 
will therefore change at off-peak times. These fruit waste-based BAs, however, can 
be appropriately preserved for extended harvest seasons. It would be beneficial to 
investigate the energy-intensive technique of rapidly drying bio-adsorbents.

Another problem for waste fruit-derived adsorbents is the selective adsorption 
of contaminating species, which necessitates experimental methods focused on the 
fabrication of homogenous and selective chemical reagents. Fruit waste-derived bio 
adsorbents, like traditional activated carbon materials, frequently exhibit poor chemi-
cal binding that results in structural collapse and the rejection of pollutants with low 
adsorption rates. To effectively interact with ionic contaminants and trap them in their 
inner layer through appropriate bonding, fruit waste-derived bio-adsorbents must 
be combined with chemical modifiers. Corrosion can occasionally result from acid 
activation; however, some research has shown that pollutants can be adsorbed without 
chemical activation, which could be a cost-effective and environmentally friendly 
strategy. Because chemical modifiers are expensive, it is possible to optimize the 
physical activation settings and forego the chemical activation. In general, the focus 
of research should shift to investigating alternative stages of bio-adsorbents without 
the need for activation or chemical reagents, with a focus on precursors derived from 
fruit waste to create superior materials for the development of wastewater treatment 
applications that will pave the way for a sustainable global economy and environment.
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It is crucial to adhere to the guidelines for water treatment and recycling by 
adsorption technology while developing and implementing adsorption technology 
for wastewater treatment. According to Ref. [47], the protocols cover the following: 
creating an optimal bio adsorbent; cleaning and drying it; characterizing its physi-
cal, chemical and morphological properties; storing it; choosing and designing the 
process; conducting a technoeconomic analysis and, if the process is both technically 
and financially feasible, designing the plant in detail. Now, adsorption column batch 
techniques are being researched for their potential to remove contaminants from 
water. Depending on the process optimization, the design and procedure of the col-
umns that contain the adsorbent can change. Numerous papers present the results of 
lab-scale research on the application of various materials and columns. Nevertheless, 
only a few number of research studies describe the continuous process or pilot plant 
size applications of BAs for wastewater treatment. The reasons for this could include 
the need for a long retention period, waste generated during media regeneration, 
decreased efficiency at greater feed concentrations and so on [48]. To facilitate large-
scale commercial applications, the research on the development of BAs obtained from 
fruit waste needs to transition from lab size to pilot scale and process technoeconomic 
analysis. Technical expertise and skill sets can also be established locally, where 
large-scale production of fruit-derived adsorbents for commercial purposes can be 
achieved. High cost for large-scale applications of bio-adsorbents is a hinderance 
for its usage at the industrial scale. The expenses comprise: (1) Material cost, which 
comprises labour, raw material, synthesis, raw material and adsorbent transportation, 
storage, chemical and other expenditures. (2) The cost of operating the adsorption 
process, which comprises the cost of process materials, energy, labour, maintenance 
and so on. (3) The cost of land, the entire infrastructure, process machinery and 
equipment, installation and so on is included in the capital cost. Because it requires 
the use of heat or chemicals, the expense of adsorbent renewal frequently results in 
significant operational costs. It’s also important to note that the process economics 
of using BAs for wastewater treatment is heavily influenced by the bio-adsorbents’ 
potential for regeneration, efficiency and recycling. The composition, shape, sur-
face, temperature and chemical properties of BAs have a significant impact on the 
bio-adsorbents’ efficiency, recycling and regeneration. Nonconventional adsorbents 
are a more appropriate term for the adsorbents generated from biomass. In addition 
to being environmentally benign, bio-adsorbents offer wastewater treatment as a 
benefit for waste management. This indicates a viable future for bio-adsorbents, par-
ticularly those produced from fruit waste. But for large-scale enterprises, it’s impor-
tant to highlight their advantages and solve their problems. It is essential to choose 
the appropriate adsorbent for the water pollutants within the specified operating 
parameters prior to the application of adsorption technology utilizing bio-adsorbents 
formed from fruit waste. The process of bio-adsorbent regeneration for the elimina-
tion of heavy metals can be difficult and expensive and result in the in-situ disposal 
of the adsorbents. On the other hand, bio-adsorbents appear to be more promising for 
eliminating toxins and organic contaminants. It is imperative to do techno-economic 
evaluations and feasibility studies for the treatment of diverse wastewater sources 
utilizing different bio-adsorbents to support lab-scale or small-scale investigations.

Food, energy and water connectivity are three of the main components to com-
prehend the world ecosystem and usage of resources. Because of their close interde-
pendence, if one of these three is disturbed, the other two will also be disturbed [21]. 
Fruit plantations and more clean water will eventually result from the development 
of adsorbents produced from fruit waste for wastewater treatment operations. 
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The development of biomass energy technology and the decrease of carbon dioxide 
emissions into the atmosphere are two other benefits of fruit tree plantations. The 
fruit tree forestation not only will improve the food-energy-water nexus but also 
can help in climate change mitigation by reducing carbon footprint. Since there is 
not a single fruit waste that can effectively address every water pollution, planting a 
variety of fruits locally may be a good alternative. Promoting localized fruit forests 
may contribute to economic viability by lowering labour and transportation costs, 
preventing import taxes, utilizing other available resources, developing technology, 
creating jobs and reducing poverty without jeopardizing food security. This calls for 
the coherence and integration of contemporary technologies, ranging from the har-
vesting, deforestation and forestry of fruit trees to the creation of bio-adsorbents and 
their uses in wastewater treatment and environmental remediation overall, as well as 
the production of biofuels. Fruit growth varies geographically throughout the world 
due to meteorological factors. However, a great deal of caution, policy, stakeholder 
acceptance and management are needed to meet the land requirements for growing 
food crops and optimizing the forestation of fruit trees (Figure 3).

7.  Conclusion

Bio-adsorbents made from fruit waste have the following benefits: they are inex-
pensive, environmentally friendly and highly sustainable; have great adsorption; and 
are easy to functionalize. The potential of these bio-adsorbents to remediate wastewa-
ter is enormous. The bio-adsorbents derived from fruit waste have shown encourag-
ing adsorption capabilities because of their wide surface area and smooth surface 
characteristics. Applications for bio-adsorbents and related hybrids in the adsorption 
of heavy metals have been investigated for waste treatment. Waste fruit-derived bio-
adsorbents offer many advantages over conventional sorbents, such as carbon, zeolite, 
iron oxide nanomaterials and graphene-based materials. These advantages include 

Figure 3. 
Challenges and prospects of fruit wastes [1].
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recycling, a highly hydrophilic surface that makes it easy to surface-sorb toxins and, 
most importantly, environmental friendliness. The pseudo-second order rate rule is 
mostly followed by the adsorption kinetics of bio-adsorbents produced from fruit 
waste. The Langmuir isotherm model, which illustrates monolayer adsorption, is the 
appropriate isotherm in most situations. The adsorbents made from fruit waste can 
bridge the gap between water, energy and food, thereby supporting a sustainable 
future. Nevertheless, there are several difficulties, including scaling up, using chemi-
cals, the effectiveness and recycling of bio-adsorbents, morphological anomalies, 
fruit tree localization, localized technology and the development of technical skills, 
among others.
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the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Chapter 3

Geochemical Processes Controlling
Metals (Pb, Zn) Mobility during
Amended Phytostabilization on
Sulfidic Mine Tailings
Lina Xie and Dirk van Zyl

Abstract

Phytostabilization aims to stabilize metals in the rhizosphere at sulfidic mine
tailings. Previous research on phytostabilization has rarely examined the geochemical
processes in the rhizosphere that control acid generation and metal release. The
geochemical processes that affect the mobility of Pb and Zn in the rhizosphere of
phytostabilization on sulfidic tailings were explored in this chapter. The results
showed that at the end of the experiments, the pH of pot substrates with plants
became acidic (ranging from 2.59 � 3.77), and the concentrations of Pb and Zn in the
drainage increased (up to 2.28 mg/L of Pb and 3199.87 mg/L of Zn). It was concluded
that, in addition to the sulfide oxidation, the plants decreased pH and released metals.
The addition of amendments neutralized the acidity in the rhizosphere through three
geochemical processes. This research provides implications on the amendment addi-
tion during the establishment of phytostabilization on sulfidic mine tailings.

Keywords: phytoremediation, metal immobilization, acid mine drainage (AMD),
inorganic geochemistry, soil acidification

1. Introduction

Sulfidic mine tailings can generate acid and release metals when exposed to oxygen
and water due to the presence of sulfidic minerals [1, 2]. It is essential to reclaim and
revegetate the large surface area of tailings cost-effectively. Direct revegetation can
achieve this goal by amending the tailings with appropriate materials and selecting
suitable plant species [3].

Phytostabilization is a promising technique for direct revegetation on mine tail-
ings, which creates a vegetation cover to immobilize trace metals in the rhizosphere
where the metals can be precipitated and stabilized [4, 5]. Previous research, through
both greenhouse or field applications, has primarily focused on two key areas for
enhancing plant growth and metal stabilization of phytostabilization on sulfidic mine
tailings: selecting species [6, 7] and amendment materials [8, 9]. These elements are
crucial for the successful establishment of phytostabilization and form the basis of the
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preliminary study published by Xie and van Zyl [9]. Furthermore, controlling acid
generation and the release of trace metals due to sulfide oxidation is vital in this
process [10, 11]. Once phytostabilization is successfully established, understanding
the geochemical processes affecting metal mobility becomes critical for mitigating
metal releasing (ML) and acid rock drainage (ARD) in tailings, which is the aim of this
research.

The interactions between roots and tailings are valuable to assist in understanding
the metal mobility of phytostabilization on sulfidic tailings by offering valuable
insights into metal speciation and the migration of toxic metals [4]. In the rhizo-
sphere, these interactions involve both organic processes, such as microbial activity
and root uptake, as well as inorganic processes. Current research largely emphasizes
organic processes, focusing on identifying microorganisms that enhance plant growth
[12, 13], establishing microbial communities within the rhizosphere [14–16], and
examining the effects of microbial activity on metal mobility [17, 18].

However, a limited amount of previous research is about the geochemistry
involved in metal stabilization in the rhizosphere of tailings, as most studies have
analyzed the metal concentrations and distribution rather than the underlying reac-
tions that govern metal behavior in the rhizosphere of revegetation [19, 20]. Gaining a
deeper understanding of the geochemical processes in the rhizosphere can guide the
selection of more appropriate types and quantities of amendment materials [21],
which increases the chance of promoting plant survival and establishing
phytostabilization successfully on ARD and ML-generating tailings. Metal mobility in
the rhizosphere is mainly controlled by three inorganic geochemical processes: pre-
cipitation and dissolution, silicate mineral weathering, and surface adsorption and
desorption [22]. This chapter would look into these inorganic processes, specifically
focusing on their role in the immobilization of lead (Pb) and zinc (Zn) of
phytostabilization.

To minimize variables related to the unpredictable field conditions, the experiment
was conducted in a greenhouse. The chapter aims to examine the inorganic geochem-
ical reactions involved in Pb and Zn mobility in the rhizosphere, which fills the gap of
a certain area of phytostabilization on sulfidic tailings. The results offer important
insights that can be applied to practical phytostabilization efforts in real-world set-
tings. Additionally, the results can support mining companies, governments, and
stakeholders in developing more effective mine closure plans.

2. Methods and materials

2.1 Greenhouse experiment

Tailings were sourced from Faro Mine in Yukon, Canada, an abandoned lead (Pb)
and zinc (Zn) mine. The selected species and amendments were previously evaluated
in a preliminary study to confirm their suitability for phytostabilization [9]. In this
preliminary study, wheatgrass (Pascopyrum) and ryegrass (Lolium multiflorum) were
chosen for the greenhouse study, and six substrates were used as different types of
growing medium in the pots. The six substrates are listed in Table 1. Rio Tinto
provided bauxite residue, while University of British Columbia Building Operations
provided compost. Lime was bought and shipped from Fisher Scientific. There were
two duplicates of each pot.
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Each type of mixing materials was undisturbed for three days after the pots were
installed, allowing particles to stabilize before sowing. During the 10-week experi-
ment, each pot was watered to allow 100 ml drainage to be sampled weekly for
analyzing pH and metal concentrations (Pb and Zn).

The greenhouse experiment lasted three months, which is the typical lifespan
length of most grass species from sowing to harvesting [23], indicating that the plants
would die at the end of the experiments due to aging rather than the acidity of tailings.
Given that the selected species thrived on the amended tailings and developed exten-
sive root systems that fully occupied each pot [9], it can be reasonably assumed that
the bulk substrate of the amended tailings in each pot appropriately reflects the plant
rhizosphere for the purpose of geochemical process analysis.

2.2 Samples analyses

The pH of rinsed substrates before and after experiments was tested by a pH meter
[24]. The neutralizing acid potential (NAP) of the tailings that was analyzed by the
modified Sobek Method [25] decided the amount of lime. The quantitative minerology
(QXRD) of the below materials was measured: tailings, bauxite residue, and the sub-
strates of T blank, T+BR blank, T+L blank, and T+C blank after experiments, at the
University of British Columbia. After cutting the aboveground tissues at the end of the
experiment, the materials in pots were oven-dried at 30°C for three days and then
manually picked out roots to separately collect samples of soil and roots. Inductively
coupled plasma optical emission spectroscopy (ICP-OES) analysis of Pb and Zn was
conducted for all aboveground tissue, roots, and drainage samples at the University of
British Columbia.

3. Results

3.1 pH of substrates

The average rinsed pH (1:5 w/w substrate: water) of materials is presented in
Table 2, which reduced largely after the experiments. The pH in blank groups without
grasses decreased to around four, and the pH in groups with grasses is even lower than
four. Sulfide oxidation is one of the reasons of this acidification in the substrate with
tailings, and plants caused additional acid-generating processes other than sulfide
oxidation.

Substrates T T + BR T + L T + C T + BR + C T + L + C

Tailings 100% 90% 100% 80% 70% 80%

Bauxite residue - 10% - - 10% -

Lime - - 1.25 � NAP - - 1.25 � NAP

Compost - - - 20% 20% 20%

T = tailings; BR = bauxite residue; T = lime, C = compost; NAP = net acid potential.

Table 1.
The composition of amendments.
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3.2 Mineralogy changes

Mineralogical alterations are the primary geochemical changes observed in
the evolution of sulfide mine tailings. The percentages of mineralogical results are
shown in Table 3. Qualitative minerology analysis was conducted for the pot samples
with grass planting, and no new minerals were detected other than those listed in
Table 3.

There are notable mineralogical changes in this experiment. The percentages of
marcasite, pyrrhotite, and sphalerite reduced, and galena no longer existed, which
means the process of sulfide oxidation had taken place. Additionally, the total sulfates
in T Blank, T+BR Blank, T+L Blank, and T+C Blank increased from 3.5% in original
tailings to 16.1% in T Blank, 10% in T+BR Blank, 11.3% in T+L Blank, and 21.8% in T
+C Blank after the experiment. The sulfide oxidation led to the precipitation of
sulfates such as gypsum (CaSO4), anglesite (PbSO4), barite (BaSO4), and jarosite
(K2Fe6(SO4)4(OH)12).

The total silicates decreased from 5.5% in original tailings to 4.6% in T Blank, 4.9%
in T+BR Blank, 3.5% in T+BR Blank, and 4.4% in T+C Blank after experiments. There
was 10.2% sodalite, which is also a silicate mineral, in original bauxite residues.
Silicate mineral weathering can be accelerated in acidic environments [26, 27], so the
content of silicate minerals declined in substrates of blank groups of tailings, T + BR,
T + L, and T + C after experiments.

The contents of carbonates decreased from 7.6% in original tailings to 3.6%
in tailings, 7.1% in T + BR Blank, 0.9% in T+L Blank, and 0.9% in T+C Blank.
Carbonates are the first type of minerals to neutralize the AMD, which contributes to
the neutralization potential (NP) [28]. However, siderite (FeCO3) dissolution gener-
ates Fe2+, which can be oxidized to Fe3+. The hydrolysis of Fe3+ consumes no protons,
so siderite does not play a role in NP [29, 30]. The 3.1% of calcite in the original
BR and the calcite generated from lime (CaO) dissolution consist of the carbonate
neutralization capacity, which was consumed in the blank groups of tailings with BR
and L.

Moreover, the Fe, Al hydroxides (böhmite, gibbsite, goethite) and Fe oxides
(magnetite, hematite) in the blank groups of tailings, T+BR, T+L, and T+C after
experiments were lower compared to those in the original bauxite residue. These
indicate that the pH of drainage may drop to below four after experiment, because the
dissolution of (oxy)hydroxide takes place with a pH around four in the neutralizing
sequence of sulfidic tailings [31, 32].

Substrates T T + BR T + L T + C T + BR + C T + L + C

Before experiments 4.69 6.09 8.43 6.55 6.22 7.97

After experiments WG 3.38 3.15 3.22 2.59 3.77 2.88

RG 3.72 2.71 2.90 2.33 2.97 2.35

Blank 4.77 6.15 4.80 4.12 4.01 3.95

T = tailings; BR = bauxite residue; T = lime; C = compost; WG = wheatgrass (Pascopyrum); RG = ryegrass (Lolium
multiflorum).

Table 2.
pH of substrates before and after experiments.
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3.3 pH in drainage

Figure 1(a) and (b) illustrates the pH of all drainage decreased regardless of the
planting of grasses. In general, all pH values decreased from the first week to the
experiment’s end, regardless of grass species, adding amendments or not, or the
amendments types, indicating that planting did not affect sulfide oxidation. The
differences are their decreasing rates of various substrates, with the pH in drainage
from pure tailings showing the least steep decreasing trend for both wheat and rye-
grass. The pH in the first week for different amended tailings has the same order with
planting either wheat or ryegrass, which is T+BR+C (purple dotted line) > T+L+C
(yellow dotted line) > T+L (blue dotted line) > T+C (green dotted line) >T+BR (red
dotted line) > T (black dotted line). The pH fluctuated in various ways with decreas-
ing trends for six substrates. At the end of the experiments, the two species showed
different pH values in drainage at the 10th week, and the drainage in most amended
tailings had a lower pH than that in unamended tailings (black dotted line). This

Mineral Before experiments After experiments

T BR T Blank T + BR Blank T + L Blank T + C Blank

Sulfides Pyrite 43.2% - 46.6% 37.1% 34.5% 46.9%

Marcasite 8.9% - 4.1% 7.1% 4.2% 0.8%

Sphalerite 2.3% - 0.9% 1.2% 0.4% 0.6%

Pyrrhotite 2.2% - 1.4% 0.4% - -

Galena 0.2% - - - - -

Sulfates Anglesite 0.5% - 0.4% 0.5% 0.2% -

Barite 2.1% - 8.4% 2.1% 1.2% 8.9%

Gypsum 0.9% - 2.5% 1.5% 2.4% 6.5%

Jarosite - - 4.8% 5.9% 7.5% 6.2%

Silicates Muscovite 2.5% - 1.9% 2.4% 2% 2.7%

Kaolinite 1.9% - 0.9% 1.3% 0.8% 0.9%

Celsian 1.1% - 0.8% 1.2% 0.7% 0.8%

Sodalite - 10.2% - - - -

Carbonates Siderite 7.6% - 3.6% 7.1% 0.9% 0.9%

Calcite - 3.1% - - - -

Hydroxides Böhmite - 4.9% - - - -

Gibbsite - 1.8% - - - -

Goethite - 30.6% - 0.9% - -

Iron oxides Magnetite - - 0.9% 0.2% 0.3% 0.8%

Hematite - 39.4% - 0.4% - -

T = tailings; BR = bauxite residue; T = lime; C = compost.

Table 3.
The percentages of quantitative mineralogy results.
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indicates that despite the neutralization capacity of the amendments, some processes
decrease the pH of amended tailings via the planting of grass.

3.4 Changes of Pb and Zn in drainage

The trends of Pb concentrations in the drainage from all six substrates with
or without grass during the experiments are shown in Figure 2. Pb concentrations
in drainage from unamended tailings were at low levels when compared to those
from the amended tailings. Blank groups (blue dotted lines) without grass on all
substrates drained out water with low Pb concentrations. Pb concentrations
started to increase from the sixth week on T + C and T + L + C with grass, and from the
eighth week on T + BC, T + BR + C, and T+L with grass; these data show a more
obvious increase than those of blank groups without plants. Tailings with amend-
ments with ryegrass generated drainage with the highest Pb concentrations (red
dotted lines), followed by the drainage from pots with wheatgrass (black dotted
lines). In addition, concentrations of Pb varied in the drainage from tailing with
different amendments.

Zn concentrations in drainage show similar features to Pb concentrations
(Figure 3). First, Zn concentrations in drainage from unamended tailings remained at
a low level when compared to those from the amended tailings. Plus, blank groups
without grass on all substrates (blue dotted lines) drained water with low Zn concen-
trations. As Pb, Zn concentrations were at lower levels on unamended tailing and
blank groups, and the unamended tailings have about the same effect on these three
metal concentrations in drainage as the blank groups without plants. This is because
grass can hardly survive and grow well on pure tailings due to deleterious conditions.
As such, pure tailings can be considered as blank groups without grass, which is
supported by the plant growth in the greenhouse experiment. Similar to Pb, Zn
concentrations started to significantly increase from the sixth week on amended
tailings with grass, with more obvious increases than those of blank groups without
plants. Regarding the grass species, tailings with amendments with ryegrass generated
drainage with the highest Zn concentrations (red dotted lines), followed by the
drainage from pots with wheatgrass (black dotted lines). In addition, concentrations
of Zn varied in the drainage from tailing with different amendments.

Figure 1.
pH changes of drainage from different substrates.
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4. Discussion

4.1 Acidification process

Table 3 indicates that pyrite is the most abundant sulfide mineral in the tailings
sample. Pyrite oxidation has been extensively studied as it is the primary reason for
the AMD formation [29, 33, 34]. In a natural environment, oxidation happens when
pyrite contacts water and an oxidant (e.g., air and oxygen). The overall reaction for
pyrite oxidation is as follows:

FeS2 sð Þ þ 15
4
O2 aqð Þ þ 7

2
H2O ! Fe OHð Þ3 sð Þ þ 2SO2�

4 þ 4Hþ (1)

Figure 2.
Pb concentration of drainage from pots with or without plants during experiments.
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The Fe(OH)3 is a substitute for ferrihydrite (Fe2O3). Hematite (Fe2O3) and mag-
netite (Fe3O4) are also possible products of AMD formation [34], which is detected in
pot materials after experiments (Table 3). Eq. (1) also proves that the ARD is gener-
ated acidic with lots of SO4

2�, resulted in the increased precipitation of sulfates
minerals. In this experiment, Table 3 shows that gypsum (CaSO4), anglesite (PbSO4),
barite (BaSO4), and jarosite (K2Fe6(SO4)4(OH)12) are those sulfate minerals gener-
ated after sulfide oxidation. Therefore, Pb comes from the oxidation of galena and Zn
is from the oxidation of sphalerite. Sulfide oxidation is the major acidification process
in the rhizosphere in all pots.

However, there must be other acidification processes apart from ARD generation,
as the pH in drainage from groups of tailings with amendments reduced after 10
weeks even when the amendment materials are alkaline lime or bauxite residue
(Figure 2). Soil acidification is a major environmental concern and a constraint to

Figure 3.
Zn concentration of drainage from pots with or without plants during experiments.
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crop production worldwide [35]. Previous research has identified several factors that
contribute to soil acidification [36, 37]:

• The precipitation of H+ ions;

• Nutrient uptake by crops and root exudates;

• The accumulation of organic matters;

• The inputs of acidifying substances from the atmosphere;

• The application of acidifying fertilizers such as urea or ammonium salts and the
planting of legumes such as clover.

In this chapter, the unamended tailings without amendments and plants represent
the sole acidification process of sulfidic oxidation. Figures 2 and 3 show that the Pb
and Zn concentrations are similar in drainage from T-WG and T-RG with those from
T-Blank, because T-WG and T-RG can be regarded as blank groups because of the
very limited survival of wheatgrass and ryegrass on original tailings [9]. Therefore, for
T Blank, regardless of the effects of grass species, sulfide oxidation is the unique
reaction of acidification without other plant-causing acidifications.

For other plant-causing acidifications, the pH in drainage from tailings with
amendments began to drop from the sixth week and then decreased to be lower than
the pH of pure tailings in the 10th week (Figure 1(a) and (b)), particularly on T+L
and T + BR where tailings were amended only with alkaline lime and bauxite residue.
The pH started to drop around the sixth week, meaning alkalinity in those pots was
depleted around the sixth week, resulting in the acidity being increased. As discussed
above, those T groups can be regarded as blank without grasses, then the major reason
contributing to acidification in T+BR and T+L is the planting. Previous research has
revealed that the release of H+ from roots results from the uptake of nutrients,
primarily as cations, by plant roots, due to the electroneutrality in the soil-root system
[38, 39]. No obvious differences in metal concentrations and pH were observed
between the pots with wheatgrass or ryegrass, suggesting that grass species may have
only a minimal influence on the degree of acidification.

Furthermore, the comparison of the pH and metal concentration results of T Blank
and T+C Blank (Figures 2 and 3) implies that adding compost resulted in higher metal
release from the T+C Blank, which indicates that compost is one reason causing the
acidification. Compost is rich in organic matter, which was added to support plant
growth. However, the buildup of organic matter can lead to acidification [36, 37],

Substrates T T + BR T + L T + C T + BR + C T + L + C

Sulfides oxidation √ √ √ √ √ √

Compost decomposition - - - √ √ √

Roots exudates √ (very limited) √ √ √ √ √

T = tailings; BR = bauxite residue; T = lime; C = compost.

Table 4.
The acidification process in six substrates.
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which is caused by carbonic acid (H2CO3) and some organic acids during decomposi-
tion [40].

In conclusion, this chapter identifies that tailings, compost, and grass species are
the primary three causes of acidification, through the processes of sulfide oxidation,
organic matter decomposition, and roots exudates, respectively. Sulfide oxidation is
the dominant acidification reaction in tailings; sulfide oxidation and roots exudates
are the main drivers of acidification in T + L and T + BR; and all three processes
contribute to acidification in T + L + C, T + BR + C, and T + C, as outlined in Table 4.

4.2 Neutralization processes

In this chapter, lime and bauxite residue were used to adjust the pH of tailings as
both are alkaline materials capable of neutralizing acidity. In addition, Table 3 also
lists other types of minerals that can accept protons to neutralize pH, which offers
chances to analyze the potential neutralization processes taking place within the
rhizosphere.

Previous research has revealed that the acidity in tailings is neutralized by several
processes sequentially: carbonates dissolution, aluminum or iron (oxy)hydroxides
dissolution, and then Al-Si bearing minerals dissolution [10, 41]. These pH buffering
processes typically take place at approximately five to six, four, and three, respec-
tively [36, 41]. Upon the completion of a neutralization process or the depletion of a
specific mineral, the pH declines more rapidly. This is then followed by the onset of
the next neutralization process, triggered by the presence of other buffer minerals.
Finally, the pH drops to two to three when all the buffer minerals are depleted.
Figure 1 is consistent with this trend that the pH in drainage began to rapidly drop
from the sixth week and reached around three at the end, indicating that all buffer
minerals became depleted finally.

Carbonate dissolution is the first buffer reaction, typically the dissolution of calcite
(CaCO3) [28]:

CaCO3 sð Þ þ 2Hþ ! Ca2þ þH2Oþ CO2 gð Þ (2)

According to the quantitative XRD results (Table 3), bauxite residue contains 3.1%
calcite. Another material applied for amendments is lime (CaO), which neutralizes the
acidity through the following reaction [28]:

CaO sð Þ þ 2Hþ ! Ca2þ þH2O (3)

After calcite is depleted, other carbonates such as dolomite (CaMgCO3) and sider-
ite (FeCO3) continue to dissolve [42]. Table 3 shows that the carbonate mineral in this
chapter is siderite (FeCO3) after the calcite depletion. However, siderite dissolution
does not accept H+ overall because of the oxidation from Fe2+ to Fe3+ and the hydro-
lysis of Fe3+ following siderite dissolution [29].

FeCO3 sð Þ þ 2Hþ ! Fe2þ þH2Oþ CO2 gð Þ (4)

Fe2þ þ 1
4
O2 þHþ ! Fe3þ þ 1

2
H2O (5)

Fe3þ þ 3H2O ! Fe OHð Þ3 sð Þ þ 3Hþ (6)
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Siderite, which was initially present in the tailings sample at 7.6%, decreased in
various extent in all pots. However, siderite was not fully consumed in some pots,
possibly due to the heterogeneity of the substrates.

The next buffering process is the dissolution of secondary Al-hydroxide minerals
[41, 43]. Two Al-hydroxide minerals were found in bauxite residue: gibbsite (Al
(OH)3) and böhmite (AlO(OH)). They were consumed in T+BR+C and T+BR at the
end (Table 3). This means that these two minerals were consumed and neutralized
acidity during the experiments.

Al OHð Þ3 sð Þ þ 3Hþ ! Al3þ þ 3H2O (7)

AlO OHð Þ sð Þ þ 3Hþ ! Al3þ þ 2H2O (8)

Sequentially, the neutralization of Fe (oxy)hydroxide is the next reaction. Goethite
(FeO(OH)) is the main Fe oxyhydroxide mineral (30.6%) existing in bauxite residue
in this experiment, which was dissolved and reduced to 0.9% in T+BR at the end.
Meanwhile, the percentages of hematite (Fe2O3) in T+BR also decreased, as the min-
erals dissolved into Fe hydroxide and then neutralized acidity.

FeO OHð Þ sð Þ þ 3Hþ ! Fe3þ þ 2H2O (9)

Fe2O3 sð Þ þ 3H2O ! Fe OHð Þ3 amð Þ (10)

Fe OHð Þ3 sð Þ þ 3Hþ ! Fe3þ þ 3H2O (11)

The next neutralization process involves the dissolution of silicates minerals at low
pH levels. Although silicates dissolution can happen across a wide pH range, the rate
increases under low pH conditions [41]. However, under such conditions, the disso-
lution of silicates is slower compared to the more soluble carbonate and Al&Fe
oxyhydroxide minerals [41, 43]. The neutralization ability of silicates is especially
important because most earth material types are dominated by silicate minerals,
positioning them as a substantial long-term source of acid neutralization [28]. Table 3
indicates that the silicate weathering process is exemplified by the dissolution of
sodalite (Na4(Si3Al3)O12Cl) in this chapter, which existed in bauxite residue (10.2%).
Like other buffering minerals, sodalite was also consumed completely in T+BR+C and
T+BR after the experiment. The weathering reaction is shown in Eq. (12):

Na4 Si3Al3ð ÞO12Cl sð Þ þ 12Hþ ! 4Naþ þ 3Al3þ þ Cl� þ 3H4SiO4 (12)

Additionally, the original percentages of silicates in the tailings, including clay
minerals such as muscovite (KAl2AlSi3O10(OH)2), celsian (Ba(Al2Si2O8)), and kaolin-
ite (Al2Si2O5(OH)4), decreased by the end of the experiments in the amended tailings.
Table 3 implies that the celsian dissolution resulted in barite precipitation. The neu-
tralization reactions involved in these silicates weathering are discussed as follows
[41, 44]:

KAl2AlSi3O10 OHð Þ2 sð Þ þ 10Hþ ! Kþ þ 3Al3þ þ 3H4SiO4 (13)

Al2Si2O5 OHð Þ4 sð Þ þ 6Hþ ! 2Al3þ þ 2H4SiO4 þH2O (14)

Ba Al2Si2O8ð Þ sð Þ þ 8Hþ ! Ba2þ þ 2Al3þ þ 2H4SiO4 (15)
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4.3 Geochemical processes in substrates

Sulfide oxidation is the dominant geochemical reaction occurring across all sub-
strates, driving acidification. In addition, various acid neutralization mechanisms are
at play, depending on the specific amendments applied. Siderite is only carbonate
mineral existing in pure tailings without amendments. While the dissolution of sider-
ite does not substantially neutralize the acidity overall, it is still regarded as a carbon-
ate mineral. Those silicate minerals—muscovite, kaolinite, and celsian—also dissolve
and neutralize the acidity, leading to the formation of secondary minerals such as
quartz and jarosite.

In T+BR and T+BR+C, calcite dissolution is the first neutralization process, which
is followed by siderite dissolution. Furthermore, goethite, böhmite, and gibbsite are
Al&Fe (oxy)hydroxide minerals existing in bauxite residue, of which the dissolution
would happen in the tailings mixing with bauxite residue. The weathering of silicate
minerals involves the following processes, which include muscovite, celsian, and
kaolinite in original tailings and sodalite in bauxite residue.

In T+L and T+L+C, the most notable change to tailings is the addition of lime, and
calcite when exposed to air with CO2 [45]. Therefore, the geochemical processes
occurring in tailings amended with lime are the dissolution of calcium hydroxide (Ca
(OH)2) and calcite (CaCO3), and those above-mentioned processes in tailings, such as
dissolution of siderite and silicates weathering (muscovite, kaolinite, and celsian).

In T+C, T+BR+C, and T+L+C, the primary change is that the addition of large
amounts of organic matter results in the decomposition of organic matters, leading to
significant acidification. However, the organic matters decomposition is organic pro-
cess falling out of scope of this research as the inorganic-related geochemical processes
are the focus of this research, which, thus, will not be discussed in this chapter.
Nevertheless, the discussion in Section 4.1 implies that the acidification by root exu-
dates is the second organic process in the rhizosphere in pots with grasses.

Up to this point, the inorganic-related geochemical processes taking place in the
rhizosphere of the various amended tailings have been thoroughly discussed. Even
though the organic processes have not been explored in depth here, they still impact
drainage pH, metal mobility within the substrates, and the reaction rates of

T T+BR T+L T+C T+BR+C T+L+C

Sulfides
oxidation

Pyrite,
galena,
sphalerite

Pyrite, galena,
sphalerite

Pyrite,
galena,
sphalerite

Pyrite,
galena,
sphalerite

Pyrite, galena,
sphalerite

Pyrite,
galena,
sphalerite

Carbonates
dissolution

Siderite Calcite, siderite Calcite,
siderite

Siderite Calcite, siderite Calcite,
siderite

(oxy)
hydroxide
dissolution

- gibbsite,
böhmite,
goethite,
hematite

calcium,
hydroxide

- gibbsite,
böhmite,
goethite,
Hematite

calcium
hydroxide

Silicates
weathering

Muscovite,
kaolinite,
celsian

Muscovite,
kaolinite,
celsian, sodalite

Muscovite,
kaolinite,
celsian

Muscovite,
kaolinite,
celsian

Muscovite,
kaolinite,
celsian, sodalite

Muscovite,
kaolinite,
celsian

T = tailings; BR = bauxite residue; T = lime; C = compost.

Table 5.
Minerals responsible for different inorganic geochemical processes in the six substrates.
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geochemical processes in several ways. All the minerals responsible for the various
geochemical processes in the six substrates are summarized in Table 5.

5. Conclusion

In conclusion, inorganic geochemical reactions affecting the mobility of Pb and Zn
were explored for the rhizosphere of phytostabilization in this chapter. These pro-
cesses are grouped into two types: acidification processes and acid neutralization
processes. The acidification includes primary sulfide oxidation, decomposition of
organic matter, and the root exudates acidification. The acid neutralization processes
occur sequentially through carbonate dissolution, Al and Fe (oxy)hydroxide dissolu-
tion, and silicate weathering.

While the alkaline materials were added to modify pH, both the end pH of the
drainage and substrates in pots are quite acidic. This outcome was due to three
acidification processes that increased metal mobility, as neutralization processes could
not provide the lasting influence across the phytostabilization period. Upon the com-
pletion of a neutralization process or the depletion of a specific mineral, the pH drops
quickly, and the subsequent neutralization reaction follows. Therefore, reapplying
amendments regularly is essential for maintaining the long-term efficiency of
phytostabilization, as it helps to sustain the neutralization processes.

It is suggested that exploring the combined effects of inorganic geochemical pro-
cesses and organic processes on metal mobility would be the next step, as this research
did not take microbial activity into account. Incorporating microbial effects could
deepen our understanding of the interactions between tailings and roots during
phytostabilization. Gaining insights into both of the inorganic and organic interactions
would strengthen the knowledge foundation for future research on the fundamental
reactive transport modeling of sulfidic mine tailings. Additionally, further research is
advised at larger spatial scales, whether in greenhouses or field settings such as
extending the duration of experiments and selecting species with longer lifespans.
This approach would offer more detailed insights and patterns of geochemical pro-
cesses, improving the implementation of phytostabilization during mine closure.

Acknowledgements

The authors express their appreciation to the Faro mine, UBC building operations,
and Rio Tinto for providing tailings, compost, and bauxite residue, respectively. This
research did not receive any specific funding from public, commercial, or not-for-
profit agencies.

57

Geochemical Processes Controlling Metals (Pb, Zn) Mobility during Amended…
DOI: http://dx.doi.org/10.5772/intechopen.1008158



Author details

Lina Xie* and Dirk van Zyl
The Norman B. Keevil Institute of Mining Engineering, University of British
Columbia, Vancouver, British Columbia, Canada

*Address all correspondence to: linaxie1992@gmail.com

©2025 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms of
theCreative CommonsAttribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided
the originalwork is properly cited.

58

Bioremediation for Environmental Sustainability



References

[1] Lindsay MB, Moncur MC, Bain JG,
Jambor JL, Ptacek CJ, Blowes DW.
Geochemical and mineralogical aspects
of sulfide mine tailings. Applied
Geochemistry. 2015;57:157-177

[2] Park I, Tabelin CB, Jeon S, Li X,
Seno K, Ito M, et al. A review of recent
strategies for acid mine drainage
prevention and mine tailings recycling.
Chemosphere. 2019;219:588-606

[3] Trippe KM, Manning VA,
Reardon CL, Klein AM, Weidman C,
Ducey TF, et al. Phytostabilization of
acidic mine tailings with biochar,
biosolids, lime, and locally-sourced
microbial inoculum: Do amendment
mixtures influence plant growth, tailing
chemistry, and microbial composition?
Applied Soil Ecology. 2021;165:103962

[4] Xie L, van Zyl D. Distinguishing
reclamation, revegetation and
phytoremediation, and the importance
of geochemical processes in the
reclamation of sulfidic mine tailings: A
review. Chemosphere. 2020;252:126446

[5] Zine H, Midhat L, Hakkou R, El
Adnani M, Ouhammou A. Guidelines for
a phytomanagement plan by the
phytostabilization of mining wastes.
Scientific African. 2020;10:e00654

[6] Farahat EA, Galal TM. Trace metal
accumulation by Ranunculus sceleratus:
implications for phytostabilization.
Environmental Science and Pollution
Research. 2018;25(5):4214-4222

[7] Garau M, Castaldi P, Diquattro S,
Pinna MV, Senette C, Roggero PP, et al.
Combining grass and legume species
with compost for assisted
phytostabilization of contaminated soils.
Environmental Technology &
Innovation. 2021;22:101387

[8] Shi Y, Zang Y, Yang H, Zhang X,
Shi J, Zhang J, et al. Biochar enhanced
phytostabilization of heavy metal
contaminated mine tailings: A review.
Frontiers in Environmental Science.
2022;10:1044921

[9] Xie L, van Zyl D. Identification of grass
species candidates for phytostabilization
and enhanced metal (loid) s
immobilisation using cost-effective
amendments on sulfidic mine tailings.
International Journal of Mining,
Reclamation and Environment.
2023:1-15

[10] Li Y, Sun Q, Zhan J, Yang Y,Wang D.
Vegetation successfully prevents
oxidization of sulfide minerals in mine
tailings. Journal of Environmental
Management. 2016;177:153-160

[11] Yang B, Luo W, Wang X, Yu S,
Gan M, Wang J, et al. The use of biochar
for controlling acid mine drainage
through the inhibition of chalcopyrite
biodissolution. Science of the Total
Environment. 2020;737:139485

[12] Khan MY, Asghar HN,
Jamshaid MU, Akhtar MJ, Zahir ZA.
Effect of microbial inoculation on wheat
growth and phytostabilization of
chromium contaminated soil. Pakistan
Journal of Botany. 2013;45(S1):27-34

[13] Lugtenberg BJ, Malfanova N,
Kamilova F, Berg G. Plant growth
promotion by microbes. Molecular
Microbial Ecology of the Rhizosphere.
2013;2:561-573

[14] Li Y, Jia Z, Sun Q, Zhan J, Yang Y,
Wang D. Ecological restoration alters
microbial communities in mine tailings
profiles. Scientific Reports. 2016;6:25193

[15] Radziemska M, Gusiatin ZM,
Cydzik-Kwiatkowska A, Cerdà A,

59

Geochemical Processes Controlling Metals (Pb, Zn) Mobility during Amended…
DOI: http://dx.doi.org/10.5772/intechopen.1008158



Pecina V, Bęś A, et al. Insight into metal
immobilization and microbial
community structure in soil from a steel
disposal dump phytostabilized with
composted, pyrolyzed or gasified wastes.
Chemosphere. 2021;272:129576

[16] Zhang MJ, Liu XY, Li YB, Wang GY,
Wang ZN, Wen JK. Microbial
community and metabolic pathway
succession driven by changed nutrient
inputs in tailings: Effects of different
nutrients on tailing remediation.
Scientific Reports. 2017;7:474

[17] Hagmann DF, Goodey NM,
Mathieu C, Evans J, Aronson MF,
Gallagher F, et al. Effect of metal
contamination on microbial enzymatic
activity in soil. Soil Biology and
Biochemistry. 2015;91:291-297

[18] Honeker LK, Gullo CF, Neilson JW,
Chorover J, Maier RM. Effect of re-
acidification on buffalo grass
rhizosphere and bulk microbial
communities during phytostabilization
of metalliferous mine tailings. Frontiers
in Microbiology. 2019;10:1209

[19] Lee S-H, Ji W, LeeW-S, Koo N,
Koh IH, Kim M-S, et al. Influence of
amendments and aided phytostabilization
onmetal availability andmobility in Pb/Zn
mine tailings. Journal of Environmental
Management. 2014;139:15-21

[20] Wu S, Liu Y, Southam G,
Robertson L, Chiu TH, Cross AT, et al.
Geochemical and mineralogical
constraints in iron ore tailings limit soil
formation for direct phytostabilization.
Science of the Total Environment. 2019;
651:192-202

[21] Muthusamy L, Rajendran M,
Ramamoorthy K, Narayanan M,
Kandasamy S. Phytostabilization of
metal mine tailings—A green
remediation technology. In: Vineet K,
Maulin S, Sushil S, editors.

Phytoremediation Technology for the
Removal of Heavy Metals and Other
Contaminants from Soil and Water.
Elsevier; 2022. pp. 243-253

[22] Dighton J, Krumins JA. Interactions
in Soil: Promoting Plant Growth. Vol. 1.
Springer; 2014

[23] Tadych M, Bergen MS, White JF Jr.
Epichloë spp. associated with grasses:
new insights on life cycles, dissemination
and evolution. Mycologia. 2014;106(2):
181-201

[24] Thomas GW. Soil pH and soil acidity.
In: Sparks DL, editor. Methods of Soil
Analysis Part 3—Chemical Methods
(methodsofsoilan3). Madison, WI: Soil
Science Society of America; 1996.
pp. 475-490

[25] Sobek AA. Field and Laboratory
Methods Applicable to Overburdens and
Minesoils: Industrial Environmental
Research Laboratory. US Environmental
Protection Agency: Office of Research
and Development; 1978

[26] Lasaga AC. Fundamental approaches
in describing mineral dissolution and
precipitation rates. In: Chemical
Weathering Rates of Silicate Minerals.
De Gruyter; 2018. pp. 23-86

[27] Oelkers EH. General kinetic
description of multioxide silicate mineral
and glass dissolution. Geochimica et
Cosmochimica Acta. 2001;65(21):
3703-3719

[28]Weber PA, Thomas JE, Skinner WM,
Smart RSC. A methodology to determine
the acid-neutralization capacity of rock
samples. The Canadian Mineralogist.
2005;43(4):1183-1192

[29] Jambor JL, Dutrizac JE, Raudsepp M,
Groat LA. Effect of Peroxide on
Neutralization-Potential Values of

60

Bioremediation for Environmental Sustainability



Siderite and Other Carbonate Minerals.
Journal of Environmental Quality. 2003;
32(6):2373-2378

[30] Paktunc AD. Characterization of
mine wastes for prediction of acid mine
drainage. In: Environmental Impacts of
Mining Activities. Springer; 1999.
pp. 19-40

[31] Baleeiro A, Fiol S, Otero-Fariña A,
Antelo J. Surface chemistry of iron
oxides formed by neutralization of acidic
mine waters: Removal of trace metals.
Applied Geochemistry. 2018;89:129-137

[32] Gunsinger M, Ptacek C, Blowes D,
Jambor J, Moncur M. Mechanisms
controlling acid neutralization and metal
mobility within a Ni-rich tailings
impoundment. Applied Geochemistry.
2006;21(8):1301-1321

[33] Brown A, Jurinak J. Mechanism of
pyrite oxidation in aqueous mixtures.
Journal of Environmental Quality. 1989;
18(4):545-550

[34] Nordstrom DK, Alpers CN.
Geochemistry of acid mine waters. The
Environmental Geochemistry of Mineral
Deposits. 1999;6(October):133-160

[35] Sumner ME, Noble AD. Soil
acidification: the world story. In:
Handbook of Soil Acidity. CRC Press;
2003. pp. 15-42

[36] Goulding K. Soil acidification and
the importance of liming agricultural
soils with particular reference to the
United Kingdom. Soil Use and
Management. 2016;32(3):390-399

[37] Haynes R. Soil acidification induced
by leguminous crops. Grass and Forage
Science. 1983;38(1):1-11

[38] Anderson DC, Jones SG. Clay
barrier-leachate interaction. In: National

Conference on Management of
Uncontrolled Hazardous Waste Sites.
Washington, D.C.: October 31-
November 2, 1983. pp. 154-160

[39] Ulrich B. Natural and anthropogenic
components of soil acidification.
Zeitschrift für Pflanzenernährung und
Bodenkunde. 1986;149(6):702-717

[40] Bolan NS, Hedley MJ. Role of
carbon, nitrogen, and sulfur cycles in soil
acidification. In: Handbook of Soil
Acidity. CRC Press; 2003. pp. 43-70

[41] Gunsinger M, Ptacek C, Blowes D,
Jambor J. Evaluation of long-term sulfide
oxidation processes within pyrrhotite-
rich tailings, Lynn Lake, Manitoba.
Journal of Contaminant Hydrology.
2006;83(3-4):149-170

[42] Shingwenyana R, Shabalala AN,
Mbhele R, Masindi V. Techno-economic
analysis of the reclamation of drinking
water and valuable minerals from acid
mine drainage. Minerals. 2021;11(12):1352

[43] Johnson R, Blowes D, RobertsonW,
Jambor J. The hydrogeochemistry of the
Nickel Rim mine tailings impoundment,
Sudbury, Ontario. Journal of Contaminant
Hydrology. 2000;41(1-2):49-80

[44] Jambor J, Blowes D. Theory and
applications of mineralogy in
environmental studies of sulfide-bearing
mine wastes. Modern Approaches to Ore
and Environmental Mineralogy. 1998;27:
367-401

[45] Cizer Ö, Van Balen K, Elsen J, Van
Gemert D. Crystal morphology of the
precipitated calcite crystals from
accelerated carbonation of lime binders.
In: Proceedings of ACEME08, 2nd
International Conference on Accelerated
Carbonation for Environmental and
Materials Engineering. Rome; 1-3
October 2008. pp. 139-148

61

Geochemical Processes Controlling Metals (Pb, Zn) Mobility during Amended…
DOI: http://dx.doi.org/10.5772/intechopen.1008158





63

Chapter 4

Innovations in Herbicide 
Bioremediation: Green Solutions 
for Soil Contamination
Karolayne Silva Souza, Milena Roberta Freire da Silva, 
Kaline Catiely Campos Silva, Lívia Caroline Alexandre de Araújo, 
Matheus Victor Aragão Cavalcanti, Amanda Vieira de Barros, 
Jamile Maria Pereira Bastos Lira de Vasconcelos, Fabricio Motteran 
and Maria Betânia Melo de Oliveira

Abstract

This chapter discusses innovations in herbicide bioremediation as a sustainable 
solution for agricultural soil contamination. Modern agriculture, essential for global 
food security, faces significant environmental challenges due to the excessive use of 
herbicides, which can accumulate in the soil and negatively impact ecosystems and 
human health. Bioremediation emerges as a promising alternative, utilizing living 
organisms such as microorganisms and transgenic plants to degrade or transform 
these toxic compounds. This study explores how advances in genetic engineering 
and nanotechnology have enhanced the efficiency of these processes, making soil 
decontamination more effective and less harmful to the environment. Furthermore, 
it is acknowledged that, although this technology offers significant benefits, such as 
reducing environmental impacts and economic viability, challenges remain particu-
larly in adapting to different climatic conditions and managing increasingly complex 
herbicides. With a focus on promoting safer and more sustainable agricultural prac-
tices, this study contributes to building agriculture that balances productivity with 
environmental preservation, emphasizing the importance of innovative solutions that 
can mitigate the damage caused by agrochemicals and protect ecosystems and public 
health.

Keywords: bioremediation, herbicides, degradation, sustainable agriculture, 
microorganisms

1. Introduction

In Brazil, between the 1940s and 1950s, the agricultural sector saw a significant 
increase in the use of synthetic fertilizers and pesticides, driven mainly by tax 
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incentives, increased farmer incomes, and the provision of rural credit by the federal 
government. In this context, government policies and marketing strategies facilitated 
the widespread use of pesticides and fertilizers by both large-scale producers and 
family farmers [1].

Modern agriculture, while crucial for ensuring global food security, faces major 
environmental challenges, particularly due to the indiscriminate use of herbicides. 
These chemical compounds, essential for weed control, often accumulate in the soil, 
causing contamination and posing threats to both local ecosystems and human health. 
Bioremediation therefore emerges as a promising alternative to address these issues in 
a sustainable way [2].

By utilizing microorganisms and plants to degrade herbicides, bioremediation 
offers a more ecological approach compared to conventional methods for treating 
contaminated soils. With advancements in technologies such as genetic engineering 
and nanotechnology, the efficiency of this process has been significantly enhanced. 
However, challenges remain, including the need for adaptation to different environ-
mental conditions and the complexity of modern herbicides [3, 4].

This research aims to explore the latest innovations in bioremediation, with an 
emphasis on techniques that promote agricultural sustainability and reduce the risks 
of soil contamination.

2. General characteristics of agriculture

Agriculture is considered a comprehensive economic activity that involves both 
the cultivation of plants and the raising of animals, primarily for food production 
and essential goods that sustain the global human population [5]. As such, the main 
characteristics that define agriculture are its economic, technological, biological, and 
environmental aspects, which vary according to the region, climate, and the adoption 
of different cultural practices [6].

Historically, the transformation of agriculture occurred primarily through human 
evolution over time, as food needs increased. Consequently, it became essential to 
develop strategies for land use to establish a system of food cultivation [7].

In this context, agriculture can be classified into two main types: commercial agri-
culture, practiced by small rural properties aimed at meeting the family’s food needs, 
with little or no production for commercialization, and subsistence agriculture, which 
is based on large-scale food production using advanced methods and techniques, 
with the primary goal of generating profit [8]. Additionally, agricultural production 
systems can be classified as monoculture or polyculture. Monoculture refers to the 
cultivation of a single species over a large area, while polyculture involves the practice 
of cultivating multiple species in the same area [9].

Agriculture, despite its specific characteristics, is still highly dependent on the 
global economy, state action, and current public policies. One of the most significant 
changes in global agriculture was the Green Revolution, which provided genetic 
improvement of seeds, the use of fertilizers, machinery, and pesticides, resulting in a 
more capitalized agriculture, the development of Agro-industrial Complexes (CAIs), 
and an increase in food productivity [7].

The international food market is considered a complex and dynamic environment, 
as it depends on global demands and trends. In this context, due to the significant 
population growth and urbanization, the market has been constantly influenced, 
particularly by the increasing demand for food [10].
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Countries such as the United States, China, Germany, Japan, and the United Kingdom 
are the main representatives of food importers, relying on external supplies to meet their 
demands. On the other hand, the main food-exporting countries include Brazil, the 
United States, Canada, Australia, and Argentina, which have been supplying agricultural 
products to the global market and driving demand for higher value-added foods [11].

For this reason, greater efficiency and modernization in agriculture require the imple-
mentation of agricultural technologies, which primarily involve mechanization through 
the use of agricultural machinery, biotechnology that includes methods for pest-resistant 
crops, and pesticides aimed at protecting crops from pests, diseases, and weeds [12, 13].

One of the main challenges faced by agriculture is food security, which seeks to 
ensure global food demand, along with sustainability, which is focused on environ-
mental preservation and biodiversity conservation to ensure long-term economic 
viability [14]. As a result, agriculture has significantly impacted the environment, 
mainly due to the use of natural resources such as water, energy, and soil [15, 16].

These resources are essential for agricultural activities, and their sustainable 
management is crucial to preventing environmental degradation and mitigating 
global climate impacts [17]. Therefore, it is of utmost importance that countries in 
the international food market work toward meeting global demands and trends to 
enhance their food production capacity and manage the fluctuations in agricultural 
product prices, ensuring food quality and safety [10].

Thus, the adoption of sustainable agricultural practices can contribute to biodiver-
sity conservation, improve soil and water quality, and reduce greenhouse gas emis-
sions. Examples include the implementation of integrated management techniques, 
the use of organic fertilizers, and the preservation of native vegetation areas [18, 19].

2.1 Brazil’s position in relation to the world

Brazil is considered one of the largest producers in the global agricultural land-
scape, primarily distinguished by its vast territorial extension, climatic diversity, and 
fertile soils, which enable both family farming and large-scale agriculture, along with 
a significant variety of crops [20, 21]. As such, agribusiness has played a significant 
role in the country’s economic growth, being responsible for the majority of both 
national and international food exports and supplies [11].

Agribusiness encompasses agricultural, livestock, fishing, and forestry activities, 
including everything from primary food production to distribution, agroindustry, 
and export of these products. Brazil stands out as one of the largest producers and 
exporters of agricultural goods. Among the various products produced and exported, 
soybeans, coffee, sugar, beef, and poultry are particularly important, being funda-
mental to global food supply [10, 22].

However, this expansion has posed significant challenges for the country, such as the 
deforestation of Brazilian biomes like the Amazon, a matter of global concern due to the 
relationship between extensive livestock farming and agriculture [23, 24]. In addition, 
the use of pesticides also presents challenges, as high quantities are used to ensure high 
productivity and the protection of commodities against pests and diseases [25, 26].

3. Alternatives used in Pest and disease control

In a balanced environment, plants can coexist with sufficient quantity and qual-
ity of soil nutrients, enabling them to produce complex substances such as proteins, 
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fats, and minerals, without pests and diseases causing damage to their production. 
An environment is considered balanced when it has favorable conditions of moisture, 
light, and the presence of biological controllers and/or predators of diseases and 
pests, preventing the population of pests from increasing [27].

The rise of pathogens and pests in commodities has led to significant losses in 
agricultural crop production worldwide. Furthermore, the demand for food has 
intensified throughout the twentieth century, aligned with the growth of the global 
population, which is estimated to reach 8.5 billion by 2030, 9.7 billion by 2050, and 
10.9 billion by 2100 [28].

Since the Green Revolution, agricultural production has increasingly relied on 
substantial use of inorganic fertilizers, synthetic pesticides, and genetically modified 
organisms to meet the growing food demand. Consequently, these alternatives have 
been adopted with the primary goal of quickly addressing pest management in com-
modities [29].

3.1 Natural and sustainable alternatives

Currently, natural alternatives have become a global trend to ensure healthy and 
adequate planting while also reducing the risks of environmental pollution and even 
the intoxication of operators and consumers. As a result, the planning of ecologically-
based agricultural management has become increasingly necessary to ensure that 
food production is free from pesticides [27].

Conventional agriculture uses synthetic fertilizers, pesticides, and growth regula-
tors to achieve higher crop yields and food production. In contrast, organic agricul-
ture relies on natural and sustainable resources, such as biological pest control agents, 
the application of biofertilizers, crop rotation, and biopesticides [30, 31].

Biological control agents in agriculture are related to natural or genetically modi-
fied organisms used to reduce the impact of undesirable organisms. They utilize 
beneficial crops, insects, and microorganisms such as bacteria and fungi to induce 
resistance against unwanted pathogens in commodities and compete for space and 
nutrients with these organisms, acting through an antibiosis mechanism. These 
agents are considered alternatives for disease management in agriculture, particularly 
when compared to techniques involving chemical fertilizers and pesticides for pest 
control [32].

Biofertilizers aim to restore soil health and fertility by adding organic matter, as 
this practice improves the physical, chemical, and biological characteristics of the 
soil. Fertilizers may include crop residues from cultivated soils, animal manure, and 
compost [33, 34].

Crop rotation, on the other hand, aims to alternate different crop groups, such 
as cereals, legumes, and vegetables, optimizing soil productivity and improving its 
quality while reducing the risks of pests, diseases, or nutrient depletion [35]. An 
example of crop rotation is legumes, which can naturally fix nitrogen in the soil and 
help subsequent crops in pest and disease control, reducing the need for chemical 
pesticides [36].

In this context, biopesticides, which are also a sustainable agricultural practice 
and an alternative to synthetic pesticides, primarily utilize plant-based Essential Oils 
(EOs) and homemade pesticides [30]. EOs are derived from the nonwoody parts of 
plants, particularly the foliage, and are extracted through steam capture or hydrodis-
tillation [37]. Homemade pesticides, which can be produced at home, are based on the 
preparation of natural products to repel pests and diseases [38].
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3.2 Synthetic pesticides

In conventional management systems, one of the main forms of pest control is 
through chemical compounds such as pesticides, which are considered major con-
tributors to environmental problems, including water, soil, and food contamination, 
as well as intoxication and other issues [27]. Pesticides are chemical compounds 
designed to control, destroy, repel, attract, or prevent any biological organism that 
may cause pests in crops. These compounds differ from one another based on their 
physical and chemical properties [39].

During the 1930s, there was an increase in the use of synthetic chemical pes-
ticides, which included compounds such as arsenic and sulfur in formulations for 
crop protection. Following this, at the beginning of World War II, various pesticides 
were produced, such as Dichlorodiphenyltrichloroethane (DDT), aldrin, and diel-
drin, used as insecticides, and 2-methyl-4-chlorophenoxyacetic acid (MCPA) and 
2,4-dichlorophenoxyacetic acid (2,4-D) as herbicides [40].

In this context, pesticides have become an essential tool over the years for plant 
protection and crop improvement in the development of agricultural practices. This 
improvement is related to the management of pests, diseases, and weeds, with key 
categories including herbicides, insecticides, fungicides, rodenticides, nematicides, 
and other pesticides [41].

According to the United Nations Food and Agriculture Organization (FAO), 
from 1990 to 2021, large quantities of pesticides were recorded globally, especially 
in the Americas and Asia. The data shows that the global average amount of pesti-
cides increased from 1.22 kg per hectare in 1990 to 2.26 kg per hectare in 2021 [42]. 
Figure 1B shows the percentage of pesticide use by country and continent.

Pesticides can also be classified based on criteria such as toxicity, target 
organism, and chemical composition [41, 43, 44]. According to the World 
Health Organization (WHO), pesticide classification based on toxicity corresponds 
to the Median Lethal Dose (LD50) value, expressed in mg/kg of body weight. 
In this way, pesticides are classified into five categories: Class Ia (Extremely 
Hazardous), Class Ib (Highly Hazardous), Class II (Moderately Hazardous), Class 
III (Slightly Hazardous), and Class U (Unlikely to Present Acute Hazard) [45], as 
described in Table 1.

The classification by target organism corresponds to fungicides, insecticides, 
herbicides, and rodenticides. Fungicides are associated with the inhibition or elimina-
tion of fungal growth that causes plant diseases, insecticides are used to repel or kill 
insects that affect agricultural crops, herbicides are applied to control and eradicate 
weeds, and rodenticides are used to control rodents in plantations or food storage 
areas [46, 47].

As for the chemical composition of pesticides, this is one of the most well-known 
classifications, organized according to their chemical properties. Fungicides are 
divided into groups such as aliphatic nitrogen, amides, aromatics, dicarboximides, 
and dinitrophenolics. Herbicides, in turn, are classified as anilides, phenoxyacetic 
acids, quaternary ammonium compounds, chlorotriazines, and sulfonylureas. 
Insecticides are categorized as carbamates, organochlorines, organophosphates, 
pyrethroids, neonicotinoids, spinosyns, benzoylureas, and antibiotics. Rodenticides 
are classified as inorganic, including zinc and aluminum phosphide, and organic, 
such as bromadiolone and coumatetralyl [41, 48].

In this context, pesticides are chemical compounds regulated by laws, regula-
tions, and guidelines worldwide, subject to approval, registration, and entry into the 
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industry. Even with established usage requirements, pesticides have characteristics 
that allow them to persist in the environment, as well as properties of bioaccumula-
tion and toxicity for both the environment and humans, which makes their use 
hazardous [49].

Figure 1. 
Pesticide use worldwide (A) and by continent (B). Source: Adapted, FAO [42].

Class Description Oral LD50 (mg/kg) LD50 dermal (mg/kg)

Ia Extremely hazardous <5 <50

Ib Highly hazardous 5–50 50–200

II Moderately hazardous 50–2000 200–2000

III Slightly hazardous >2000 >2000

U Unlikely to present acute hazard ≥5000 ≥5000

Table 1. 
Pesticide classification based on acute toxicity according to LD50 values. Source: Adapted, WHO [45].
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4. General characteristics of herbicides

Herbicides are Class III chemical compounds widely used for controlling 
unwanted plants, especially weeds, which compete with agricultural crops for nutri-
ents, light, and water. They play an essential role in modern agriculture by ensuring 
productivity and food security on a global scale. However, their use must be carefully 
managed to avoid negative impacts on the environment and human health [50, 51].

Herbicides work through mechanisms that interfere with vital plant processes such 
as photosynthesis, cell division, and amino acid synthesis. These compounds can be 
selective, affecting only specific types of plants, or nonselective, killing a wide range 
of plant species. Therefore, the efficacy of a herbicide depends on its ability to reach 
the target plant, be absorbed, translocated to the site of action, and ultimately cause 
sufficient damage to inhibit growth or induce death [52, 53].

Herbicides are also classified based on the timing of their application. Preemergent 
herbicides are applied to the soil before the germination of unwanted plants, creating 
a chemical barrier that prevents their growth. Post-emergent herbicides, on the other 
hand, are applied directly to plants, eliminating them after germination [54].

Another fundamental aspect of herbicides is their interaction with the environ-
ment. For instance, water solubility affects the dispersion of compounds in soil and 
water, influencing both their effectiveness and potential for environmental con-
tamination [55]. In this context, highly soluble herbicides tend to move more easily, 
potentially reaching groundwater and bodies of water, while those with low solubility 
remain in the soil longer, increasing the risk of bioaccumulation. This also leads to 
accumulation in living organisms, which can have long-term ecological and toxico-
logical consequences [56, 57].

The indiscriminate and repeated use of herbicides can lead to the development 
of resistance in weeds, making their control increasingly difficult. This requires the 
adoption of integrated pest management strategies, which include crop rotation, 
alternating different herbicides, and the development of new compounds that are 
more selective and less harmful to the environment [2, 58].

5. Bioremediation: Concept and advantages

Bioremediation is a technology that uses living organisms, such as bacteria, fungi, 
and plants, to degrade, transform, or remove contaminants from the environment. 
These organisms operate through natural biochemical processes that convert pollut-
ants into less toxic or harmless substances, helping to restore degraded ecosystems 
[59]. Additionally, bioremediation can be applied to a wide range of pollutants, 
including organic compounds such as hydrocarbons and pesticides, as well as heavy 
metals [60, 61].

One of the greatest advantages of bioremediation is its sustainable approach. 
Compared to conventional remediation methods, such as incineration or chemical 
processes, bioremediation is less invasive and often more cost-effective [62, 63]. 
Another benefit is the ability to treat large areas efficiently, especially when in situ 
methods (at the contamination site) are used, avoiding the need to remove contami-
nated soil or water for external treatment [63].

Bioremediation can be classified into two main types: in situ and ex situ. The first 
occurs directly at the contaminated site, without the need to transport the material, 
making the process cheaper and less disruptive. Ex situ bioremediation, on the other 
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hand, involves the removal of contaminated soil or water for treatment at another loca-
tion, being more suitable for areas with severe or difficult-to-access contamination [64].

Furthermore, bioremediation can be enhanced through techniques such as biostimu-
lation, which involves adding nutrients or agents that promote the growth and activity of 
degrading microorganisms, or bioaugmentation, which introduces specialized microor-
ganisms to the contaminated site to accelerate the degradation process [65].

Despite its benefits, bioremediation has some limitations. Not all pollutants can be 
easily degraded by living organisms, and environmental conditions, such as tempera-
ture, pH, and oxygen availability, can affect the effectiveness of the process. However, 
with advances in genetic engineering and biotechnology, new microorganisms are 
being developed to expand the scope of bioremediation, making it a promising 
solution for the recovery of contaminated environments [65, 66].

5.1 Recent innovations in herbicide bioremediation

In recent years, the field of herbicide bioremediation has advanced considerably, 
driven by the development of new technologies and the growing demand for more 
sustainable agricultural practices [67]. These innovations are transforming the way 
herbicides are managed in the environment, offering more effective and ecologically 
responsible methods for the decontamination of soil and water. By using microorgan-
isms and plants to degrade toxic substances, bioremediation has proven to be a prom-
ising solution to mitigate the impact of herbicides on natural ecosystems [65, 68].

One of the most significant innovations is the use of genetic engineering to modify 
microorganisms, such as bacteria and fungi, to optimize their ability to degrade 
herbicides [69]. These genetically modified microorganisms can break down complex 
herbicide molecules into less harmful compounds, accelerating the decontamina-
tion process. An important example is the development of bacteria that can rapidly 
metabolize herbicides like glyphosate and atrazine, reducing their toxic impacts and 
preventing the accumulation of residues in the soil [70–72].

In addition to microorganisms, transgenic plants have also played an important 
role in new bioremediation techniques. Phytoremediation, which uses plants to 
absorb and degrade pollutants, has been improved by the introduction of genes that 
enhance these plants’ ability to process and neutralize herbicides. These plants are 
particularly effective in agricultural environments where herbicides are widely used 
and can accumulate in the soil, threatening local biodiversity [73, 74].

The application of phytoremediation techniques, in combination with microor-
ganisms living in plant roots (rhizobacteria), has also shown promising results in the 
degradation of herbicides. This symbiotic interaction enhances the plants’ ability to 
absorb and transform pollutants, speeding up the recovery of contaminated soils, 
particularly in agricultural areas [75].

A complementary approach gaining attention is nanoparticle-assisted bioremedia-
tion, which uses nanoparticles to transport microorganisms or enzymes directly to 
contaminated sites, increasing degradation efficiency. This technique allows microor-
ganisms to reach difficult-to-access areas and interact more rapidly with pollutants, 
optimizing the bioremediation process and reducing the time needed for environ-
mental recovery [76, 77].

The use of biosurfactants also represents a crucial advance in herbicide biore-
mediation. These biological compounds, produced by microorganisms, increase the 
solubility of herbicides in the soil, facilitating their biodegradation. By reducing the 
surface tension between the pollutant and the environment, biosurfactants improve 
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the interaction between microorganisms and herbicides, accelerating the breakdown 
of toxic compounds [78, 79].

Another important development is the improvement of biostimulation techniques, 
which involve providing nutrients and optimal conditions to promote the growth 
and activity of degrading microorganisms at the contaminated site. By creating a 
favorable environment, biostimulation can increase the rate of herbicide degradation, 
making the process more efficient and applicable to large agricultural areas [80].

Bioaugmentation is another innovative technique that involves introducing 
specific microorganisms into contaminated areas. Microorganisms that exhibit high 
efficiency in herbicide degradation are added to the soil or water, complementing the 
action of the microorganisms already present in the environment. This is particularly 
useful in areas where the natural microbial populations are not capable of fully 
degrading the pollutants [80].

6. Future perspectives and sustainability

Future perspectives for herbicide bioremediation are increasingly focused on 
innovative strategies that not only aim to enhance the process’s effectiveness but also 
ensure its long-term sustainability. With the growing environmental impact caused 
by the extensive use of herbicides in agriculture, the demand for solutions that can 
restore ecosystems safely and efficiently has intensified [81].

One of the most promising trends is the use of advanced biotechnology to geneti-
cally modify microorganisms, making them more efficient at degrading complex 
herbicides. Genetic modification allows microorganisms to develop new metabolic 
pathways or increase the expression of enzymes responsible for degradation, making 
the bioremediation process more targeted and effective [82, 83].

The integration of molecular monitoring technologies is transforming the way 
bioremediation is applied and evaluated, as next-generation genetic sequencing 
allows real-time monitoring of herbicide degradation progress. This enables scientists 
to adjust remediation conditions as needed, making the process more dynamic and 
effective [84, 85].

The future of bioremediation must also consider adaptation to climate change, 
as the effectiveness of microorganisms is highly dependent on environmental 
conditions such as temperature and humidity. Research aimed at developing strains 
more resilient to these climatic variations is crucial. This will ensure that bioreme-
diation techniques remain effective even in scenarios of extreme environmental 
changes [65].

7. Conclusion

Herbicide bioremediation represents an innovative and sustainable approach to 
mitigating the environmental impacts caused by the intensive use of agrochemicals. 
Recent innovations, such as the genetic modification of microorganisms and the use 
of transgenic plants, have enabled the development of more effective solutions for 
herbicide degradation, reducing their persistence in soil and water.

The introduction of technologies like nanotechnology and biosurfactants has also 
improved the efficiency of the process by increasing the availability of herbicides to 
biodegrading agents and facilitating the remediation of contaminated areas. These 
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strategies, in addition to being economically viable, offer a less harmful alternative to 
the environment compared to conventional methods of soil and water treatment.

Bioremediation stands out for using natural biological processes, minimizing the 
generation of toxic by-products and promoting a cleaner environmental recovery. 
However, for these solutions to become widely adopted, challenges related to envi-
ronmental variations and climate change must be addressed, as they can affect the 
effectiveness of microorganisms in the field.

Although herbicides are essential for modern agriculture, their use requires a bal-
anced approach. It is crucial to follow best management practices to minimize nega-
tive impacts and ensure that these substances fulfill their role without compromising 
the health of ecosystems and human populations. Continuous innovation in the 
development of more sustainable herbicides and the implementation of strict regula-
tions are important steps in this direction.
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and Sustainable Approach
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Abstract

The expanding population, rapid growth in urbanization, and industry exacerbate 
pollution-related issues. Pollution of the soil and water has an impact on both human 
health and the environment. Thus, the restoration and the cleanup of contaminated 
areas represent an important technological and environmental challenge for sustain-
able growth and development. Among the various techniques used to remediate 
environmental contaminants, Mycoremediation, the use of fungi or its derivatives, is 
by far the most widely employed to remove or degrade metal metals, persistent organic 
pollutants, and some emerging pollutants. This chapter summarizes the key aspects of 
mycoremediation as an eco-friendly, economical, and sustainable approach to environ-
mental remediation in both terrestrial and aquatic ecosystems. The current chapter dis-
cusses the potential of various fungi in degrading contaminants such as heavy metals, 
agricultural and pharmaceutical wastes, dyes, and polycyclic aromatic hydrocarbons. 
Likewise, we address the major fungal species, their mechanisms, and applications for 
mycoremediation. Afterward, the economic and environmental benefits, problems, 
and future techniques for improving the efficiency of remediation are addressed.

Keywords: mycoremediation, polycyclic aromatic hydrocarbons, heavy metals; 
pharmaceutical wastes, dyes, pesticides

1.  Introduction

Pollution is a significant concern. The insufficient management of waste and 
effluents from households, industries, and agricultural fields is further damaging the 
ecosystem. According to World Health Organization investigations, 2.2 billion people do 
not have access to safe water services, while 144 million people use contaminated water. 
Half of the world’s population is estimated to reside in water-stressed areas by 2025 [1].

Currently, xenobiotic contaminants may be removed and degraded from soil and 
water using a variety of physical and chemical processes. However, these procedures 
are costly, produce unsafe byproducts, and are inefficient for low concentrations of 
highly toxic compounds [2]. A solution must be created to overcome these limitations 
and make pollutant removal possible.

Bioremediation has become a promising biological treatment for restoring 
contaminated areas. It has been established as efficient, economical, versatile, and 
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environmentally eco-friendly [3]. Bioremediation uses living organisms selected based 
on their metabolic diversity and performance to remove or reduce contaminant levels [4].

Fungi-mediated bioremediation, or mycoremediation, has been studied in both 
terrestrial and aquatic habitats. In recent years, detoxification of contaminated sites 
by the application of one or more species of fungi as natural agents has become a 
widely used and effective tool for environmental remediation. It has become practi-
cal, economical, and efficient in converting toxic wastes into not/or less toxic end 
products or dioxide carbon and water [5]. Compared to other microorganisms, fungi 
have strong morphology, extensive hyphal network, adaptation to extreme circum-
stances, and tolerance for elevated amounts of pollution [6]. Similarly, fungi swiftly 
absorb contaminants and may survive in conditions that have inadequate nutrient 
contents, acidic pH, or low water activity (WA) [7]. Furthermore, fungal species 
may produce versatile extracellular enzymes that can interact with diverse xenobiotic 
structures with a high degree of non-specificity. So, their diversity and the ability to 
release a wide range of specific and non-specific enzymes make fungi ideal candidates 
for addressing a wide spectrum of pollutant materials [8]. It can be efficient in reme-
diating, in situ or ex-situ, several pollutants such as heavy metals, dyes, herbicides, 
and pharmaceuticals generated from various industries [9–13].

Alternatively, Mycoremediation implicates different approaches like fungal 
augmentation (biomass addition) or biostimulation (nutriment supplementation) to 
enhance pollutant removal [14]. Those approaches can be applied in bioreactors with 
regulated physicochemical conditions designed to promote simultaneously microbial 
growth and degradation rates [15]. A wide variety of fungal species have shown 
their potential to degrade a wide range of environmental pollutants. The most com-
mon fungal strain which has been recorded as a biodegrade belongs to the following 
genera: Cephalosporium, Rhizopus, Paecilomyces, Fusarium, Emericella, Trichoderma, 
Torulopsis, Mucor, Talaromyces, Gliocladium, Rhodotorula, Cladosporium, Geotrichum, 
and Aspergillus [15].

2.  Fungi as bioremediating agents

Fungi typically play important roles in ecosystems as endophytes, infectious 
agents, and saprophytes. The current estimate of fungal diversity is quite uncertain, 
ranging from 1.5 to 12 million, with only 1 million being described. Fungi are classi-
fied as eukaryotes. The most recent taxonomy update covers 19 major phyla [16].

Fungi are the most effective decomposers of organic matter. They are involved 
in the delignification of plant-based materials such as lignin or cellulose [17]. Unlike 
other microbes, fungi are resistant to destruction because their cell walls are made of 
chitin and melanin.

Fungi secrete a range of enzymes and organic acids which can target and decom-
pose many inorganic and organic contaminants [18]. Fungal enzymes are frequently 
characterized by low specificity against substrate [19]. Contrary to popular belief, this 
gives fungi an advantage since non-specific enzymes catalyze a wide range of reac-
tions, allowing them to employ a variety of chemicals as carbon and energy sources. 
Fungi’s biodegradation abilities are usually associated with oxidative enzymatic 
activities mediated by a wide variety of oxidases and peroxidases [20]. As a result, 
fungus often requires an oxygen-rich environment to function properly.

Oxidoreductases are the most studied extracellular fungal enzymes, including 
laccases, which require oxygen, and peroxidases (manganese peroxidase, lignin 
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peroxidase), which apply H2O2 as terminal electron acceptor [19, 20]. One of the 
most well-known extracellular pollutant-degrading processes is hydroxyl radical 
oxidation, which cleaves double bonds in cyclic or aliphatic structures. The hydroxyl 

Pollutants Fungi Mechanism References

Polycyclic 
aromatic 
hydrocarbon

Aspergillus niger 
(MW699896), Paecilomyces 
formosus(MW699897), 
Fusarium chlamydosporum 
(MZ817957); Coniochaeta sp. 
(MW699893);Coriolopsis gallica 
(KJ 412304); Trametes versicolor; 
Dentipellis sp. (KUC8613); 
Phanerochaete chrysosporium; 
Pleurotus ostreatus; Pleurotus 
eryngii, Cochliobolus lunatus, 
Trichoderma longibrachiatum

Cytochrome P-450 
monooxygenase, 
dioxygenase, dehydrogenases, 
glutathione, FAD-dependent 
monooxygenases, Ligninolytic 
enzymes, transferase, and 
epoxide hydrolases mediated 
degradation

[23–26]

Heavy metals White-rot fungi (Phlebia brevispora 
and Phlebia foridensis), Aspergillus 
species, Cladosporium sp. NRCA8
Trichoderma harzianum, 
Trichoderma ghanense,
Rhizomucor species, Penicillium 
rubens, Sordariomycetes sp. (D10), 
and Coniochaetaceae sp. Fusarium 
species, Emericella species, 
Funneliformis geosporum, Pleurotus 
ostreatus,

Ligninolytic enzymes in the 
degradation of heavy metals, 
and antioxidant enzymes 
in tolerating damage due to 
oxidative stress

[10, 27]

Dyes Aspergillus flavus, Marasmius 
cladophyllus, Phlebia acerina, 
Bjerkandera adusta, Aspergillus 
niger, and Fusarium proliferatum

Laccase, Manganese peroxidase, 
and Lignin peroxidase in 
degradation of dyes

[28–30]

Pesticide and 
herbicide

Botryosphaeria laricina, 
Aspergillus glaucus, Trametes 
pavonia, Penicillium spiculisporus, 
Penicillium verruculosum,

Ligninolytic enzymes, 
esterification, dioxygenation, 
dehydrogenation, 
dechlorination, demethylation 
mediated degradation

[12, 31, 32]

Antibiotics Pleurotus ostreatus, 
Leptosphaerulina sp, Irpex lacteus, 
Lentinula edodes

versatile peroxidase, laccase, 
manganese peroxidase, 
cytochrome 450 system

[13, 33]

Pharmaceuticals Mucor hiemalis, Trametes versicolor, 
Phanerochaete chrysosporium, 
Lentinula edodes,

ligninolytic enzymes and 
cytochrome 450

[34, 35]

Phthalates Fusarium oxysporum, Fusarium 
subglutinans, Penicillium brocae, 
Purpureocillium lilacinum

Cutinase [36]

Detergents Penicillium verrrucosum, 
Cladsporium cladosporioides, and 
Geotrichum candidum

NA(a) [37]

(a) Not applicable.

Table 1. 
Pollutants and its degradation by fungal species.
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radicals are the result of quinone cycling following laccase action [21] or peroxide-
dependent hydroxylations. Both mechanisms are exergonic in nature, and they aid 
in the breakdown of complicated pollutant structures into more easily degradable 
metabolite intermediates. Likewise, Cytochromes catalyze a wide range of oxidation 
events within cells, with some species, such as Phanerochaete chrysosporium, including 
150 Cytochrome P450 genes in their genome [22]. In the scientific literature, several 
studies have reported the potent of different fungi to accumulate and remove various 
xenobiotic pollutants from the environment (Table 1).

3.  Mechanisms of mycoremediation

The environment contains a huge number of extremely complex, hazardous, and 
persistent xenobiotic and/or recalcitrant chemicals resulting from numerous human 
activities [5]. Examples of these activities include chemical fertilizers and pesticides in 
agriculture, antibiotics, food additives, and personal care items. Mining, petrochemi-
cal, food, and textile industries generate waste and effluent containing heavy metals, 
PAHs, dyes, phenols, and other recalcitrant compounds, which can contaminate soil 
and water bodies if not properly treated before discharge [5]. Mycoremediation is a 
promising technology for environmental cleanup due to its cost-effectiveness, envi-
ronmental friendliness, and versatility. Fungi can be used to remediate a wide range of 
pollutants in various environments, using physical or enzymatic mechanisms such as 
biosorption and/or bioaccumulation, biodegradation, and bioconversion [38].

3.1 Biosorption and/or bioaccumulation

Generally, biosorption is the ability of certain proteins or microbial biomass (liv-
ing or dead) to bind and concentrate ions or other molecules [11, 39]. Thus, the basic 
idea of bioadsorption, which is a passive phenomenon carried out by dead biomass 
or specific molecules, is based on the “affinity” between the bio-adsorbent and the 
sorbate, which corresponds to the fungal biomass and the contaminant. This binding 
can occur through various mechanisms, including ion exchange, complexation, and 
physical adsorption. Indeed, the negative charge of several functional groups pres-
ent in fungal cell walls, including proteins, lipopolysaccharides, and phospholipids, 
enables them to effectively bind metal cations [40]. Numerous benefits, including 
low nutrient requirements, high efficiency, little sludge creation, and the potential for 
metal regeneration and recovery, make biosorption by fungal biomass an economi-
cally appealing and technically possible method [11].

Biosorption is particularly effective for heavy metals, which can bind strongly to 
the negatively charged cell wall of fungi (Figure 1) [41].

Several studies have shown that fungi may remove various substances through 
mycelial biosorption, biomineralization, and biotransformation [42, 43]. Fungal bio-
mass, whether alive or dead, can effectively absorb various pollutants due to its diverse 
functional groups in the cell wall [44]. In the literature, heavy metals, herbicides, 
dyes, and drugs have been efficiently absorbed by mycelial pellets more than myce-
lium [45, 46]. Fungal biomass, both living and dead, can act as absorbents to remove 
heavy metal ions. Due to its low cost, the potential for toxicant recovery, the ability 
to regenerate and reuse dead biomass, and simple maintenance, dead fungal biomass 
is thought to be superior to living fungi [46]. It is hypothesized that fungi are able 
to metabolize the substances they have obtained by biosorption, in some cases even 
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mineralizing them, in a process of bioconversion and biodegradation that has been 
investigated in studies on cleaning the environmental matrix of various pollutants.

Generally, pollutant biosorption occurs through two known processes. The first, 
referred to as the passive mode, involves the uptake of substances independent of 
metabolic activity. During this process, mechanisms such as precipitation, physical 
adsorption, ion exchange, and complexation lead to the binding of pollutants like 
metals, to the surface of cell walls and extracellular material [47]. These pollutants are 
adsorbed onto the fungal cell surface, decreasing their mobility and bioavailability 
in the environment. The second mode, which involves moving metals across the cell 
membrane, is an effective, active, and energy-dependent process [48].

3.2 Biodegradation

Biodegradation involves the enzymatic breakdown of pollutants by fungi. Fungi 
have been found to produce a wide range of extracellular enzymes that can degrade 
various organic and inorganic compounds, including ligninolytic enzymes [49] and 
non-ligninolytic enzymes [50] that convert persistent organic and inorganic pollut-
ants into less toxic smaller units that are utilized for their growth. Further, in some 
cases, biodegradation can lead to complete mineralization of the pollutant, convert-
ing it into harmless substances like carbon dioxide and water.

Ligninolytic enzymes, such as lignin peroxidase and manganese peroxidase, are 
produced by white-rot fungi and can degrade a wide range of recalcitrant pollutants, 
including polycyclic aromatic hydrocarbons (PAHs), pesticides, and dyes [12, 23, 30, 31].

Typically, Oxidoreductases, including laccases, are the most common enzymes in 
the biodegradation process of several environmental pollutants, due to their versatil-
ity and active center that can accommodate a wide range of substrates [51].

Figure 1. 
Mycoremediation mechanisms for removal of inorganic and organic pollutants (Adapted from Shourie and 
Vijayalakshmi [41]).
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Laccases have the extra advantage of requiring only molecular oxygen to catalyze 
processes. Furthermore, their production is ubiquitous across organisms such as 
bacteria, fungi, and plants, with white-rot fungi (WRF) being particularly efficient 
producers [12, 30, 31].

Additionally, fungal laccases have high activity and interesting qualities that are 
important in bioremediation processes, such as substrate specificity, pH, and the 
enzyme’s optimum temperature, which are also used in wastewater treatment plants 
(WWTPs) for pollutant removal [51].

3.3 Bioconversion

Bioconversion is a process where fungi transform pollutants into new compounds, 
which may be less toxic or even useful. For example, some fungi can convert toxic 
metals into less toxic forms or even accumulate them in their biomass. Bioconversion 
can also lead to the production of valuable compounds, such as enzymes, antibiotics, 
and biofuels [52]. Several research studies have shown that ligninolytic enzymes have 
a part in the breakdown of certain xenobiotic pollutants.

Likewise, Various fungal species possess the ability to biotransform pollutants 
through processes such as reduction, oxidation, methylation, catalysis, and deal-
kylation [48].

4.  Applications of mycoremediation

Pollutants generated from intensive industrialization and various human activi-
ties, including waste and effluents from households, industries, and agricultural 
sectors, pose significant risks to human health and degrade the ecosystem [53].

The versatility of fungi enables their application across these various environ-
mental contexts for remediation. This part summarizes the roles of various fungi in 
the degradation of recalcitrant, persistent, and harmful pollutants such as polycyclic 
aromatic hydrocarbons, heavy metals, agricultural pollutants including pesticides, 
herbicides, and insecticides, also pharmaceuticals like drugs and antibiotics.

4.1 Polycyclic aromatic hydrocarbons (PAH) and their remediation

Fungal hydrocarbon degradation occurs through two pathways: a non-enzymatic 
process which involves a series of biochemical reactions, including biosorption, 
biomineralization, and stripping, and an enzymatic process, which is further divided 
into ligninolytic and non-ligninolytic enzymes.

During the non-ligninolytic enzyme process, enzymes like those from the cyto-
chrome P450 family activate hydrocarbon mixtures through oxidation, reduction, 
hydrolysis, and dehalogenation processes. These activated hydrocarbon compounds 
are transformed into intermediate metabolites before being converted to excreted 
derivatives [54]. Similar studies have shown the degradative mechanism of PAHs. 
For instance, it was reported that Dentipellis sp. KUC8613 first utilizes cytochrome 
P450, followed by enzymes such as dioxygenase, dehydrogenases, FAD-dependent 
monooxygenases, glutathione transferase, and epoxide hydrolases to degrade PAH 
[55]. Other studies demonstrated how ligninolytic enzymes, such as laccase, lignin 
peroxidase, and manganese peroxidase, may break down petroleum hydrocarbons 
because of their structural resemblance to lignin [55]. These extracellular ligninolytic 
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enzymes catalyze the oxidation of PAH into quinones, which are then degraded 
through ring fission [54]. Fungal species such as Trametes spp., Lentinus spp., Pleurotus 
spp., and Ganoderma spp. are highly effective in PAH biodegradation due to their 
ability to produce non-specific enzymes such as laccase, manganese peroxidase, and 
lignin peroxidase [26].

Yet, other studies showed that petroleum hydrocarbons could activate the 
enzymatic system. Azin et al. [56] reported that the laccase activity of F. neocosmos-
poriellum RH-10 reached its maximum level after 20 and 10 days in the absence and 
presence of 10 g/L crude oil, respectively.

Afterward, several studies demonstrated that fungal consortia can enhance the rate 
of petroleum pollutant degradation. Similarly, Nrior and Onwuka [57] studied the bio-
degradation of marshland crude oil-contaminated soil through bioaugmentation using 
both individual and combined species of Candida and Penicillium. They found that 
the fungal consortium had higher bioremediation capacity than the individual spe-
cies. Additionally, Candida species demonstrated better bioremediation capabilities 
compared to Penicillium species, owing to their effective degradative enzyme system, 
which enables them to break down both long-chain and short-chain hydrocarbons.

Basically, three main approaches have been used for petro-hydrocarbon fungal 
bioremediation including bioaugmentation, biostimulation, and a combination of 
both [58]. For instance, the bioaugmentation approach has been especially effective, 
reducing BaP to 25.75 mg/kg in 28 days and Phe to 0.4 mg/kg in 21 days [59].

Additionally, periodic biostimulation and bioaugmentation with a fungal consor-
tium consisting of Pestalotiopsis sp., Polyporus sp., and Trametes hirsuta were found 
to be effective biodegradation methods in a petroleum hydrocarbon bioremediation 
study [60]. Other studies reported that associating PAHs with plants presented 
another approach to their removal from soil. For instance, in the presence of Zea 
mays, Pleurotus ostreatus facilitated the mycoremediation of PAHs, enhancing fungal, 
microbial, and manganese peroxidase activity [61].

Typically, WRFs, such as P. chrysosporium and Trametes versicolor, are reported to 
be good BTEX degraders together with soil and mycorrhizal fungi [62]. Numerous 
studies have shown a direct correlation between crude oil degradation and surfactant 
synthesis. According to Bhardwaj et al. [62], the fungal biosurfactants have diverse 
applications in the oil and gas industry, including enhancing oil recovery from 
reservoirs, remediating oil spills, and decontaminating soil and water polluted with 
hydrocarbons.

4.2 Heavy metal pollution and its mycoremediation

Generally, heavy metals can originate from natural processes, such as volcanic 
emissions, continental dust transport, and metal-rich rock weathering. They are also 
generated through anthropogenic activities including, mining, smelting, fossil fuel 
combustion, waste disposal as well as agricultural, industrial, and military practices 
[63]. Cd, Cr, Hg, Pb, Cu, Zn, and As are the most common heavy metals found in soil 
[26]. Many of these metals are known for their mutagenic and carcinogenic effects. In 
the case of microorganisms, enzyme activities such as urease, catalase, glucosidase, 
and alkaline phosphatase can be affected by these metals [64]. In plants, the accumula-
tion of these metals may hinder various physiological activities including mineral and 
water transport and photosynthesis [5]. Because of their properties, fungi are a very 
effective alternative for the elimination of heavy metals. They are more environmen-
tally adapted and exhibit higher tolerance to heavy metals than bacteria and algae [5].
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For instance, Pleurotus pulmonarius was used at different concentrations for 
62 days to study the mycoremediation of soil contaminated by petroleum hydrocar-
bons. The amounts of heavy metals (zinc, copper, and manganese) and hydrocarbons 
were found to have significantly decreased. At the 10% mycelium concentration, the 
greatest decreases in Mn (24.00 to 1.7), Cu (37.24 to 0.00), and Zn (63.03 to 5.75) 
were observed by Njoku et al. [26].

Additionally, when inoculated in Pb-contaminated soil microcosms, an isolate of 
Chaetomium aureum was able to reduce the concentration of free Pb in the soil by half 
in around 2 months [65].

Metal bioprecipitation, biosorption, biomineralization, biotransformation, and 
bioleaching are examples of extracellular processes. However, exposure to heavy met-
als causes intracellular bioaccumulation, activating a variety of signaling pathways 
and metabolic processes aimed at maintaining cellular homeostasis [28]. For instance, 
Aspergillus, Fusarium, Rhizomucor, and Emericella spp., isolated from highly contami-
nated agricultural soil, showed different detoxification mechanisms (biosorption/
bioaccumulation and biovolatilization).

Biosorption, a passive process which can be carried out by both live cells and 
dead biomass [5], is one of the main ways that fungi remove heavy metals from 
contaminated environments [14]. The fungal cell surface serves as the primary 
defense against metals and metalloids, containing wall polysaccharides, lipids, 
proteins, and functional groups like carboxylate, hydroxyl, amino, and phosphate 
that can bind heavy metal ions. Moreover, chitin and chitosan, which are structural 
components of fungal cell walls, have shown effectiveness in metal binding across 
various fungal species [66].

Another active method of removing metal is called bioaccumulation, which uses 
an energy-dependent metal inflow mechanism. Compared to biosorption, it is a 
slower process [52]. Fungi, in particular basidiomycetes mushrooms, are potent heavy 
metal accumulators. They absorb metals from soil through their mycelia and accumu-
late them in their fruiting bodies [27].

For instance, Trichoderma harzianum can bioaccumulate significant amounts of 
copper and zinc, effectively removing these metals from contaminated soil [27]. In 
another study, this fungus growing in areas around gold, silver, and gemstones mine 
was found to accumulate these compounds, offering an economic advantage [5].

Several fungal species possess the ability to biotransform metals through processes 
such as reduction, oxidation, methylation, catalysis, and dealkylation (Table 1) [52].

These processes convert hazardous metals and metalloids into less toxic forms 
that reduce the concentrations of heavy metals in the environment [67]. Enzyme 
secretion and mechanical assistance of fungal hyphae enhance the transformation of 
pollutants [67].

Alternatively, intracellular enzymatic reactions may convert inorganic and organic 
compounds into their volatile derivatives through biovolatilization [5]. The enzymatic 
process can transfer metals like Hg, Sn, and Pb to the methyl group, resulting in 
molecules with varied solubility, volatility, and toxicity [67].

Furthermore, redox processes play a critical role in the transformation and 
detoxification of contaminants by fungi. During these processes, the pollutant is 
reduced or oxidized through electron transfer between the pollutant and the fungal 
cells. Similarly, Sepehr et al. [68] reported that in both aerobic and anaerobic settings, 
Aspergillus niger has been shown to convert Cr(VI) to Cr(III). The Aspergillus species 
have been demonstrated to be a powerful bioremediation agent for chromium-
contaminated environments.
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Other recent studies reported that fungi can induce precipitation reactions by 
converting soluble metal ions into insoluble forms that can be separated by sedimen-
tation or filtration [14]. In this context, Aspergillus niger has been reported to exhibit 
good potential in generating a variety of organic acids like citric and oxalic acids 
effective for precipitating heavy metals from contaminated soil. Citric acid can form 
stable complexes with metals such as lead, cadmium, and aluminum, decreasing their 
toxicity and bioavailability [14].

4.3 Pharmaceuticals “fungal remediation”

According to reports, natural streams and rivers have been found to contain 
pharmaceutical chemicals in a range of concentrations that can be harmful to aquatic 
biota [69]. Commonly utilized water treatment systems fail to eliminate these 
xenobiotics, resulting in the accumulation of adverse pharmaceutical chemicals in 
the environment [70].

Another common issue is antimicrobial resistance (AMR). These antibiotics may 
harm ecological microbes that are involved in many natural processes such as carbon 
cycling, soil respiration, iron reduction, denitrification, and nitrification [5].

Mycoremediation is a cost-effective, environmentally friendly, and safer alterna-
tive to traditional physical and chemical approaches for treating antibiotic-contami-
nated water.

Several fungi have been observed to remove different antibiotics such as 
bifonazole, clotrimazole, sulfonamides, oxacillin, oxytetracycline, and fluoroqui-
nolone [71].

Recent studies reported the potential of both aquatic and white-rot fungi 
(WRF) as promising candidates for remediating pharmaceutical discarded residues. 
According to Nosek and Zhao [72], the use of WRF or ligninolytic enzymes has 
shown encouraging results, with degradation yields for diclofenac (DCF) approach-
ing 100%. These degradation systems relied on the utilization of laccase as the 
biocatalyst, which could be introduced exogenously together with an appropriate 
mediator, 1-hydroxibenzotriazole (HBT), or endogenously produced in batch fungal 
cultures for in vivo degradation. However, the function of ligninolytic enzymes, 
such as versatile peroxidase and laccase, has been documented in the breakdown of 
several isoxazolyl penicillins such as oxacillin and dicloxacillin by Leptosphaerulina 
sp. in water [73].

In some studies, aquatic fungi, like Mucor hiemalis, have been reported as efficient 
for removing acetaminophen from contaminated water bodies caused by pharmaceu-
tical effluent disposal [70].

Similarly, the potential of immobilized Trametes versicolor for the remediation 
of pharmaceutical chemicals from urban wastewater was also shown by Del Álamo 
et al. [74].

4.4 Agricultural waste and its mycoremediation

Herbicides and pesticides have assisted farmers around the world in combating 
numerous plant and insect illnesses and enhancing agricultural productivity. On 
the contrary, these substances have a negative impact on people and the environ-
ment. Presently, most pesticides and herbicides wash off to adjacent water sources 
or deposit in the soil and enter the food chain, affecting microbes, plants, animals, 
and humans [75].
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Mycoremediation appears to be a viable, environmentally friendly, cost-effective, 
and on-site technique for treating herbicide—and pesticide-contaminated soil and 
water. In this context, the study of Matúš et al. [76] reported the performance of 
Aspergillus and Penicillium species for the biodegradation of organochlorine and 
organophosphorus pesticides. In an additional study, it was found that a unique strain 
of Aspergillus glaucus was able to metabolize fipronil and its metabolite, fipronil 
sulfone using ligninolytic enzymes and biotransformation processes [77].

According to Chan-Cupul et al. [66], Trametes maxima enzyme preparations, 
as well as a co-culture of T. maxima and Paecilomyces carneus, have been shown to 
completely remove atrazine.

A few studies have shown esterification, deoxygenation, dehydrogenation, 
dechlorination, and demethylation reactions during the fungi-mediated transfor-
mation of these herbicides [78]. Yet another xenobiotic chemical, glyphosate, is 
effectively digested by fungus-like Penicillium spiculisporus, Aspergillus flavus, and 
Penicillium verruculosum [79].

4.5 Dyes

Large amounts of wastewater containing various dyes are released into the envi-
ronment by the printing, textile, and dye-producing industries. These dyes’ intrinsic 
qualities of being chemically stable, resistant to fading, and immune to light and 
microbial degradation make them stubborn and long-lasting in the environment. 
Most dyes are not readily biodegradable by natural microorganisms, hindering their 
natural removal from the environment [5].

Bioremediation techniques are far superior to conventional treatments for the 
degradation of dye. In fact, a wide range of fungal strains is capable of removing a 
diverse range of dyes. They can be used to eliminate textile dyes via biotransforma-
tion, biodegradation, and/or adsorption by the biomass [48]. It was recently shown 
that a strain of Penicillium oxalicum has the ability to biodegrade the dyes Direct Red 
75, Acid Red 183, and Direct Blue 15 [80]. Aspergillus niger can decolorize a red azo 
dye (1000 mg/L dye concentration) at pH 9.0 [81].

In addition, the endophytic fungi Marasmius cladophyllus, isolated from Melastoma 
malabathricum, was also able to degrade different classes of synthetic dyes [82]. 
Moreover, endophytic fungi are used for detoxification of Crystal Violet (CV), Malachite 
Green (MG), Methyl Violet (MV), and cotton blue found in industrial effluents [83].

Multiple studies investigating the effectiveness of using fungi to clean dye waste-
water concluded that growing fungi, immobilized fungi, entire granular cell compo-
nents, and mycelial pellets displayed good removal efficiency [84].

As an example, Przystaś et al. [85] reported the efficiency of immobilized biomass 
of Pleurotus ostreatus, Gloeophyllum odoratum, and Polyporus picipes in decoloring 
Evans Blue and Brilliant Green, azo and triphenylmethanol dyes, respectively.

In recent years, mycelial pellet technology for decolorizing dye effluent has been stud-
ied. Fungal pellets enhance rheology by reducing viscosity and enhancing oxygen delivery 
to the biomass when they are introduced to bioreactors for wastewater treatment [86].

5.  Challenges and future directions

Despite the advantages of mycoremediation, challenges remain for its industrial-
scale application. One major challenge is the variability in efficacy among different 
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fungal genera when dealing with toxicants. The degradation rates and activity levels 
of fungi may vary based on the type of contaminants present in the environment [87].

Understanding the complex interactions between fungi and contaminants is 
essential as this variability necessitates the development of tailored approaches to 
select and apply appropriate fungal strains for specific pollutants.

Furthermore, the ecological interactions within soil ecosystems remain insuffi-
ciently understood which can affect remediation outcomes. Exploring fungal adapt-
ability across ecosystems can aid in the development of tailored mycoremediation 
strategies for diverse contamination scenarios.

In some cases, WRF inhibits soil bacterial growth, whereas in other cases, soil 
bacteria inhibit WRF proliferation. The toxicity of contaminants can also affect 
fungal viability and soil biota, necessitating pollutant monitoring to ensure successful 
degradation [23].

Another significant challenge lies in enzymatic activity. For instance, soil physio-
chemical factors including moisture, carbon-to-nitrogen ratios, oxygen levels, tem-
perature, and pH, play a significant role in influencing fungal enzyme production and 
activity. These factors are more variable in contaminated soils compared to controlled 
environments [23]. Some studies in the scientific literature have shown that degrada-
tion can be enhanced through the co-addition of fungi and isolated enzymes, such as 
laccase. Similarly, Fan et al. [88] reported that co-remediation using WRF and laccase 
extract accelerates and enhances the degradation of 2,2-Bis(p-chlorophenyl)-1,1,1-
trichloroethane in the soil matrix more effectively than employing WRF or laccase alone. 
Further studies are needed to explore how enzyme manipulation and addition can opti-
mize degradation efficiency while evaluating the economic viability of these approaches.

To address these challenges, several enhancement strategies are emerging. Genetic 
modification offers a promising pathway for improving fungi resilience against toxic 
pollutants. With rapid advancement in genetic engineering and synthetic biology, 
future research should focus on using these technologies to improve the performance 
of fungi-based treatment systems [89]. For instance, genetic engineering can improve 
the fungal tolerance to metals and metalloids by increasing extracellular and intracel-
lular metal chelators, modifying metal transporters, overproducing antioxidative 
enzymes, and altering regulatory networks [89]. Post-genomic approaches provide 
new insights into fungal gene functions, enabling a better understanding of cell 
responses to metal toxicity [71]. However, public acceptance of genetically modified 
organisms (GMOs) must be considered.

Nanotechnology also offers novel opportunities to enhance mycoremediation. The 
integration of fungi with nanoparticles (NPs) has been shown to improve pollutant 
adsorption, catalysis, and degradation. Fungi possess several advantages over other 
microorganisms for NPs synthesis including ease of handling, simple nutrients require-
ments, high cell wall-binding capacity, and significant intracellular metal uptake [71].

The synergy between fungal biosynthesis and nanomaterial development has 
gained increasing attention. For example, Velmurugan et al. [90] demonstrated that 
Fusarium sp. from Zn-contaminated sites could bioabsorb up to 320 mg/l Zn and 
produce ZnO nanoparticles.

Similarly, immobilized P. chrysosporium loaded with TiO2 nanoparticles has been 
shown to be novel high-value bioremediation materials capable of adsorbing Cd 
and degrading 2,4-dichlorophenol where the antioxidative defense system and the 
physiological fluxes protect the system from oxidative stress. Zuo et al. [91] reported 
a tenfold increase in Cd(II) removal by Phanerochaete chrysosporium in the presence 
of Ag nanoparticles.
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Interestingly, fungi have also been effective in removing NPs from an aqueous 
medium. Jakubiak et al. [92] found that Pleurotus eryngii and Trametes versicolor could 
efficiently remove Al2O3 NPs, up to 86 and 61% of the total amount of NPs, respec-
tively. Additionally, killed biomass of Hypocrea lixii has been successfully used to 
convert Cu and Ni ions into CuO and NiO NPs in aqueous solution [93].

Yet, another challenge was reported for the nanotechnology-based mycoremedia-
tion. Recently, in the scientific literature, it was demonstrated that this approach of 
remediation, based on nanotechnology techniques, reduces air pollution through 
contaminant adsorption using nanoabsorptive materials, degradation via nanocataly-
sis, and filtration/separation using nanofillers [94].

Further, substrate and encapsulation techniques represent additional strategies to 
enhance WRF colonization and pollutant degradation. Substrates are organic materi-
als combined with fungi to serve as carbon and energy sources before being introduc-
ing into the soil. Substrates such as wood chips, plant waste, and fish oil can enhance 
fungal growth, but the most effective substrate remains unidentified [95]. Substrates 
can be directly mixed into contaminated soil or encapsulated before soil inocula-
tion. Encapsulates are made by mixing chemicals, substrates, nutrients, and possibly 
enzymes into casings that enclose fungal spores.

Although fungi are powerful in degrading various pollutants at the laboratory scale, 
and/or reactors, in situ remediation remains challenging. The scaleup requires optimi-
zation of processes such as optimization of the reactor design, selecting appropriate 
substrate, and adjusting operational parameters as well as conducting economic fea-
sibility studies. It was reported that a phased approach involving bench-scale testing, 
pilot studies, inoculum production, and full-scale application is recommended [96].

Furthermore, future progress will be guided by a discussion on the financial 
requirements for full-scale implementation. Overcoming financial obstacles will 
require cooperation with governments and businesses to support research and 
development. Lastly, public opinion and legal frameworks are important factors in 
the uptake of fungal technology. Initiatives for education and public outreach can 
contribute to the development of mycoremediation technologies’ credibility and sup-
port [96]. To further reassure the public, it is also essential to validate the long-term 
efficacy of soil remediation and demonstrate the safety of byproducts.

6.  Conclusions

Mycoremediation, the use of fungi to degrade pollutants, holds immense promise 
for environmental cleanup. Fungi possess remarkable metabolic capabilities, enabling 
them to degrade a wide range of persistent and toxic pollutants, including polyaro-
matic hydrocarbons, heavy metals, pharmaceuticals, and agricultural wastes. Studies 
show the role of extracellular ligninolytic enzymes and cytochrome 450 in degrada-
tion. However, the underlying mechanism is elusive and requires further research. 
Genetically improved fungi can be used for efficient and rapid pollution removal, and 
bioreactor conditions should be optimized.
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Abstract

Research on biological solutions for sustainable environmental health has grown 
significantly over the years, highlighting the urgent need for innovative and effec-
tive remediation strategies. Bioremediation, an ecologically significant practice, uses 
biological agents to address despoiled habitats by harnessing the metabolic potential 
of microorganisms or cells to degrade, remove, or dispose of contaminants from soil, 
water, or air. Bioremediation pathways are part of general life processes, like energy 
production, and do not result in the breaking down of one pollutant into a harmful 
substance. A broad spectrum of pollutants can be bioremediated through a specific 
selection of biological agents such as bacteria, microalgae, aquatic pulmonate, fungi, 
and plants. The ecological health of any ecosystem and human health are emphasized, 
as chemical spills into environmental components can influence sustainable manage-
ment hydraulics and ecosystem results due to the intricate food chain. Bioremediation 
stands as a potential development and low-cost methodology for removing pollutants 
heavily from affected parts, and several cases of microorganisms and their enzymes 
and processes are used in the removal of industrially produced hazardous substances. 
The following sections are dedicated to a detailed understanding of microorganisms 
and exploration of the potential of biodegradation processes useful for the removal 
of environmental pollutants, as well as the reduction in human health hazards. 
Bioremediation stands as one of the potential developments and low-cost methodolo-
gies for removing pollutants heavily from the affected parts. Furthermore, several 
cases of microorganisms and their enzymes and processes involved are used in the 
removal of industrially produced hazardous substances.

Keywords: bioremediation, living organisms, sustainable, eco-friendly, environmental 
challenges

1.  Introduction

Bioremediation is an innovative and effective process that employs natural bio-
logical systems to clean up and restore contaminated environments effectively. This 
method stands out as a low-cost and environmentally friendly solution that holds 
significant potential for promoting sustainable development across various regions. 
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The remarkable ability to clean up and rehabilitate contaminated environments helps 
restore natural ecosystems, effectively transforming an area that was once considered 
a liability into a valuable asset. Bioremediation represents a progressive technology 
that harnesses the process of contaminant degradation, utilizing living organisms 
to convert harmful metal contaminants into less toxic, less soluble, and/or immo-
bile forms that pose minimal risk to the ecosystem. While the bioremediation of 
inorganic contaminants is still not widely embraced or accepted, some regions have 
begun to adopt it on a trial and experimental basis, reflecting a growing interest in 
this viable solution. In general, it is essential to regard bioremediation not merely as 
a treatment technology but also as a vital journey toward comprehensive ecosystem 
restoration and alignment with the principles of green chemistry, which emphasize 
sustainability and environmental stewardship. Through careful implementation 
and ongoing research, bioremediation can play a crucial role in healing our dam-
aged landscapes and promoting environmental health. Bioremediation makes use of 
living organisms to remove or neutralize contaminants. Bioremediation technologies 
use naturally occurring bacteria, fungi, plants, and other organisms to degrade or 
assimilate toxic substances into non-toxic substances. Fungi have been used to clean 
up a variety of environmental contaminants from chlorinated solvents to hydrocar-
bons. Early bioremediation efforts, many of which were quite successful, focused 
on biostimulation strategies. These can vary considerably, from simple strategies to 
complex, elaborate ones. While it is not necessary to dig up large amounts of soil for 
solid-phase treatments, it is important to keep in mind the geographical and geologi-
cal context and to conduct appropriate feasibility studies. Although people have used 
bioremediation techniques at least since Roman times, the modern bioremediation 
industry is a product of the last 50 years as well as new concepts in environmental 
chemistry and toxicology. This growth is in part a response to the vast increase in the 
number of contaminated sites caused by industrial growth. The import stems are 
increasing faster than clean systems [1, 2].

2.  Definition and principles

The term bioremediation is also often used as a synonym for the process of using 
biological organisms to detoxify polluted environments. There are also various 
definitions available for bioremediation. However, the following description is a 
practical and working definition: bioremediation is the process of using biologi-
cal processes to harness the capacity of biological systems to degrade, sequester, or 
immobilize environmental contaminants to protect human health, animal health, 
or whole ecosystems. To perform the process assessment, the main factors that can 
affect remedial capabilities and toxic levels in a sample are taken into consideration, 
which include environmental and biological factors. The effectiveness of microbial 
processes is firmly established through preceding research. When microorganisms 
break down compounds, they use metabolic pathways to form a variety of intermedi-
ate compounds and ultimately generate carbon dioxide, water, inorganic salts, and 
additional microorganisms. These ultimate advantages of microbial metabolism form 
the esthetic appeal of bioremediation. Microorganisms also have a greater metabolic 
capability than higher organisms because they are capable of degrading and/or detox-
ifying lipophilic organic compounds. Microorganisms can metabolize these com-
pounds through the degradative or catabolic pathways. Though metabolism primarily 
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results in the biotransformation of the original pollutant into another organic form, it 
is also possible that microorganisms can degrade to inorganic products by mineraliza-
tion or restoration of the original compound structure. Although it is not certain, and 
also depends on the level of metabolism, soil and environmental conditions can cause 
the converted compounds to accumulate and, in turn, increase toxicity [3].

3.  Historical development

The emergence of industrial microbiology known as the fermentation indus-
try in which microbial processes are used to obtain chemicals, pharmaceuticals, 
and fuels in addition to the manufacture of food products, resulted in develop-
ment of bioprocesses for the treatment of wastewater, industrial emissions, and 
solid waste from multiple sources including Abattoirs, Dairy, Pulp and paper, 
Pharmaceuticals, Petro-chemicals, Energy and Textiles have undergone judicious 
intervention with bacteria, fungi, yeasts, and algae. Although biotechnological 
processes were developed to control, optimize and mitigate large scale fermenta-
tion procedures to break down and detoxify the environment of sugar, amino acid, 
and alcohol fortified effluents, the organic compounds such as lignin and humic 
substances were only structurally unaltered and hence multifaceted in toxicity. 
This led to the development of technology for secondary wastewater treatments 
based on physico-chemical processes, which employed acclimatized bacteria from 
polluted environments, giving rise to “activated sludge technology.” Facultative 
aerobic bacteria within activated sludge, aerobic activated sludge for the consump-
tion of external organic substrates that occur within the same cells constituting a 
“contained microenvironment.” This ended the era of sterile bacteriology, starting 
modern biological methods for controlling bioprocesses and addressing environ-
mental issues [4]. Bioremediation is not a new concept. Historically, this process 
had been observed among primitive agricultural societies, which tweaked the 
microbial communities present in the soil to treat pollution. Industrial Revolution 
marked the beginning of a new era of exploitation of natural resources via anthro-
pogenic activities such as mining and the use of petroleum, which resulted in an 
unprecedented number of pollutants being released into the environment [5]. 
There are numerous examples that illustrate the destruction caused by anthropo-
genic pollution. One such example is the contamination of the Minimata Bay in 
the former industrial city of Minimata in Japan. It was noted that the wastewater 
discharged from the Chisso chemical factory contained high levels of methyl-
mercury as a byproduct. The levels increased when electrical production due to 
hydroelectric dams led to Hg2+ that was being deposited in the Minimata Bay being 
converted to CH3Hg+ through biotic interaction, and got assimilated by the marine 
biota which became toxic to humans and the cats that were higher up in the marine 
trophic levels [6].

4.  Types of bioremediation techniques

Bioremediation can be categorized into four primary methodologies. These are 
in situ bioremediation, ex situ bioremediation, biostimulation, and bioaugmenta-
tion. In situ bioremediation is the unobtrusive treatment of a contaminated site; 
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the contaminants are treated within the site without being removed or drawn to the 
surface. In certain usages, this term represents both in situ and on-site bioremedia-
tion. In this instance, biological, chemical, or other treatment systems are set up 
on-site to treat contaminated soil, water, or air. The general idea is to bring the 
treatment to the contamination to maximize efficiency and minimize disturbance. 
Conversely, ex situ bioremediation is microbially stimulated in the straightforward 
treatment of contaminated material that is physically removed from the initial site. 
It is then treated repeatedly and, once clean, returned to the site en masse. Ex situ 
bioremediation is often used at steeply contaminated sites where on-site cleanup is 
not obvious [2, 7–9]. Biostimulation aims to encourage extant populations of micro-
organisms to degrade contaminants more quickly. This works by providing them with 
all of the necessary nutrients. If the right nutrients are supplied, the native strains of 
microorganisms can break down organic contaminants (up to their capacity) with 
biostimulation. Alternatively, bioaugmentation involves the addition of microor-
ganisms to the ecosystem to increase the numbers of organisms able to degrade the 
contaminants. In the proper circumstances, bioaugmentation can focus the activity 
of specialized microorganisms to clean up the contamination. Bioremediation can 
be geared to aquatic or terrestrial systems, and it can differ in the source or mode 
of introduction of organisms. In land farming, now a relatively common technique, 
contaminated soil is overturned for periods of time and moisture is checked periodi-
cally; this creates an environment where biodegradative bacteria can propagate and 
metabolize the contaminants. In soil vapor extraction, petroleum hydrocarbons are 
volatilized by the extraction of volatile interferents into the air stream to facilitate 
uptake by microorganisms for biodegradation. The removal of aromatics by bacteria, 
which are reconnected to at least 50% of the oil from the ground, is another form of 
ex situ remediation. The resilience of biodegradable microorganisms to competition 
from aerosolized microbes generated through steam cleaning or chemical dispersion 
has been established in a variety of trials. However, ex situ cultures did not survive 
when reintroduced. Bioaugmentation, usually used with composting, is a type of 
bioremediation in which the concentration of microorganisms in the soil is enhanced 
to treat contaminated soils. Bioaugmentation, on the other hand, is typically consid-
ered to be a relatively unsustainable way to treat environmental legacies because the 
newly introduced species cannot always survive under the often-harsh environmental 
conditions. In contrast, in regions with elevated concentrations of polychlorinated 
biphenyls, in situ indigenous forces have achieved greater success [10–12].

5.  Microorganisms in bioremediation

The bioremediation field has seen significant numbers of new bacteria discovered 
that can break down oil and use its aromatic hydrocarbons as an energy source. There 
is substantial commercial interest in these microorganisms, which can be used to 
treat soils contaminated with crude oil. Their production can be used to ascertain 
the environmental fate and half-life of such compounds. Their activity can be used 
in both the bioremediation of benzene-mediated pollution in soils and in the refin-
ing and provision of additional natural resources such as biofuels and recombinant 
microbial bioremediation. There is also interest in assessing whether methods used to 
biologically produce fine chemicals and pharmaceutical products can be adapted for 
bioremediation purposes where there is modular employment of engineered bacterial 
enzymes. So, for example, DDT was added to culture of Pseudomonas putida JMP134; 
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subsequently, its catabolic processes were used to purify the compound. These organ-
isms can also shrink and discharge antibodies that can detect harmful waste, which 
could be used as biosensors for on-site rapid discovery of microorganisms that are 
central to the bioremediation process. They are known to have great potential in the 
field of biodegradation, which is the degradation of various types of environmental 
pollution by natural means. According to this definition, biodegradation could be an 
advantage to clean up the polluted areas. The geographic location of the polluted area 
will determine the type of microbial community responsible.

Microorganisms can be classified into bacteria, fungi, actinomycetes, and algae 
groups and are widely distributed throughout the soil or wastewater, exhibiting a 
unique role in a single enzyme. For example, bacteria play a role in different meta-
bolic activities. These groups have strains that are distinguished by a type of enzyme 
that will degrade a given pollutant. Another possibility of these microorganisms is 
that the microbial community responsible has the ability to interact with each other 
during pollutant degradation; one bacterial strain can supply a given substance for 
the growth of the related strain of bacteria. There is a diverse assem [13–15] blage of 
microorganisms capable of biodegradation. Numerous microorganisms, like bacte-
ria, fungi, yeast, and other single-celled eukaryotes, have been identified for rapid 
growth and degrading various toxins present in the polluted soil or liquid medium. 
Consequently, a number of well-characterized microorganisms have attracted much 
attention in laboratories for their greater ability to bio-utilize and provide energy 
to the associated cells, if any, for biodegradation. These microbes will become fully 
active when they are provided with a high content of nutrients such as carbon and 
energy sources. When conditions are suitable, chemicals are converted to the inter-
mediate, cell biomass, and gaseous and energy compounds in accordance with the 
typical bacterial metabolic pathway. The microbe-mediated biodegradation of the 
PAHs will occur at the required pH range. Typically, a pH of 5 to 10 is suitable for 
the growth of various bacteria.

6.  Key microbial species

Bioremediation is the ability of microorganisms to degrade, alter, and metabolize 
pollutants found in environments. Key microbial players used in bioremediation 
projects include many species of bacteria, fungi, yeast, and, recently, archaeal spe-
cies. Members of all three domains of life possess the ability to biodegrade various 
compounds; fungi and bacteria are the most frequently used for the degradation of 
xenobiotics such as polycyclic hydrocarbons, polychlorinated biphenyls, polychlori-
nated dibenzo-p-dioxins, ethidium bromide, reactive dyes, and some herbicides and 
pesticides. Bacterial species are usually employed for the biodegradation of hydro-
carbons, heavy metals, organic, and inorganic pollutants, whereas fungi are mainly 
used to degrade lignins, polycyclic hydrocarbons, cellulose, hemicellulose, and toxic 
aromatic compounds [15–17]. Bacterial species offer several advantages, such as 
producing various extracellular enzymes responsible for the bioremediation of a vast 
range of oligotrophic environments; interacting with available nutrient sources as 
well as being amenable to culturing under laboratory conditions; being genetically 
manipulatable with respect to isolation, cloning, and transferring of genes of interest; 
exhibiting their presence even if targets are found in the groundwater; and conferring 
protective protein parts for the further generation of recombinant products of bacte-
ria. The first bacterial species was isolated from the soil, while the fungal species live 
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mostly on decaying organic matter and can be found in the soil, in the colon of certain 
animals, and in association with plants in the form of mycorrhizal species. Archaea 
are prokaryotic microorganisms closely related to bacteria and are found in the most 
extreme environments, like the gut of living beings and in geothermal habitats as 
the most heat-resistant species. Genomic studies of uncultivable microorganisms are 
necessary to verify their capabilities for their natural application in bioremediation. 
Bioaugmentation is done after the isolation, culturing, and augmentation of the 
organism. Bioaugmentation is advantageous when a lake ecosystem is to be cleaned in 
less time with fewer operational strategies [18–20].

7.  Microbial community dynamics

Biodegradation as a microbial utilization of pollutants led to the two coopera-
tively acting components, substrates and enzymes. Substrates are very specific in 
their mode of interactions with the biological macromolecules and thus act as a 
driving force to select an enzyme for a particular reaction. As enzymes are proteins 
or their macromolecular complexes, their catalytic properties can be modulated in 
response to structural and conformational modifications to the interaction with 
pollutants. The structure of the microbial community dynamics can be predicted 
from the given environmental conditions and functional potential derived from 
the functional structure. Ecosystem functions are often not determined by the 
abundance of the individual species, but by species interaction. Interaction between 
the organisms is influenced by biotic and abiotic factors. In natural environments, 
the structures of the microbial communities can change actively through secondary 
metabolites, biofilms, and MDRs or passively through random genetic drift, founder 
events, bottlenecks, and population sizes due to evolution. Different consortia can 
have a significant effect on pollutant degradation and therefore, BAS processes. The 
implication, however, is that environmental conditions may affect the structure 
of the community and, consequently the biodegrader’s structure. The number and 
rate of metabolism, multiplication, copies of MDRs and toxins, and formation of 
exoenzymes by the microbes are increased or decreased by the addition of nutrients. 
Likewise, environmental factors can affect the diversity and dynamics of microbial 
activities, which is the subject of ecophysiology. Therefore, there is a need to study 
the dynamics of microbial communities, which are involved in pollutant cold assimi-
lation and its interaction [21–24].

8.  Enzymes in bioremediation

Enzymes are the most effective and selective biocatalysts in bioremediation. 
Enzymes accelerate the breakdown of complex and scientifically recalcitrant pollut-
ants into simpler and less toxic metabolites. By affecting cell membrane permeability, 
the enzymes improve the cell’s ability to degrade organic pollutants and assist in 
solubilizing hydrophobic contaminants. Enzymes catalyze every conceivable biologi-
cal hydrolytic, reductive, oxidative, and conjugative reaction. There are different 
types of enzymes involved in catalysis, including hydrolases, involved in hydrolysis; 
oxidoreductases, involved in oxidation-reduction activities; isomerases, involved in 
isomerization; and transferases, involved in transferring chemical units from one 
molecule to another. Microbial enzymes act on the hydrophobic molecules to form 
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hydrophilic products. When microorganisms reach the boundary of the hydrophobic 
pollutants in the contaminated zone, an enzyme is secreted, serving as a partial 
reaction in the process, splitting the contaminated sites into hydrophilic products 
that can be assimilated into the cell. Then the products can be used as carbon, carrier, 
and electron donor to transform to CO2 and H2O [25–27]. Different types of bacterial 
strains have their own associated enzymatic activities that assist in carrying out the 
process of bioremediation efficiently. This is an association between the bacteria and 
the enzymes, where the bacteria secrete enzymes that are active against a majority 
of the pollutants present in the particular area. Based on the characteristics of the 
microorganisms and the enzymes present, several types of bioremediation can be 
carried out efficiently. Important enzymes involved in the degradation of complex 
hydrocarbons to simple hydrocarbons include dehalogenases, alcohol dehydro-
genases, catechol dioxygenase, catechol 1,2-dioxygenase, aromatic ring cleavage, 
protocatechuate meta-cleavage, salicylate hydroxylase, 1-hydroxyl-2-naphthoate 
dioxygenase, and others. Crop root exudates can act as a natural magnetic field for 
the microbes, while the hyperaccumulators act as a magnet for the remediators. Most 
of the paddy crops have a rhizosphere that sludge sticks to the surface of the roots, 
whereas the area above the roots is waterlogged. Many of the steps in the bioremedia-
tion process are catalyzed by enzymes. The efficiency and stability of enzymes used 
in practical remediation applications have always been a problem, but we can comfort 
ourselves that many improvements can be made using a variety of novel approaches, 
including protein engineering. Many natural biological processes are governed by the 
constraints of specific enzymes produced and degraded or secreted by the particular 
microbial species that live in a particular environmental condition. The specificity of 
these enzymes and the conditions requiring their production contribute to the overall 
selectivity and strategies microbial species use to coexist and produce functional 
proteins [28–30].

9.  Enzymatic processes

The potential of microorganisms to degrade pollutants results from their asso-
ciation in the global environment over millions of years. The enzymatic processes 
responsible for the biotransformation and mineralization of organic pollutants 
depend on the type of compounds as well as the enzymes involved in their transfor-
mation to potentially less and non-toxic compounds. The chemical nature of organic 
pollutants and their susceptibility to microbial decomposition may be dependent on 
the structure, complexity, and functional groups available for enzymatic transfor-
mation. The main categories of enzymatically catalyzed reactions encountered in 
the bioremediation of organic compounds based on nitrogen include oxidation and 
oxygenation; reduction; hydrolysis/lyase oxidation; methanogenesis; dehydrogena-
tion/hydroxylation/oxidation-reduction; and transferase, mutase, and lyase reactions 
[31–35]. Chemical pollutants can be classified as xenobiotics, non-natural compounds 
lacking in environmental samples resulting from industrial effluents. The majority 
of these compounds are lipophilic and often toxic due to the unevaluated compounds 
in the industrial manufacturing process and potential derivatives from convenient 
precursors. The solution to convert industrial wastes into reliable and less toxic 
derivatives lies in the form of bioremediation. Enzymatic degradative processes are 
very effective in the degradation of virtually all environmental pollutants present in 
the environment. Moreover, the results from the use of appropriate enzymes have 
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excellent value in the minimization of environmental pollution and detoxification. 
However, the use of endogenous and exogenous enzymes is scarce in the literature 
and needs more exploration [36–38].

10.  Enzyme production and optimization

Enzyme sources enzymes can be obtained from microbial, plant, and synthetic 
sources. Microorganisms are the primary sources of enzymes used in bioremedia-
tion. In particular, bacteria, fungi, and yeast are the main enzyme-producing 
microorganisms. In biotechnological applications, enzymes can also be produced 
from plant or animal sources as well as from genetically modified microorganisms. 
Compared to plant-derived enzymes, the main advantage of microbial enzymes is the 
potential for faster and larger scale cultivation using fermentation and bioprocess-
ing techniques. For these reasons, most research on enzyme production has focused 
on microbial sources. Enzymes produced from genetic sources can be improved by 
genetic and biotechnological modifications. Although enzymes are usually produced 
by chromatographic and crystallization purification, immobilization techniques 
can be employed for enzyme separation [13, 38–40]. Enzyme production optimiza-
tion of enzyme production can improve enzyme yield, activity, and economics in 
bioremediation. Efforts have been made to improve enzyme production by using 
advanced molecular tools, including molecular biology and genetic and metabolic 
engineering. The optimization of enzyme production typically involves optimizing 
enzyme activity, expression systems, and culture conditions as well as scaling up the 
production processes. Optimization of these parameters can maximize the expression 
of high-quality enzymes during the production process. Producing industrial-scale 
quantities of high-quality enzymes requires a larger quantity of low-cost raw materi-
als and, in turn, results in lower cost of production and increased competition with 
other treatments. Some fermentation studies have shown that, after production 
optimization, the yield of crude enzyme increased and provided more optimal results 
than the amount of enzyme expressed in normal conditions. One of the most success-
ful changes in the development of fermentation strategies is to increase the capacity 
of the microbial system to express crude protein through the semi-purification of the 
active enzyme mixture [41–43].

11.  Applications of bioremediation

Bioremediation has the potential to remediate a wide variety of environmental 
pollution in various ecosystems, including soils, water, and air. For example, biore-
mediation can be used to restore soil or water contaminated with mining or military 
activities, or to restore or rehabilitate oil spills in oceans or seas. For this topic, 
bioremediation serves all ecosystems. Some successful case studies of bioremediation 
applications in different ecosystems are described next. In the most unconventional 
environments, like the Arctic ice, bioremediation techniques are not commonly 
applied. However, a bioremediation process was able to counteract hydrocarbon 
pollution in North-West Spitsbergen. In the desert, a consortium of bacteria able 
to degrade PAHs and phenols has been selected with favorable applications in 
bioremediation. More conventional applications of bioremediation are described, 
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for instance, for cleaning oil-polluted water or groundwater, using, in some cases, 
immobilized bacteria or simple equipment to help the process. The same applies to 
the oxic treatment of groundwater using bacteria or the rehabilitation of mercury-
polluted sites with one strain of bacteria. As in the case studies, bioremediation is 
mainly applied in the restoration of contaminated sites since it contributes to the 
ecological resiliency of these sites and, in addition, improves the local inhabitants’ 
public health. This approach not only facilitates the removal of toxic substances but 
also mitigates the adverse effects on the surrounding ecosystem. Additionally, the 
use of specific microbial strains can enhance the efficiency of degradation processes, 
making bioremediation a viable solution in various environmental contexts. Recent 
advancements in genetic engineering further allow for the development of engineered 
bacteria that can target and break down complex pollutants more effectively highlight 
the importance of microbial processes in degrading pollutants, such as hydrocarbons 
and heavy metals, which are crucial for restoring contaminated environments [44]. 
Bioremediation techniques are highly versatile since they can be applied for the 
removal of a large variety of materials, including organic and inorganic compounds, 
such as heavy metals, emerging pollutants like perfluorooctanoic acids, and nanopar-
ticles, among others. Furthermore, it can be applied to a wide variety of environmen-
tal conditions, from the cleaning of contaminated aquifers to the restoration of soils 
or the polluted atmosphere in urban areas. Indeed, bioremediation can take several 
forms depending on the environmental conditions and the matrix where the pollut-
ants are found. When the bioremediation technique is applied to remove contami-
nants from a liquid medium, whether it is water or soil extracted with the appropriate 
solvents, the technique is called biosorption and bioaccumulation, respectively. An 
example of a successful application of these techniques is the removal of heavy metals 
from industrial wastewater. In the case of sites contaminated with organic pollutants, 
the bioremediation technique can be applied to the rehabilitation of the soil, and it is 
used to stimulate the degradation of the different contaminants by the endogenous 
microbial population. This group is represented by several other possibilities, such 
as in situ, on site, surface, bioaugmentation, biostimulation, constructed wetlands, 
or hotspots, among others. Additionally, the bioremediation technique can be appli-
cable at all stages of the pollution; for example, when a decontamination procedure 
is required, it can be applied at the time the contamination is produced or after. The 
simultaneous application is known as phytoremediative bacterio-phytostabilization, 
while the residual application is known as a biostabilization mechanism [45–47].

12.  Soil remediation

Bioremediation has enormous potential for soil remediation. Heavy metals, 
pesticides, and petroleum products represent the main contaminants found in soils. 
Several strategies can allow contaminant degradation by both autochthonous and 
allochthonous organisms. Among them, phytoremediation, when assisted by plant-
associated microorganisms, and microbially-assisted remediation have proven to be 
effective in decontaminating polluted areas. Crops are grown in soils, with preference 
given to those that produce biomass with high energy density. Remediated areas are 
often left degraded and polluted, and the interest in restoring soil health has recently 
increased. Bioremediation often takes place in grasslands and forests. Soil fatty acids 
have been revised, and different applications have been presented in the emerging 
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world of soil. Many examples of successful soil remediation with both bacterial and 
fungal amendments or in situ stimulation have been demonstrated. The use of local 
microorganisms is considered a valid alternative to the use of allochthonous bacteria 
to exert biostimulation and bioaugmentation. Consistently with this, bioremediation 
of contaminated soil is depicting bioremediation strategies based on local microflora 
exploiting several in situ technologies. After each bioremediation application, both 
the residual pollutant content and any potential negative impacts require the use 
of sophisticated analytical and assessment strategies to determine and evaluate the 
effectiveness of monitored technologies [48–51].

13.  Water treatment

Bioremediation strategies have been of great interest for the treatment of waters 
contaminated by a wide array of biodegradable organic and inorganic compounds. In 
such cases, the main processes that occur are degradation of the pollutants through 
chemical and biological reactions. Microorganisms, particularly bacteria, are the key 
players in such remediation projects. In subsurface environments with anoxic condi-
tions, microorganisms degrade pollutants in the absence of oxygen. This process, 
known as anaerobic bioremediation, can also be stimulated using a number of differ-
ent approaches [52].

The concentration of pollutants in contaminated water may be quite low, such as 
nutrients, making bioremediation by microorganisms problematic. In such a case, a 
strategy called biostimulation is typically used to increase the numbers of indigenous 
microorganisms. Alternatively, in some cases, the contamination may be so severe 
that the indigenous microorganisms are unable to degrade the pollutants under 
normal conditions. In such cases, bioaugmentation may also be utilized. In the case of 
solid or hazardous waste landfills, bioaugmentation may involve the artificial intro-
duction of either chosen or engineered microorganisms that could potentially degrade 
the contaminants. Contaminants in water are typically of two types: either organic 
compounds like chlorinated organic solvents, coal derivatives, and chlorophenols, 
or inorganic compounds such as heavy metals, nitrogen, phosphorus, dieldrin, and 
other non-specific organic compounds. Based on the biodegradability of the pollut-
ants, different strategies have been developed for remediating contaminated water 
[53–56]. The large surface of rivers, lakes, estuarine systems, and seas is in sustained 
contact with soil or sediments at various degrees. Microorganisms are present in large 
numbers together with invertebrates and vertebrates. Microbial populations are able 
to remove carbon, phosphorus, and human pathogens, as organic materials from 
leaves, bark, fowl, and human waste are included in the trophic chains supported by 
microbial consumption. Indigenous and natural microbial populations break down 
and detoxify most hazardous wastes. Nevertheless, it may become necessary to boost 
and stimulate them to augment biodecomposing rates and abilities toward pollutants. 
In addition, in some specific conditions, environmental factors have made it impos-
sible for microorganisms to degrade and detoxify simultaneously large amounts of 
specific compounds. In water, almost any kind of pollutant can be entirely removed, 
thanks to the activities of microbial communities. Several case studies demonstrate 
the feasibility and effectiveness of bioremediation. After a dike break flooded a large 
part of the Rhine River in 1995, 2500 ha of forest, 1600 ha of swamp, and 1000 ha 
of grasslands were flooded. The water was diverted to the Rhine River without 
additional problems. Regulators in many countries have established water quality 
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regulations with maximum levels of certain pollutants. The presence of pollutants at a 
higher level than that established by law must be a signal to water treatment utilities, 
which must intervene to remove pollutants or to obtain water from a less polluted 
river. The natural depuration capacity of water in rivers and wetlands is remarkable. 
For example, the Parklands were flooded without any significant drought impact. 
Several guidelines and acts have been developed for the application of bioremediation 
to the treatment of polluted waters. In our laboratories, continuous and discontinuous 
systems, including alginate beads, have been created to assess the potential and bio-
logical stability of constructed cultures suitable for bioremediation of large amounts 
of water. An array of important pollutants can be sensibly and completely eliminated 
from water by such systems [57–59].

14.  Air pollution control

Since air pollution has detrimental effects on economies and human health, there 
is a growing demand for controlling atmospheric pollutants. Various waste air clean-
ing techniques have been innovated and patented in the last few years. Many of the 
conventional approaches for dealing with airborne pollution are based on physical 
and chemical processes. Nowadays, bioremediation strategies are becoming more 
attractive and environmentally sound. A significant amount of potentially toxic and 
recalcitrant compounds can be degraded in air treatment systems by microbial cells 
or enzymes. Up to date, many well-documented studies have addressed develop-
ments in the biodegradation of low-volatile organic pollutants and greenhouse gases, 
which are extensively encountered, including microbial and enzymatic blooms and 
the biochemistry and microbiology of pollutant degradation. Moreover, advances 
achieved in studying a multitude of enzyme properties as well as their fundamental 
applications have been highlighted [37, 60–62]. In nature, airborne volatile organic 
compounds are oxidatively degraded by a diverse range of organisms, including 
plants, fungi, and bacteria, as part of their carbon cycling mechanisms. These organ-
isms can be cultivated and used in various biofiltration and biotrickling filtration 
systems for the removal of air from diverse sources such as paint exhausts, cleaning 
processes, facilities, car garages, gasoline tankers, or assemblages that release organic 
solvents; emissions from dry cleaners, refineries, and fuel-propelled automobiles; 
meat production; purification of liquid, slurry, and solid waste from processing paper 
and raw rubber; protection from fumigation and herbicides; drinking water treat-
ment to eliminate an undesirable mold aroma; agencies for the treatment of polluted 
lands, army storage, biofilm release, and shared sewage bacteria for their defense. It 
should be underlined that the utility of microbial cultures in air pollution control does 
not mean that different microbial properties must be analyzed. Atmospheric circum-
stances may adversely affect and have negative consequences on microbial activity in 
the emergency department. It is important to understand the relationship between 
functional use and thermodynamic and biological principles. Some studies have 
investigated the efficiency of the system with specific case presentations. Considering 
that other pollution control devices may be used as a study conifer model, regulatory 
measures and security standards must also be complied with. Despite their industrial 
application to air treatment, new technology papers highlight the importance of 
sampling microbiological matter from the procedure. Other treatment strategies 
may be coupled with the policies and technologies to achieve integrated air pollution 
control [63, 64].
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15.  Challenges and future directions

Despite having enormous potential, the application of bioremediation is currently 
not widespread owing to various technological, regulatory, and scientific challenges. 
In some cases, extensive heterogeneity of pollution along with the multiple metabolic 
steps required for complete mineralization limits the efficiency of the bioremediation 
approach. The main limitation of bioremediation is that a higher biodegradation rate 
is not an exclusive characteristic of microbes existing in soil. Chemical or physical 
limitations and added costs of bioremediation practices must be considered. Public 
acceptance is another limit to bioremediation. Encouragement of community sup-
port and their participation in the development and finalization of the remediation 
study are crucial to producing a positive public perception of the application of a 
bioremediation strategy [1, 38, 65]. Numerous research teams and industries have 
made use of molecular biology to help the performance of existing microorganisms 
in biodegrading hazardous pollutants or enhancing their sensing abilities. Among 
the main applications of the genetic engineering of microorganisms, niche creation 
and survival ability of engineered strains in a given biotope, as well as the improve-
ment of pollutant-degrading ability, are some of the main applications. The process 
of creating genetically engineered organisms entails the introduction of one or more 
pollutant-degrading genes. Due to the complexity of the structure of chemical pollut-
ants, the use of two or more pollutants is needed to better bolster the biodegradation 
process. Genetic engineering has also made it easier to employ the combined applica-
tions of two pollutant-degrading pathways. Therefore, the study of environmental 
processes should be a national research priority since confronting many environmen-
tal problems will influence the technologies we select to build our future [3, 66–68].

16.  Current limitations

Bioremediation is not suitable for all contaminated sites, as the efficacy of the 
technology is subject to a range of scientific and practical limitations. Site-specific 
factors, such as pollutant type and extent of contaminant bioavailability, the hetero-
geneity of the contaminated site itself, and the complexity of the microbial com-
munity that will be engaged to perform biodegradative activities, present significant 
design and application challenges. The validity of using pure-culture degradative 
enzymes over microorganisms as mediators and the likely concentration and optimal 
application approach required for their potential use are not yet understood. Our 
understanding of abiotic and biotic interactions is often superficial, and biodegrada-
tive interactions are hundreds to thousands of direct and indirect sequences, further 
amplifying complexity in our quest to understand it. Limitations in knowledge can 
lead to an underdosing of cell or enzymatic products on site. It is also not always 
known which enzymatic reaction steps are rate-limiting for application or how to 
cause these to become the most favored metabolic route [69–71]. Regulatory barriers 
and market factors have ensured that commercial interest in bioremediation has, in 
the past, matured to the stage of bench-based engineering tests before these initial 
investigations have been successful on refinery plastics waste contaminated sites. The 
development of bioremediation technologies can be costly; consultation with expert 
or specialist advisors is often required. Ineffective site categorization, assessment, and 
testing may lead to the development of unnecessary consultant failures. Technologies 
will have to compete with existing and often more mature treatment options, leading 
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to a greater need to develop affordable solutions. Bioremediation technologies can also 
take longer than other treatment options. As liability often exists around the release 
of contaminants into the environment, many potential site owners may be reluctant 
to treat where the longer-term results are unproven. Regulatory approvals may also 
be necessary and could be obtained from a range of diverse regulatory authorities 
with differing and conflicting technology approvals. Site assessments should be 
comprehensive for the success of any bioremediation plan. Poor upfront design will 
be further exemplified with case study reports of site assessments, where thorough 
site assessments would have required the determination of biological activity in situ 
and what biotechnologies had remained after the bulking transfer of polluted surface 
soils on site. It is often not known when bioremediation projects may take longer than 
3 years, as partners, such as monitoring agencies or judge administrators, appointed 
in legal cases, can change. Regular communication may be beneficial if delays in 
a project are anticipated. Monitorable target compound libraries are not currently 
available to assess the performance and stability of altered microbial consortia, where 
these consortia may be transferred within a complex molecular matrix background. 
With remediation technologies going forward to their commercialization, a key area 
in which little R&D activity is reported is the development of suitable upper-end 
monitoring technologies and method validation studies, as the low-end monitoring 
field is now generally better understood down to low levels [70–76].

17.  Emerging technologies

Molecular biology and biotechnology tools are being used to develop microbial 
strains showing superior degradation capabilities to promote the remediation process, 
such as gene cloning, genetic screening, and recombination techniques. Biofilms and 
methods to enhance their attachment and initiate bacterial growth are being further 
developed. Adhesion strategies will foster the creation of highly complex and effec-
tive bacterial communities that interact with the support and optimize the potential 
for removing and degrading pollutants. These techniques can be highly effective in 
multispecies biofilm systems, for example, in cleaning up main columns contami-
nated with toxic chemicals. Molecular biology tools can be used to determine whether 
bacteria with added degradation capabilities are functioning within the biofilm, and 
thus can be used to monitor the success of the immobilized biofilm reactor [38, 77, 
78]. Nanotechnology detection methods are expected to improve at a rapid pace with 
the employment of new advances in chemical systems and electronic plasma technol-
ogies. Remediation of pollutants in real time often capitalizes on in situ sensor sys-
tems, which offer a rapid and versatile technique for monitoring or controlling certain 
key aspects of bioremediation. Bioinformatics is used to manage, integrate, visualize, 
and analyze the complex interactions among humans, other organisms, and the 
environment. Important tools relevant to bioremediation include the metagenomics 
approach, which uses a new sequencing strategy and a set of bioinformatics tools to 
understand which organisms are present in an environmental sample. An automated 
bioremediation system is needed to monitor and control the processes of bioremedia-
tion to ensure that appropriate nutrients are added at the appropriate time and safe 
conditions are maintained. Automated real-time systems in bioremediation are now 
in the final stages of development and testing. These systems are intended as a feature 
of in situ bioremediation for contaminated groundwater that includes toxicity reduc-
tion and biodegradation. The toxicity levels can be monitored from the well under 
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treatment on a real-time basis. These systems could also be used in conjunction with 
reactive zone treatment. Reactive zone treatment is based on the establishment of 
reaction zones for the biodegradation of contaminants as they are transferred through 
the groundwater system [7, 44]. Microorganisms and enzymes play a crucial role in 
bioremediation processes, facilitating the breakdown of pollutants and contributing 
to environmental restoration.

When introducing emerging technologies, an integrated system approach could 
also be considered as single processes may not prove to be the best system. Currently, 
no commercial biological systems are available for adjusting heavy metal concentra-
tion in groundwater. Although they were beyond the scope of the current report, it is 
noted that identified emerging technologies for bioremediation showed some promise 
for treating in situ groundwater. The use of bioremediation in gas-propelled pump 
and treat systems would also be an area where future research and development is 
warranted. Processing potential for bioremediation and the interception of low levels 
of contaminants in situ that exist with this technology option may provide greater 
water processing capabilities. Moreover, these systems are operated continuously to 
manage the concentration of discharge. Flow-based systems degrade the feed with a 
constant hydraulic retention time, irrespective of the nature of the feed. In contrast, 
contact-based systems degrade the feed with a constant feed concentration, which 
corresponds to a varying hydraulic retention time. Flow-based bioreactors, or mixed 
and suspended-growth systems, are commonly used in ex situ bioremediation appli-
cations, although attention is moving toward the use of immobilized-cell contact 
bioreactors [79–82].

18.  Conclusion

Bioremediation proves to be a sustainable and efficient method for removing 
toxic compounds from nature, offering an eco-friendly alternative to traditional 
physical and chemical remediation approaches. By harnessing the metabolic activi-
ties of bacteria, fungi, yeast, and plants, bioremediation can effectively degrade 
and transform a variety of pollutants into harmless products, thereby cleaning the 
environment from hazardous substances. This method can be carried out in situ or 
ex situ, utilizing specific microorganisms tailored to individual pollutants to achieve 
successful remediation of soils and aquatic systems. Bioremediation plays a crucial 
role in addressing environmental sustainability and managing a wide range of 
environmental pollutants, offering a safe and effective solution to combat the chal-
lenges posed by pollution. By promoting the use of biological agents for remediation, 
such as microbes and plants, bioremediation not only enhances human health but also 
contributes to improving global air quality and enriching soil and water resources. As 
a rapidly expanding discipline, bioremediation aims to address environmental issues 
in a responsible manner and aligns with multiple sustainable development goals. 
This chapter has provided an overview of the importance of bioremediation and its 
potential to make significant contributions toward achieving a more sustainable and 
healthier environment.
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