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Abstract

The global population and industrial development surge has triggered a significant influx of heavy metals
into ecosystems, posing risks to environmental integrity and human health through food chain
contamination. This comprehensive review examines various methodologies to mitigate heavy metal
contamination in ecosystems. It meticulously delves into a spectrum of physical and chemical approaches,
including mechanical and ultrasonic soil washing, ex situ electrokinetic removal, and the utilization of
chelating materials and soil amendments. Furthermore, it scrutinizes biological interventions employing
microorganisms, algae, and natural organic products alongside innovative techniques such as
phytoextraction and phytoremediation. The latter encompasses multifaceted strategies like rhizofiltration,
phytostabilization, phytodegradation, phytoextraction, and phytovolatilization, emphasizing environmentally
sustainable solutions to heavy metal pollution. Additionally, the paper evaluates biotechnological methods
leveraging genetically modified plants and nanotechnological approaches utilizing nanoparticles for metal
remediation, highlighting their potential contributions to remediation endeavors. The review underscores
the importance of integrating multiple techniques to foster synergistic approaches for more effective heavy
metal removal. Each method is assessed based on its treatment efficacy, advantages, and drawbacks,
drawing insights from pertinent studies in the field. This comprehensive analysis offers a nuanced
understanding of cutting-edge techniques for heavy metal elimination from ecosystems, elucidating their
potential contributions and challenges in environmental remediation efforts. It explores the burgeoning role
of artificial intelligence in heavy metal remediation processes, aiming to illuminate advancements and
challenges within this rapidly evolving field.

Keywords: Heavy Metal, Cutting-edge Techniques, Elimination, Phytoextraction, Phytoremediation,
Artifical Intelligence.

1. INTRODUCTION

Heavy metal pollution in ecosystems represents a critical environmental concern, posing
substantial threats to biodiversity and human well-being. Heavy metals infiltrate the
environment through natural processes and human activities, such as industrial
operations, mining, and agricultural practices, significantly contributing to their presence
(Hama Aziz et al. 2023; Tovar-Sanchez et al. 2018). The rapid increase in population
coupled with industrial advancements has led to a substantial influx of heavy metals into
ecosystems, ultimately integrating into the food chain and consequently impacting human
health (Gall, Boyd, and Rajakaruna 2015). Notably, industrial activities are notorious for
discharging heavy metal-contaminated wastewater into the environment, exacerbating
water pollution (Hama Aziz et al. 2023; Tovar-Sanchez et al. 2018). The ramifications of

May 2024 | 85


mailto:hanan.maoz@biu.ac.il

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

heavy metal presence in the environment are profound, affecting diverse ecosystems and
human health adversely, with chronic exposure potentially resulting in teratogenic and
carcinogenic outcomes. Hence, it is imperative to pinpoint the primary sources of heavy
metal contamination and devise effective strategies and policies to manage and mitigate
their adverse effects (Das et al. 2023; Kumari and Mishra 2021; Norvell and Welch 1984;
Tchounwou et al. 2012).

Heavy metals are compounds with a molecular mass exceeding 5.0 g/cm3 (Hodson
2004), ubiquitously present in soils. However, there exists a normal range for their
concentration; for instance, copper (Cu), zinc (Zn), lead (Pb), chromium (Cr), nickel (Ni),
and cadmium (Cd) typically range from 0.0001% to 0.065%. In comparison, iron (Fe) and
manganese (Mn) can reach concentrations of 10.0% and 0.002%, respectively (Ernst
2006). Excluding iron, heavy metals exhibit toxicity to plants above a concentration
threshold of 0.1% (Sieghardt 1990). Lead (Pb), cadmium (Cd), arsenic (As), and mercury
(Hg) are particularly noteworthy for their toxicity levels, with rankings of first, sixth, third,
and second, respectively, according to the US Agency for Toxic Substances and Disease
Registry (ATSDR). The contamination of heavy metals represents a burgeoning issue on
local, regional, and global scales, with elevated concentrations in aquatic and terrestrial
ecosystems acting as ecological hazards (Nazemi 2012; Veschasit, Meksumpun, and
Meksumpun 2012). While certain heavy metals such as manganese (Mn), iron (Fe),
copper (Cu), zinc (Zn), molybdenum (Mo), and cobalt (Co) are essential for organismal
growth within normal ranges (Ernst 2006), excessive amounts can severely impact
human health (Gavrilescu 2004).

Certain heavy metals such as cadmium (Cd), uranium (U), lead (Pb), mercury (Hg),
thallium (TI), silver (Ag), and chromium (Cr) consistently exhibit toxicity to organisms.
Non-heavy metals like arsenic (As) and selenium (Se) are categorized as “metalloids”
(Ernst 2006). Additionally, less common metallic contaminants, including aluminum (Al),
cesium (Cs), cobalt (Co), manganese (Mn), molybdenum (Mo), strontium (Sr), and
uranium (U), contribute to environmental contamination (Reena Singh et al. 2011).
Among these toxic heavy metals, mercury (Hg) uniquely exists in liquid form and
adversely affects vegetation (Ilv and Susana 2015). Its liquid state facilitates easy
dissolution in water, leading to contamination. To combat this, aquatic plants like Lemna
minor or Salvinia species absorb mercury, thereby purifying water (Sitarska, Traczewska,
and Filyarovskaya 2016). Conversely, terrestrial plants seem less affected by mercury
and its compounds (Boening 2000), suggesting the absence of a specialized “Hg-flora”
(Bothe and Stomka 2017).

Contamination by toxic heavy metals, radionuclides, metalloids, and organic pollutants,
exacerbated by improper industrial waste disposal, escalates pollution levels in
ecosystems and risks human health (Gadd 2009). Industries (e.g., electroplating and
mining) discharge aqueous effluents that contain significant concentrations of heavy
metals, like uranium, mercury, cadmium, and copper, which harm the environment when
untreated (Gavrilescu 2004). Biological methods alongside physical and chemical

May 2024 | 86



Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

techniques are utilized for sewage and water purification, employing microbial activities
to modify inorganic toxins and degrade organic pollutants (Gadd 2009). While
conventional technologies like ion exchange and chemical precipitation are used, they
are often inefficient and costly (Gavrilescu 2004).

Heavy metal exposure can induce DNA damage, oxidative stress, and cell death,
elevating the risk of cancer and related diseases. Antioxidative phytochemical
compounds and phytochelatin molecules are employed to counter heavy metal-induced
cancer (Kim, Kim, and Seo 2015). The toxicity levels of heavy metals such as nickel (Ni),
copper (Cu), zinc (Zn), cadmium (Cd), mercury (Hg), lead (Pb), and arsenic (As) are
assessed by WHO (World Health Organization) and EPA (United States Environmental
Protection Agency) standards (Kumar et al. 2017). These metals exhibit various adverse
effects on human health; for instance, zinc affects reproductive system activity, protects
against cadmium-induced liver damage, and induces DNA damage and cancer. Copper
induces metallothionein (MT) production and conjugation to metallothionein-like proteins
(MTLP), while cadmium causes placental abnormalities, testicular apoptosis, and MT
induction. Mercury induces embryotoxic and teratogenic effects, disrupts homeostasis,
leads to behavioral abnormalities and learning disabilities, and mimics estrogen. Lead
decreases sperm count and motility and can lead to brain tumors and alterations in MT
isoform gene expression (Kumar et al. 2017).

The review comprehensively examines methodologies to mitigate heavy metal
contamination in ecosystems. It explores various physical methods, including mechanical
and ultrasonic soil washing, ex-situ electrokinetic removal, chelating materials, and soil
amendments. Additionally, the paper explores biological strategies involving
microorganisms, algae, and natural organic products alongside innovative techniques
such as phytoextraction and phytoremediation, emphasizing environmentally friendly
solutions to heavy metal pollution. The review also discusses biotechnological and
nanotechnological approaches, highlighting their potential contributions to remediation
efforts. Moreover, it investigates integrating multiple techniques to foster synergistic
approaches for more efficient heavy metal removal. Lastly, the study explores the
emerging role of artificial intelligence in heavy metal remediation processes, aiming to
provide insights into the advancements and challenges within this rapidly evolving field.

2. SOURCES OF HEAVY METALS IN CONTAMINATED SOILS

The origins of heavy metals in contaminated soils are multifaceted, stemming from natural
processes and human activities. Natural sources encompass geological phenomena
such as sedimentary rocks, volcanic eruptions, soil formation, and the weathering of
rocks. Conversely, anthropogenic sources arise from industrial operations, mining
activities, agricultural practices, and domestic waste discharges. Human endeavors,
particularly in industry, agriculture, and mining, play a significant role in introducing heavy
metals like lead (Pb), chromium (Cr), arsenic (As), zinc (Zn), cadmium (Cd), copper (Cu),
mercury (Hg), and nickel (Ni) into soil environments. These metals accumulate in soils
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due to disruptions to nature’s geochemical cycles caused by human interference, posing
risks to human health, plant and animal life, ecosystems, and various environmental
components. Heavy metals can enter soil through multiple pathways, including emissions
from industrial zones, discharge from mining activities such as mine tailings, improper
disposal of metallic wastes, utilization of fertilizers and pesticides containing heavy metal
residues, application of sewage sludge, and atmospheric deposition (Alengebawy et al.
2021; Wuana and Okieimen 2011; Zwolak et al. 2019). A comprehensive understanding
of the diverse sources of heavy metals in contaminated soils is paramount for developing
effective remediation and management strategies. By grasping the intricacies of heavy
metal contamination, stakeholders can implement targeted measures to mitigate
associated risks to ecosystems and human health, safeguarding environmental quality
and promoting sustainable land use practices.

3. HEAVY METALS IN ECOSYSTEM/ FOOD CHAIN

Heavy metals infiltrate ecosystems and food chains through various sources stemming
from human activities and natural occurrences. Anthropogenic sources, such as industrial
operations, mining activities, irrigation of crop fields with industrial water, and agricultural
practices, are significant contributors to heavy metal pollution. Conversely, natural
sources include processes like wind erosion of soil, forest fires, volcanic eruptions,
weathering of rocks, biogenic processes, and wildfires, all of which introduce heavy
metals into the environment (Gall et al. 2015; Hama Aziz et al. 2023). Soil and common
vegetables in daily consumption, including parsley, coriander, cress, beet leaf, amaranth,
bitter leaf, garden egg leaf, and fluted pumpkin, often exhibit high levels of heavy metals
such as Pb, Zn, Cr, As, and Cd. Among these, Cd stands out as particularly mobile and
readily absorbed by crops from the soil, while arsenic tends to accumulate at high
concentrations in soil (Jan et al. 2011; Karimi, Ghaderian, and Schat 2013; Nazemi 2012).
Research by Jan et al. (2011) indicates higher concentrations of Zn, Mn, and Cu in older
individuals’ blood than in younger people, suggesting the accumulation of heavy metals
over time (Jan et al. 2011).

Heavy metals traverse the food chain via multiple pathways, including ingestion,
inhalation, dermal contact, and dietary intake of crops grown in contaminated soils (C.R.
et al. 2022; Hama Aziz et al. 2023; Liu, Li, and He 2022). Industrial activities, notorious
for releasing heavy metal-contaminated wastewater, contribute to severe water pollution,
contaminating aquatic ecosystems and the food chain. Non-point source pollution from
agricultural and industrial activities significantly contributes to heavy metal presence,
affecting environmental elements like cadmium, nickel, lead, zinc, arsenic, and mercury.
Additionally, heavy metals can originate from natural sources like atmospheric deposits
and be transported to the earth’s surface through precipitation (Briffa, Sinagra, and
Blundell 2020). Heavy metal contamination in soil, particularly in agricultural settings,
poses significant environmental and health concerns. Excessive accumulation of heavy
metals in agricultural soils leads to elevated uptake by food crops, posing potential health
risks to humans. Consumption of heavy metal-contaminated food crops represents a
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significant pathway for human exposure (Nyiramigisha, Komariah, and Sajidan 2021;
Rashid et al. 2023). Thus, it is imperative to identify primary contributors to heavy metal
contamination and devise effective strategies and policies to manage and mitigate their
adverse effects.

4. PHYSICAL METHODS
Mechanical and ultrasonic soil washing

Mechanical and ultrasonic soil washing represent two physical methods to remove heavy
metals from soil. A comparative study to determine optimal operating conditions for full-
scale soil washing processes at heavy metal-contaminated sites observed that
mechanical and ultrasonic soil washing processes generally met stringent regulatory
standards regarding final heavy metal concentrations. However, the removal efficiencies
of heavy metals were notably higher in ultrasonic/mechanical soil washing compared to
mechanical soil washing alone. For instance, the removal efficiency of copper (Cu)
through mechanical soil washing was recorded at 39.4%. In contrast, combining
ultrasonic and mechanical soil washing yielded a significantly enhanced removal
efficiency of 66.8% for Cu. This enhancement suggests that ultrasound application could
substantially improve the removal efficiencies of heavy metals, particularly under less
favorable conditions for mechanical processes. Additionally, the quantity of washing liquid
utilized also influenced the removal efficiencies of heavy metals in soil when employing
these physical methods (Park and Son 2017).

Ex situ electrokinetic removal of heavy metals

Electrokinetic removal is a promising technology for addressing heavy metal
contamination in soils, offering an economical and highly effective approach to
remediation (Lee et al. 2021). This method can target various pollutants in low-
permeability soil, mud, sludge, and marine dredging. The process involves the application
of electric fields to mobilize charged contaminants, including heavy metals, towards
electrodes embedded in the soil. By periodically reversing the polarity of these electrodes,
the direction of contaminants is alternated, facilitating their movement through treatment
zones. Electrokinetic remediation has demonstrated efficacy in situating contaminated
soils with organic species (USEPA 2018).

Several strategies have been explored to augment the effectiveness of electrokinetic
removal of heavy metals. Integration with bioleaching presents a promising avenue, as it
addresses limitations inherent in individual methods. Through this integration, bacteria
can convert insoluble metal sulfides to sulfates, enhancing their solubility and subsequent
transport via electromigration (Narenkumar et al. 2023). Acidification through the addition
of acidic electrolytes such as lactic acid and acetic acid, along with the use of complexing
agents like EDTA and citric acid, has proven effective in increasing desorption, solubility,
mobility, and ultimately, the removal efficiency of heavy metals. Careful selection of
desorption and mobility enhancement reagents based on soil characteristics and heavy
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metal species is crucial. Additionally, modifications such as implementing ion exchange
membranes (IEM) and electrode polarity exchange have been adopted to prevent the
diffusion of hydroxide ions from the cathode, thereby improving heavy metal removal
efficiency (Cai et al. 2022).

Overall, electrokinetic removal of heavy metals represents a promising technology for
remediating polluted soils and sediments. Its efficacy can be further enhanced through
various methods, including integration with bioleaching, using acidic electrolytes and
complexing agents, and adopting ion exchange membranes and electrode polarity
exchange techniques.

5. CHEMICAL METHOD
By using chelating materials

Chelating agents can desorb toxic metals from soil solid phases by forming robust water-
soluble complexes. Once these complexes are formed, plants can remove them from the
soil through enhanced phytoextraction or washing techniques. In phytoextraction
facilitated by chelants, the chelant is initially applied to the soil, where it desorbs metals
from the soil matrix. The mobilized metals then migrate to the rhizosphere, where they
are taken up by plant roots (Tahmasbian and Safari Sinegani 2014). The concentrations
of bio-available metals in the soil solution are predominantly influenced by the properties
of the soil and the chelant applied (Luo, Shen, and Li 2005; Tandy et al. 2004). It is crucial
to carefully select the chelant, determine its quantity, and devise appropriate application
processes to minimize its impact on soil microorganisms and prevent discharge into
groundwater (Evangelou, Ebel, and Schaeffer 2007; Luo, Shen, and Li 2007).

Ethylene Diamine Tetra Acetic acid (EDTA) emerges as one of the most potent and
commonly utilized chelating agents, capable of forming complexes with numerous metal
contaminants in the natural environment. Studies have shown that the application of
EDTA enhances the efficiency of emergent wetland plant species such as Typha sp. and
floating wetland macrophytes like Pistia sp., Azolla sp., Lemna sp., Salvinia sp., and
Eichhornia sp. in the phytoremediation of Pb and copper (Dipu, Kumar, and Thanga
2012). However, conventional complexing agents exhibit undesired traits such as
persistence or slow environmental transformation and the potential remobilization of toxic
metal ions and radionuclides from sediments and soils. Therefore, these agents must be
replaced with chelating agents with improved biodegradability (Reinecke et al. 2000).

Most amino polycarboxylic acids, such as EDTA, IDA, and DTPA, resist conventional
biological and physicochemical methods. EDTA, for example, is more efficient than
ethylenediamine disuccinic acid (S, S)-EDDS in extracting Pb and Cd, while (S, S)-EDDS
is more effective in extracting Cu and Zn. Combining EDTA with (S, S)-EDDS has been
shown to produce higher extraction efficiency (i.e., a synergy effect) in the phytoextraction
of Cu, Pb, Zn, and Cd compared to the application of either chelant alone (Luo et al.
2005).
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Studies by Gupta and Sinha (2006) demonstrated varying metal extraction efficiencies
among different metal extractants from tannery sludge amendment, with EDTA exhibiting
the highest efficiency, followed by DTPA, NHANO3, NaNO3, and CaCl2 (Gupta and Sinha
2006). Furthermore, Dede et al. (2012) conducted a pot experiment to investigate the
influence of elemental sulfur, gypsum, and EDTA on the uptake of heavy metals by
Brassica juncea from sewage sludge. The addition of sulfur resulted in acidification of the
sludge, leading to a decrease in pH, and applications of EDTA and sulfur notably
increased copper and Pb concentrations in the plant. Overall, elemental sulfur was a more
effective amendment for phytoextraction of heavy metals from sewage sludge (Dede,
Ozdemir, and Hulusi Dede 2012).

Soil Amendments

Various organic and inorganic compounds have been identified for their ability to
immobilize heavy metals, preventing their uptake by plants and subsequent entry into the
food chain (Walker et al. 2003). Table 1 displays different soil amendments, their sources,
and metals that become immobilized.

Table 1: Different soil amendments, their sources, and metals that become
immobilized (Guo, Zhou, and Ma 2006)

Material Soil Amendments Source Immobilizing Heavy metals
Organic Xylogen Paper Mill Wastewater | Zn, Hg, Pb
Cattle Manure Cattle farm Cd
Poultry Manure Poultry farm Cd, Zn, Pb, Cu
Bagasse Sugar Cane Pb
Inorganic Phosphate salt Fertilizer Plant Cd, Zn, Pb, Cu
Hydroxyapatite Phosphorite Cd, Zn, Pb, Cu
Slag Thermal Power Plant Cd, Zn, Pb, Cr
Fly ash Thermal Power Plant Cd, Zn, Pb, Cuy, Cr.
Lime Lime Factory Cd, Cu, Ni, Pb, Zn

6. BIOLOGICAL METHODS

Biosorption encompasses several mechanisms, including ion exchange, chelation,
adsorption, and diffusion through cell walls and membranes. These mechanisms vary
depending on the species employed, the biomass’s source and treatment, and the
solution’s chemistry. Bioremediation, derived from “bio” (living) and “remediation” (to fix
or cure), is a subset of biotechnology that harnesses bacteria and other microorganisms
to mitigate pollution (Gavrilescu 2004).

By using microorganisms

Bioremediation, employing microorganisms, has emerged as an environmentally friendly,
cost-effective, and efficient approach to restoring contaminated environments
(Hrynkiewicz and Baum 2014). Microorganisms play an indirect yet crucial role in
supporting the growth of phytoaccumulation plants, thereby aiding in the remediation of
heavy metals (Jing, He, and Yang 2007; Zhuang et al. 2007). Specifically, plant growth-
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promoting rhizobacteria (PGPR), closely associated with plant roots, have garnered
attention for their ability to enhance plant growth and development in heavy metal-
contaminated soils.

PGPR encompasses a diverse group of soil bacteria capable of ameliorating the toxic
effects of heavy metals on plants and promoting their growth and nutrition. These bacteria
facilitate plant growth through nitrogen fixation, production of phytohormones and
siderophores, and transformation of nutrient elements (Koo and Cho 2009). In areas such
as mine tailings contaminated with heavy metals, PGPR is introduced to plant seeds
during sowing to bolster plant growth (Grandlic, Palmer, and Maier 2009). Studies have
shown that PGPR application not only enhances plant growth and yield but also mitigates
metal toxicity in crops such as Cicer arietinum, Vigna radiata, and Pisum sativum (Gupta
et al. 2004; Wani, Khan, and Zaidi 2008).

Furthermore, PGPR plays a pivotal role in enhancing phytoremediation efficiency,
particularly in the presence of metals like cadmium. Certain bacteria can reduce
Chromium (VI) enzymatically, aiding in chromium reduction (Kanmani, Aravind, and
Preston 2012). Untreated wastewater contaminated with heavy metals released into
aquatic systems can accumulate metals in soil and water bodies, adversely affecting
aquatic organisms and potentially posing health risks to humans (Davies and Uyi 2006;
Fatoki, Lujiza, and Ogunfowokan 2002). However, the biosorption process, wherein
nonliving biomass passively binds heavy metals from aqueous solutions, offers a
promising avenue for metal removal (Kumar JI 2012).

Compared to conventional separation techniques, using microorganisms for metal
contamination reduction offers biomaterial reusability, low operating costs, improved
selectivity for specific metals, and shorter operation times (Srinath et al. 2002). As a novel
technology, the biosorption process holds promise for refining treatment in shallow water
bodies (Kumar, Soni, and Kumar 2006).

By Using Algae

Algae play a significant role in removing heavy metals from aquatic systems through
various mechanisms such as sedimentation, flocculation, absorption, ion exchange,
complexation, precipitation, oxidation/reduction, microbiological activity, and uptake.
Microalgae, in particular, employ two primary mechanisms for heavy metal removal:
metabolism-dependent uptake into their cells at low concentrations and non-active
adsorption through biosorption (Mitra et al. 2012). Algae possess several characteristics
that render them ideal candidates for selective removal and concentration of heavy
metals. These include high tolerance to heavy metals, the ability to grow autotrophically
and heterotrophically, large surface arealvolume ratios, phototaxy, expression of
phytochelatins, and potential for genetic manipulation.

Macroalgae have also been extensively utilized as biomonitors of metal availability in
marine systems due to their capacity to accumulate metals within their tissues.
Chlorophyta and Cyanophyta, in particular, exhibit hyper-absorbent and
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hyperaccumulating properties for elements like arsenic and boron, effectively reducing
water pollutant levels (Ben Chekroun and Baghour 2013). Certain algal species have
been observed to convert mercuric or phenylmercuric ions into metallic mercury, which is
then volatilized out of the cell and the solution. For instance, the blue-green algae
Phormidium demonstrates remarkable hyperaccumulation capabilities for heavy metals
such as cadmium, zinc, lead, nickel, and copper (Ben Chekroun and Baghour 2013).
Table 2 displays microorganisms that absorb heavy metals.

Table 2: Microorganisms that absorb the heavy metals

Organism Species Metal lon References
Arthrobacter sp. Copper Cu(ll) (Hasan and Srivastava 2009)
Enterobacter sp. J1 Copper Cu(ll) (Parungao 2007)

Pseudomonas fluorescence | Chromium Cr(VI) | (Uzel and Ozdemir 2009)
Pseudomonas sp Chromium Cr(VI) | (Ziagova et al. 2007)
. : (Green-Ruiz, Rodriguez-Tirado, and

Bacteria Pseudomonas putida Zinc (Zn) Gomez-Gil 2008)

Bacillus jeotgali Zinc (Zn) (Green-Ruiz et al. 2008)
E. coli Nickel Ni(ll) (Quintelas et al. 2009)
Pseudomonas fluorescence | Nickel Ni(ll) (Uzel and Ozdemir 2009)
Enterobacter sp. J1 Cadmium Cd(ll) | (Quintelas et al. 2009)
Ulva lactuca sp. Cadmium Cd(ll) | (Bulgariu et al. 2013)
Sargassum sp. Cadmium Cd(ll) | (Bulgariu et al. 2013)
Spirulina platensis Copper Cu(ll) (Bulgariu et al. 2013)

Algae Spirogyra sp. Lead (Pb) (Gupta and Rastogi 2008)

. . (Celekli, Yavuzatmaca, and Bozkurt
Sargassum muticum Zinc (Zn) 2010)
Penicillium chrysogenum Nickel (Ni) (64)
| Copper (Cu) (zlgflir;te J, De Arco R, and Angulo M
rundl Penicillium purpurogenum Chromium (Cr) (Katsumata et al. 2003; Safarikova,
purpurog Maderova, and Safarik 2009)
Aspergillus niger Lead (Pb) (Zeng et al. 2015)

By using natural and organic products

Replacing conventional adsorbents with natural sorbents has gained considerable
attention as an alternative due to their availability in the environment and economic
feasibility (Babel and Kurniawan 2003). Materials such as farmyard manure (FYM),
sawdust, rice husk, and other agricultural or industrial by-products have emerged as
potential low-cost sorbents.

These materials, often disposed of at the end of their lifecycle, can be repurposed for
heavy metal remediation purposes, given their abundance and availability. The organic
substances present in soil significantly influence the absorption and translocation of
heavy metals, leading to their accumulation in organic horizons and peat (Kabata-Pendias
2001).
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Studies have shown that compost or vermicompost amendments in soil can decrease the
concentration of heavy metals like lead and copper in plants such as potato peel and
tubers (Angelova et al. 2010). Metal removal and stabilization can also be achieved
through compost, biosolids, recycled paper waste, and agricultural mineral amendments
(Jones and Healey 2010; Paulose et al. 2007). These amendments reduce the risk of
metal exposure to humans and biota and mitigate metal availability in soil, water, or air
(O’Day and Vlassopoulos 2010).

Natural products like sawdust and rice husk act as binding agents, reducing the uptake
of heavy metals from contaminated sites (Wan Ngah and Hanafiah 2008). Sawdust and
rice husk have been demonstrated to act as biosorbents in hydroponic systems, reducing
the availability of metals like cadmium (Subhan 2011).

The reduction in metal availability is attributed to the basic nature of complex compounds
present in sawdust and rice husk, such as cellulose, hemicellulose, lignin, mineral ash,
and tannins, which actively participate in ion exchange processes (Rafatullah et al. 2009).

Additionally, the application of fly ash in contaminated soil has been found to significantly
reduce the availability of heavy metals by modifying their chemical speciation into less
available forms.

Experiments involving the growth of corn in soil amended with fly ash stabilized sludge
demonstrated a decrease in the availability of metals like copper, zinc, nickel, and
cadmium, along with an increase in corn biomass. This chemical modification of metal
speciation renders them less available for plant uptake, thereby reducing potential risks
associated with heavy metal contamination (Su and Wong 2004).

7. PHYTOEXTRACTION AND PHYTOREMEDIATION: GREEN SOLUTIONS FOR
HEAVY METAL CONTAMINATION

Naturally grown hyperaccumulator plants can mitigate metal contamination in agricultural
land systems. These plants can accumulate, transfer, and stabilize heavy metals from
contaminated soils (Garbisu et al. 2002; Jadia and Fulekar 2009).

Phytoaccumulator plants accumulate metals in their shoots and exhibit high tolerance to
heavy metals (Sarma 2011). However, many hyperaccumulator plants are slow-growing
and produce low biomass. Phytoremediation involves using specific types of plants to
decontaminate soil or water by either immobilizing metals in the rhizosphere or
translocating them into their aerial parts.

Various plant families, including Asteraceae, Brassicaceae, Caryophyllaceae,
Cyperaceae, Cunouniaceae, Fabaceae, Flacourtiaceae, Lamiaceae, Poaceae,
Violaceae, and Euphorbiaceae, have demonstrated remediation properties (Sarma
2011).
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For instance, Myriophyllum spicatum and Ceratophyllum demersum effectively remove
lead, zinc, and copper. Batch studies have shown that these plants conform well to the
Langmuir Model, achieving maximum adsorption capacities (qmax) for each metal. M.
spicatum exhibited maximum adsorption capacities of 10.37 mg/g for Cu"2+, 15.59 mg/g
for Zn"2+, and 46.49 mg/g for Pb”2+, while C. demersum showed capacities of 6.17 mg/g
for Cun2+, 13.98 mg/g for Zn"2+, and 44.8 mg/g for Pb”"2+. M. spicatum demonstrated a
better adsorption capacity than C. demersum for each metal tested (Keskinkan et al.
2007). Table 3 presents a list of Phytoaccumulator plants and their respective absorbed
metals.

Table 3: List of Phytoaccumulator plants and their respective absorbed metals

Phytoaccumulator Plant Metal Absorb References
Myriophyllum spicatum Pb, zinc, and copper (Keskinkan et al. 2007)
Ceratophyllum demersum Pb, zinc, and copper (Keskinkan et al. 2007)
Cancapapaya Wood Hg(ll) (Uslu and Tanyol 2006)
Oryza sativa husk Pb(Il) (Mapolelo, Torto, and Prior 2005)
Sawdust(Acacia arabica) Pb(ll), Hg(ll), Cr(IV) (Sousa, Cebolla, and de Lorenzo 1996)

Rhizofiltration

Rhizofiltration involves using terrestrial and aquatic plants to absorb, concentrate, and
precipitate contaminants from polluted aqueous sources with low contaminant
concentrations in their roots. This method can be employed to partially treat industrial
discharge, agricultural runoff, or acid mine drainage, and it is effective for pollutants such
as lead, cadmium, copper, nickel, zinc, and chromium, primarily retained within the roots
(Chaudhry et al., 1998; Environmental Protection Agency, 2000).

One of the advantages of rhizofiltration is its versatility, as it can be applied in situ and ex-
situ, and a wide range of plant species, not just hyperaccumulators, can be utilized.
Various plants, including sunflower, Indian mustard, tobacco, rye, spinach, and corn, have
been studied for their ability to remove lead from effluent, with sunflowers showing
exceptionally high efficiency. Indian mustard has also effectively removed lead over a
wide concentration range (4 — 500 mg/l) (Raskin and Ensley 1999).

Field tests of rhizofiltration have demonstrated its effectiveness in treating uranium-
contaminated water with concentrations ranging from 21 to 874 ug/l. In a study by
Dushenkov et al. (1997), the treated uranium concentration was reported to be < 20 ug/I
before discharge into the environment (Dushenkov et al. 1997). This result highlights the
potential of rhizofiltration as a practical and efficient method for water remediation.

Phytostabilisation

Phytostabilization is a remediation method primarily used for soil, sediment, and sludges,
relying on the roots’ ability to limit contaminant mobility and bioavailability in the soil (ltrc
2009). This process can occur through sorption, precipitation, complexation, or metal
valence reduction.
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The primary goal of phytostabilization is to reduce water percolation through the soil
matrix, thereby minimizing the formation of hazardous leachate and preventing soil
erosion and the spread of toxic metals to other areas. A dense root system stabilizes the
soil and prevents erosion (Raskin and Ensley 1999).

Phytostabilization is highly effective when rapid immobilization of contaminants is
necessary to protect groundwater and surface water and when biomass disposal is not
required. However, one major drawback is that the contaminants remain in the saill,
necessitating regular monitoring.

Phytoextraction

Phytoextraction, or phytoaccumulation, is a practical approach to remove contamination
primarily from the soil without damaging its structure and fertility (Environmental
Protection Agency, 2000). This method involves plants absorbing, concentrating, and
precipitating toxic metals and radionuclides from contaminated soils into their biomass.
Phytoextraction is particularly suitable for diffusely polluted areas where pollutants occur
at relatively low concentrations and are superficially distributed (Rulkens, Tichy, and
Grotenhuis 1998).

Two basic strategies of phytoextraction have been developed: chelate-assisted
phytoextraction or induced phytoextraction, where artificial chelates are added to increase
metal mobility and uptake, and continuous phytoextraction, where metal removal depends
on the natural ability of the plant to remediate, with control over the number of plant growth
repetitions (Salt et al. 1995).

The discovery of hyperaccumulator species has further advanced this technology. Yet
limitations such as slow growth, shallow root systems, small biomass production, and
challenges in final disposal constrain the use of hyperaccumulator species (Brooks et al.
1998; Cunningham and Ow 1996; Ghosh and Singh 2005).

Phytovolatilization

Phytovolatilization involves plants absorbing contaminants from the soil, transforming
them into volatile forms, and releasing them into the atmosphere through transpiration
(Ghosh and Singh 2005). This method has been primarily used for removing mercury,
where the mercuric ion is transformed into less toxic elemental mercury.

However, a disadvantage of phytovolatilization is that the released contaminants may be
recycled by precipitation and redeposited into the ecosystem (By and Henry n.d.). Some
plants growing in high selenium environments can also produce volatile selenium
compounds (Bafiuelos, Zambrzuski, and Mackey 2000).

Phytovolatilization has also successfully removed tritium, a radioactive isotope of
hydrogen, by decay to stable helium (Dushenkov 2003).
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Phytodegradation

Phytodegradation involves the breakdown of organic contaminants taken up by plants
through metabolism, leading to their transformation, breakdown, stabilization, or
volatilization. Plant enzymes can break down and convert various organic contaminants,
such as ammunition wastes, chlorinated solvents, and herbicides, into simpler molecules
incorporated into plant tissues.

Rhizodegradation, on the other hand, involves the breakdown of organics in the soll
through microbial activity in the root zone (rhizosphere), albeit at a slower rate than
phytodegradation. Microorganisms like yeast, fungi, and bacteria break down organic
substances like fuels and solvents.

All phytoremediation technologies can be used simultaneously; nevertheless, the
effectiveness of metal extraction depends on the soil’s bioavailable fraction (Black 1995;
Chaudhry et al. 1998; Ghosh and Singh 2005).

8. BIOTECHNOLOGICAL APPROACH
By using biotechnologically modified plants

Biotechnological tools, including genetic engineering, offer promising avenues for
enhancing the efficacy of plants in removing metals from the environment. Through
genetic engineering, the overall functionality of plants can be modified, augmenting their
remediation capabilities. By incorporating new genotypes and phenotypes obtained from
metal-hyperaccumulating plants and microbes, the remediation potential of plants can be
significantly increased (James and Strand 2009).

Transgenic plants engineered with specific traits may also offer safer options for
phytoremediation purposes (Van Aken 2008). Researchers have explored various
genetic modifications to enhance plant metal tolerance and accumulation. For instance,
transferring the bacterial merAB operon to tobacco chloroplasts rendered the plants more
resistant to highly toxic organic mercury (Heaton et al. 2005).

Similarly, integrating metallothionein genes into plant genomes has been shown to confer
enhanced tolerance to high metal concentrations. Introduction of the yeast
metallothionein CUP1 gene into tobacco plants has increased the uptake of metals like
copper and cadmium, thus enhancing phytoextraction capabilities (M. Czako, X. Feng, Y.
He, D. Liang, R. Pollock 2006; Peron n.d.).

Genetic engineering also allows transferring specific genes associated with metal binding
and detoxification mechanisms. For instance, the partial peptides from the Thlaspi heavy
metal ATPase (TcHMA4) protein have been identified for their ability to confer high levels
of cadmium tolerance and hyperaccumulation in yeast.

Expression of TcHMA4 in higher plants could potentially enhance their metal tolerance
and phytoremediation potential. Moreover, genes encoding enzymes such as merB,
which degrade methylmercury to less toxic forms, have been introduced into plants like
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tobacco, resulting in increased resistance to methylmercury and enhanced mercury
accumulation (Nagata et al. 2010).

Additionally, introducing a gene for mercuric reductase into tobacco and Arabidopsis
plants enabled the conversion of ionic mercury to less toxic metallic mercury, facilitating
its volatilization (Meagher and Bizily 2000).

These biotechnological approaches, along with others such as biomineralization,
biosorption, phytostabilization, hyperaccumulation, and rhizoremediation, offer versatile
strategies for metal remediation. Their integration and cooperation are essential for
advancing environmental cleanup efforts (Mani and Kumar 2014).

9. NANOTECHNOLOGICAL APPROACH
By using nanotechnology

Although primarily associated with animal science and medical research, nanotechnology
holds significant potential in plant science and environmental remediation. In plant
science research, nanotechnology can aid in analyzing plant genomics and gene function
and improving crop species (Monica and Cremonini 2009). Moreover, the application of
nanotechnology for contaminant remediation shows promise in purifying air and water
resources by utilizing nanoparticles as catalysts and sensing systems (Fulekar, Pathak,
and Kale 2014).

Researchers have found that nanostructured materials can be effective adsorbents or
catalysts to remove toxic substances from wastewater, air, and soil (Monica and
Cremonini 2009; Shen et al. 2009). The small particle size of nanoparticles (1-100 nm)
enables their effective transport by groundwater flow, making them versatile remediation
tools (Masciangioli and Zhang 2003).

Multi-walled carbon nanotubes (CNTSs) have been successfully used for the removal of
heavy metals such as Copper(ll), Lead (lI), Cadmium(ll), and Zinc(ll) from aqueous
solutions (Abdel Salam 2013; Yu et al. 2014). Carbon nanoparticles have also
demonstrated exceptional adsorption properties, significantly reducing metal
contamination from soil and water systems (Rathor, Adhikari, and Chopra 2013).

Additionally, nanoparticles derived from plants like Euphorbia macroclada have shown
potential for removing and detoxifying metals, with significant reductions observed in
concentrations of metals like Lead, Zinc, Copper, Cadmium, and Nickel (Mohsenzadeh
and Rad 2011). Similarly, zero-valent iron nanoparticles have been utilized to remove
Chromium from contaminated soil, achieving a remarkable 99% removal rate (Ritu Singh,
Misra, and Singh 2011). Nanotechnology offers innovative approaches for environmental
remediation, with the potential to address challenges related to pollutant removal and
detoxification effectively. Continued research in this field holds promise for developing
sustainable solutions to environmental pollution. Table 4 compares the advantages and
disadvantages of different methods used for metal remediation.
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Table 4. Comparison between the advantages and disadvantages of different methods used for metal

remediation
Methods Treatment Detail and results Advantages Disadvantages References
Mech_anlcal soil Reduction in metals and Slgnlflpant volume _ _ (Park. and Son
washing T . reduction in contaminated External chemicals are used | 2017; Son et al.
contamination in soil -
soil 2011)
Significant volume
Ultrasonic soil Reduction in metals and reduction in contaminated Expensive and not (Park and Son
; oL e soil. Green method and pe - 2017; Son et al.
washing contamination in soil : applicable for practical use
external chemicals are 2011)
Physical used
Any heterogeneity of the soil
. body decreases the
Bx-situ effectiveness of the method, | (Man
electrokinetic Reduction in metals and This method is applicable . ' | Tahmasbian
R . . and considerable i
removal of heavy contamination in soil to different metals A 2012; Kim et al.
acidification of the
metals : S . 2002)
remediated soil is a side
effect of this method
Desorption of metals and
Chelating materials | Reduce the mobility of Pb and Cu effective amgndment for Different chemicals are used (Dipu et al.
. phytoextraction of heavy 2012)
Chemical
metals
. Reduce the mobility of Cd, Cu, Ni, Change the physic-chemical | (Guo et al.
Soil Amendments Pb, Zn, Hg, and Cr. Natural sources are used properties of soil 2006)
Removes contaminants as
. a result of sorption and/or Construction of a special
Removes the metal contaminants : - - . o - .
. . - transformation. Soil retains | installation is required. Large | (Singh and
Microorganisms as a result of sorption and/or . ! :
- its properties and could be | amounts of waste (solid, Prasad 2015)
transformation . i
replaced on the reclaimed liquid) are generated
site
Biological Heavy metal is removed from
Approach aquatic systems by sedimentation,

Algae and fungi

flocculation, absorption and
cations and anion exchange,
complexation, precipitation,
oxidation/

reduction, microbiological activity,
and uptake

Microalgae remove heavy
metals directly from
polluted water

May cause disease

(Mitra et al.
2012)
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More stable economical (Kabata-
Natural sorbents Biosorbent in hydroponic system and reduces the risk of Not Found !
Pendias 2001)
exposure to humans
Contaminants are absorbed into
roots and precipitated in the roots’
area. Contaminants are picked up
Rhizofiltration by the roots of plants and
R transported to their overground Low-cost method. Contaminants are not .
Phytostabilization, . X - : (Ghasemi-
: parts, then removed together with | Practically no side effects. removed from the soil but . .
Phytoreme | Phytodegradation, . . . fasaei 2012;
S : the crops. Uptake and Relatively low costs. The only immobilized. Plants and .
diation Phytoextraction, S . . . . Jiang et al.
and transpiration of such_elements by m_ethod is environmentally | soil require long-term 2010)
I plants. The element is taken up by | friendly monitoring
Phytovolatilization
plant roots, transported through
the xylem, and is finally released
to the atmosphere from cellular
tissues (evaporates or vaporizes)
Transgenic plants removed up to
6 % Zn and 25 % Cd of the soil Transgenic plants might be .
. . - (Kupper and
Biotechnol . . metal; Tobacco callus showed able to contribute to the . ; )
- Biotechnologically . It may cause toxins and Kochian 2010;
ogical o more resistance to methylmercury | broader and safer i
modified plants S reduce the nutritional value Nagata et al.
Approach (CH3Hg?) and accumulated more | application of
L . 2010)
mercury from CH3Hg?- containing | phytoremediation
medium
The use of nano-zVI, bimetallic (Ashutosh
Nanotechn nanoparticles, and emulsified . - . Agarwal and
: Use of . It is very efficient for It may cause pollution and ; .
ological Nanoparticles zero-valent nanoparticles reduces removing metal expensive Himanshu Joshi
Approach P the metal contamination from soil 9 P 2010; Xiong et
and groundwater al. 2009)
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10. INTEGRATION OF MULTIPLE TECHNIQUES: SYNERGISTIC APPROACHES
FOR HEAVY METAL REMOVAL

Synergistic heavy metal removal approaches combine chemical flocculation, electrolysis,
reduction, membrane separation, and adsorption to achieve more effective and efficient
remediation outcomes (Sun et al. 2020). These integrated processes aim to synergize
physical, chemical, and biological methods, addressing challenges like cost and in-situ
treatment failures faced by individual methods. They have gained popularity for their
reported effectiveness in removing heavy metals from different environmental matrices.
However, successful implementation requires a thorough understanding of heavy metal
sources, chemistry, and associated environmental and human health risks (Selvi et al.
2019).

Benefits of synergistic approaches include increased efficiency, cost-effectiveness,
minimal environmental disturbance, and applicability in various settings. They offer
advantages over individual methods in terms of effectiveness, cost, environmental
impact, and control over treatment systems (Li et al. 2020; Selvi et al. 2019; Sun et al.
2020; Tovar-Gémez et al. 2015). For example, integrating electrokinetic processes with
phytoremediation minimizes environmental disruption while enhancing removal
efficiency. Similarly, using acidic electrolytes, complexing agents, ion exchange
membranes, and electrode polarity exchange improves heavy metal desorption,
solubility, and mobility (Kumar, Dwivedi, and Oh 2022; Selvi et al. 2019).

Moreover, integrating microorganisms and waste molasses provides an efficient and cost-
effective method for heavy metal removal. Understanding the underlying mechanisms
allows for better control of treatment systems (Cheah, Cheow, and Ting 2022; Yin et al.
2019). These integrated approaches hold promise for in-situ operations in various
settings, including developed areas and agricultural regions, contributing to more
sustainable and effective remediation strategies for heavy metal pollution.

11. ARTIFICIAL INTELLIGENCE FOR HEAVY METAL REMOVAL

Artificial Intelligence (Al) is crucial in understanding and remedying heavy metal pollution
across various environmental settings. Al can assess the most effective methods for
treating contaminated soil or water by extracting pertinent information from environmental
reports. In water and wastewater treatment, Al and machine learning algorithms detect
and remove heavy metals like lead, cadmium, and mercury, which pose risks to human
health and the environment (Maurya et al. 2024). Integrating Al with techniques such as
electrokinetic processes and phytoremediation enhances heavy metal removal efficiency.
For instance, machine learning can identify plastics in water bodies and pinpoint areas
with high pollution levels, facilitating targeted cleanup efforts (Anon n.d.). Al also aids in
monitoring water output and detecting spills promptly to prevent further contamination
(Mal et al. 2018).
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In agriculture, machine learning identifies microbes, their mechanisms of action, and
suitable environments, predicting the efficacy of microbial remediation and assessing
ecological benefits and crop growth post-remediation (Wu and Zhao 2023). Techniques
like surface-enhanced Raman spectroscopy (SERS) and convolutional neural networks
(CNNs) analyze spectroscopic data to detect heavy metal ions in water and
environmental samples (Park et al. 2022; Zhang et al. 2023). Al models trained on SERS
measurements accurately identify specific heavy metal ions like Pb(NO3)2, showcasing
balanced accuracy in cross-batch testing (Park et al. 2022). CNN-based methods swiftly
detect heavy metal ions and their concentrations in water samples (Zhang et al. 2023).

Optical imaging spectroscopy, coupled with machine learning, detects heavy metals in
plants, focusing on spectroscopic applications to assess contamination levels (Li et al.
2022). Deep learning algorithms analyze Raman spectra to identify cadmium-
phytochelatin2 complexes in plants (Mandal et al. 2022). Al predicts heavy metal
interactions with biochar, a promising area for heavy metal removal research (Wei et al.
2024). Moreover, Al selectively removes heavy metals from Lanthanide solutions using
previously prepared graphene oxide-citrate (GO-C) composites (Abu Elgoud et al. 2022).
These Al-driven advancements promise more effective and sustainable solutions to
heavy metal pollution.

12. CHALLENGES AND FUTURE PERSPECTIVES IN HEAVY METAL ELIMINATION
FROM ECOSYSTEMS

The challenges and future perspectives in heavy metal elimination from ecosystems
underscore the importance of effective, sustainable, and scalable removal methods while
mitigating environmental impacts. Leveraging plants and microorganisms for heavy metal
removal offers effective, economical, and environmentally friendly solutions.
Bioaccumulation, combined with phytostabilization and phytodegradation, enhances
heavy metal removal efficiency (Nnaji et al. 2023). Phytoremediation, employing green
plants to detoxify and render soil reusable, presents numerous advantages over
conventional methods. However, addressing challenges to make it feasible and scalable
on a large scale is essential (Thakur et al. 2016). Despite recent advancements in heavy
metal removal from wastewater, high costs associated with some methods hinder their
widespread adoption. Exploring cost-effective techniques such as physicochemical
adsorption with biochar and natural zeolite ion exchangers, along with advanced oxidation
processes (AOPs), is crucial (Hama Aziz et al. 2023).

Developing ecohydrological biotechnologies and Nature-Based Solutions (NBS) is vital
for addressing global heavy metal contamination in aquatic ecosystems. These methods
aim to enhance heavy metal removal while meeting regulatory requirements like the EU
Water Framework Directive (Piwowarska, Kiedrzynska, and Jaszczyszyn 2024). Green
technologies, including bioremediation, offer cost-effective and sustainable solutions for
heavy metal removal. Bioremediation, employing living entities like bacteria, fungi, and
plants to degrade toxic substances, is considered practical, reliable, and environmentally
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benign (Das et al. 2023). Addressing these challenges and embracing these future
perspectives will be crucial for developing effective, sustainable, and environmentally
friendly strategies for heavy metal elimination from ecosystems.

13. CONCLUSION

The escalation of unwanted waste generated by modern civilization has led to widespread
contamination of our ecosystems. Among the myriad challenges posed by this
contamination, heavy metal pollutants are particularly concerning due to their toxic effects
on the environment and ability to infiltrate the food chain. In response to this pressing
issue, we have examined various techniques that employ diverse approaches, including
physical, chemical, and biological methods. These techniques encompass strategies
such as immobilization using cost-effective absorbents, the application of chelating
agents, and biological interventions such as phytoremediation. Furthermore,
advancements in molecular and nanotechnology hold promise for enhancing remediation
capabilities, offering novel avenues for removing heavy metals. The development of
remediation technologies must remain closely linked to agricultural production, food
safety, and land management considerations. While individual approaches have shown
promising results, synergistic combinations of technologies, particularly those
incorporating cutting-edge nano- and biotechnological methods, have emerged as
particularly efficient. Additionally, integrating artificial intelligence can optimize
remediation strategies by leveraging pertinent information extracted from environmental
reports. As we confront the challenges and contemplate future perspectives in eliminating
heavy metals from ecosystems, it becomes evident that prioritizing the development of
effective, sustainable, and scalable removal methods is crucial for mitigating
environmental impacts and safeguarding ecological integrity.

References

1) Abdel Salam, M. 2013. “Removal of Heavy Metal lons from Aqueous Solutions with Multi-Walled
Carbon Nanotubes: Kinetic and Thermodynamic Studies.” International Journal of Environmental
Science and Technology 10(4):677-88. doi: 10.1007/s13762-012-0127-6.

2) Abu Elgoud, E. M., A. |. Abd-Elhamid, Sh Sh Emam, and H. F. Aly. 2022. “Selective Removal of Some
Heavy Metals from Lanthanide Solution by Graphene Oxide Functionalized with Sodium Citrate.”
Scientific Reports 12(1):1-13. doi: 10.1038/s41598-022-17949-8.

3) Van Aken, Benoit. 2008. “Transgenic Plants for Phytoremediation: Helping Nature to Clean up
Environmental Pollution.” Trends in Biotechnology 26(5):225-27. doi: 10.1016/j.tibtech.2008.02.001.

4) Alengebawy, Ahmed, Sara Taha Abdelkhalek, Sundas Rana Qureshi, and Man Qun Wang. 2021.
“‘Heavy Metals and Pesticides Toxicity in Agricultural Soil and Plants: Ecological Risks and Human
Health Implications.” Toxics 9(3):1-34.

5) Angelova, Violina, Radka Ivanova, Galina Pevicharova, and Krasimir lvanov. 2010. “Effect of Organic
Amendments on Heavy Metals Uptake by Potato Plants.” (August):84—87.

6) Anon. nd. “Improving Ocean Cleanup with Al” Retrieved Aprii 16, 2024
(https://www.xyonix.com/industries/environment/ocean-cleanup-using-ai).

May 2024 | 103



7

8)

9)

10)

11)

12)

13)

14)

15)

16)
17)

18)

19)

20)

21)

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

Ashutosh Agarwal, and Himanshu Joshi. 2010. “Application of Nanotechnology in the Remediation of
Contaminated Groundwater: A Short Review.” Science and Technology 2(6)(6):51-57.

Babel, Sandhya, and Tonni Agustiono Kurniawan. 2003. “Low-Cost Adsorbents for Heavy Metals
Uptake from Contaminated Water: A Review.” Journal of Hazardous Materials 97(1-3):219-43. doi:
10.1016/S0304-3894(02)00263-7.

Baruelos, G. S., S. Zambrzuski, and B. Mackey. 2000. “Phytoextraction of Selenium from Soils
Irrigated  with  Selenium-Laden Effluent” Plant and  Soil 224(2):251-58. doi:
10.1023/A:1004881803469.

Black, H. 1995. “Absorbing Possibilities: Phytoremediation.” Environmental Health Perspectives
103(12):1106-8.

Boening, Dean W. 2000. “Ecological Effects, Transport, and Fate of Mercury: A General Review.”
Chemosphere 40(12):1335-51. doi: 10.1016/S0045-6535(99)00283-0.

Bothe, Hermann, and Aneta Stomka. 2017. “Divergent Biology of Facultative Heavy Metal Plants.”
Journal of Plant Physiology 219:45-61. doi: 10.1016/j.jplph.2017.08.014.

Briffa, Jessica, Emmanuel Sinagra, and Renald Blundell. 2020. “Heavy Metal Pollution in the
Environment and Their Toxicological Effects on Humans.” Heliyon 6(9):e04691. doi:
10.1016/J.HELIYON.2020.E04691.

Brooks, Robert R., Michael F. Chambers, Larry J. Nicks, and Brett H. Robinson. 1998. “Phytomining.”
Perspectives in Science 3(9):359-62. doi: 10.1016/S1360-1385(98)01283-7.

Bulgariu, Laura, Marius Lupea, Dumitru Bulgariu, Constantin Rusu, and Matei Macoveanu. 2013.
“Equilibrium Study Of Pb ( li ) And Cd ( li ) Biosorption From Aqueous Solution On Marine Green Algae
Biomass.” Environmental Engineering and Management Journal 12(1):183-90.

By, Prepared, and Jeanna R. Henry. n.d. “An Overview of the Phytoremediation of Lead and Mercury.”

C.R., Vanisree, Mahipal Singh Sankhla, Prashant Singh, Ekta B. Jadhav, Rohit Kumar Verma, Kumud
Kant Awasthi, Garima Awasthi, Varad Nagar, Vanisree C.R., Mahipal Singh Sankhla, Prashant Singh,
Ekta B. Jadhav, Rohit Kumar Verma, Kumud Kant Awasthi, Garima Awasthi, and Varad Nagar. 2022.
“Heavy Metal Contamination of Food Crops: Transportation via Food Chain, Human Consumption,
Toxicity and Management Strategies.” Environmental Impact and Remediation of Heavy Metals. doi:
10.5772/INTECHOPEN.101938.

Cai, Zongping, Yan Sun, Yanghong Deng, Xiaojie Zheng, Shuiyu Sun, Aki Sinkkonen, and Martin
Romantschuk. 2022. “Enhanced Electrokinetic Remediation of Cadmium (Cd)-Contaminated Soil with
Interval Power Breaking.” International Journal of Environmental Research 16(3):1-9. doi:
10.1007/s41742-022-00409-6.

Celekli, Abuzer, Mehmet Yavuzatmaca, and Huseyin Bozkurt. 2010. “An Eco-Friendly Process:
Predictive Modelling of Copper Adsorption from Aqueous Solution on Spirulina Platensis.” Journal of
Hazardous Materials 173(1-3):123-29. doi: 10.1016/j.jhazmat.2009.08.057.

Chaudhry, T. M., W. J. Hayes, A. G. Khan, and C. S. Khoo. 1998. “Phytoremediation - Focusing on
Accumulator Plants That Remediate Metal - Contaminated Soils.” Australasian Journal of
Ecotoxicology 4:37-51.

Cheah, Caleb, Yuen Lin Cheow, and Adeline Su Yien Ting. 2022. “Co-Cultivation, Metal Stress and
Molasses: Strategies to Improving Exopolymeric Yield and Metal Removal Efficacy.” Sustainable
Environment Research 32(1):1-14. doi: 10.1186/s42834-022-00121-2.

May 2024 | 104



22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

Ben Chekroun, Kaoutar, and Mourad Baghour. 2013. “The Role of Algae in Heavy Metals.” Journal of
Materials and Environmental Science 6(6):873-80.

Cunningham, S. D., and D. W. Ow. 1996. “Promises and Prospects of Phytoremediation.” Plant
Physiology 110(3):715-19. doi: 10.1104/pp.110.3.715.

Das, Sumanta, Kaniz Wahida Sultana, Ashwell R. Ndhlala, Moupriya Mondal, and Indrani Chandra.
2023. “Heavy Metal Pollution in the Environment and Its Impact on Health: Exploring Green
Technology for Remediation.” Environmental Health Insights 17.

Davies, O. A., and Allison M. E. Uyi. 2006. “Bioaccumulation of Heavy Metals in Water, Sediment and
Periwinkle (Tympanotonus Fuscatus Var Radula) from the Elechi Creek, Niger Delta.” African Journal
of Biotechnology 5(10):968-73. doi: 10.4314/ajb.v5i10.42835.

Dede, G., S. Ozdemir, and O. Hulusi Dede. 2012. “Effect of Soil Amendments on Phytoextraction
Potential of Brassica Juncea Growing on Sewage Sludge.” International Journal of Environmental
Science and Technology 9(3):559-64. doi: 10.1007/s13762-012-0058-2.

Dipu, S., Anju A. Kumar, and Salom Gnana Thanga. 2012. “Effect of Chelating Agents in
Phytoremediation of Heavy Metals.” Remediation 22(2):133-46. doi;: 10.1002/rem.21304.

Dushenkov, Slavik. 2003. “Trends in Phytoremediation of Radionuclides.” Plant and Soil 249(1):167—
75. doi: 10.1023/A:1022527207359.

Dushenkov, Slavik, Dev Vasudev, Yoram Kapulnik, Doloressa Gleba, David Fleisher, K. C. Ting, and
Burt Ensley. 1997. “Removal of Uranium from Water Using Terrestrial Plants.” Environmental Science
and Technology 31(12):3468—74. doi: 10.1021/es970220I.

Enviromental Protection Agency. 2000. “Introduction to Phytoremediation.” U.S. Environmental
Protection Agency (February):1-72.

Ernst, Wilfried H. O. 2006. “Evolution of Metal Tolerance in Higher Plants.” Forest Snow and
Landscape Research 80(3):251-74.

Evangelou, Michael W. H., Mathias Ebel, and Andreas Schaeffer. 2007. “Chelate Assisted
Phytoextraction of Heavy Metals from Soil. Effect, Mechanism, Toxicity, and Fate of Chelating Agents.”
Chemosphere 68(6):989-1003.

Fatoki, O. S., N. Lujiza, and A. O. Ogunfowokan. 2002. “Trace Metal Pollution in Umtata River.” Water
SA 28(2):183-89. doi: 10.4314/wsa.v28i2.5160.

Fulekar, M. H., Bhawana Pathak, and R. K. Kale. 2014. “Nanotechnology: Perspective for
Environmental Sustainability.” Pp. 87—114 in Environment and Sustainable Development. New Delhi:
Springer India.

Gadd, Geoffrey Michael. 2009. “Biosorption: Critical Review of Scientific Rationale, Environmental
Importance and Significance for Pollution Treatment.” Journal of Chemical Technology and
Biotechnology 84(1):13-28. doi: 10.1002/jcth.1999.

Gall, Jillian E., Robert S. Boyd, and Nishanta Rajakaruna. 2015. “Transfer of Heavy Metals through
Terrestrial Food Webs: A Review.” Environmental Monitoring and Assessment 187(4). doi:
10.1007/s10661-015-4436-3.

Garbisu, Carlos, Javier Hernandez-Allica, Oihana Barrutia, Itziar Alkorta, and José M. Becerril. 2002.
“Phytoremediation: A Technology Using Green Plants to Remove Contaminants from Polluted Areas.”
Reviews on Environmental Health 17(3):173-88. doi: 10.1515/REVEH.2002.17.3.173.

Gavrilescu, M. 2004. “Removal of Heavy Metals from the Environment by Biosorption.” Engineering in
Life Sciences 4(3):219-32. doi: 10.1002/elsc.200420026.

May 2024 | 105



39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

49)

50)

51)

52)

53)

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

Ghasemi-fasaei, Reza. 2012. “Malic Acid and Phosphorus Influences on Nickel Phytoremediation
Efficiency and Metal Nutrients Relationships in a Ni-Polluted Calcareous Soil.” 3(2007):2805-8.

Ghosh, M., and S. P. Singh. 2005. “Asian Journal on Energy and Environment A Review on
Phytoremediation of Heavy Metals and Utilization of It's by Products.” As. J. Energy Env 6(604):214—
31. doi: 10.1007/s10681-014-1088-2.

Grandlic, Christopher J., Michael W. Palmer, and Raina M. Maier. 2009. “Optimization of Plant Growth-
Promoting Bacteria-Assisted Phytostabilization of Mine Tailings.” Soil Biology and Biochemistry
41(8):1734-40. doi: 10.1016/j.s0ilbio.2009.05.017.

Green-Ruiz, Carlos, Victor Rodriguez-Tirado, and Bruno Gomez-Gil. 2008. “Cadmium and Zinc
Removal from Aqueous Solutions by Bacillus Jeotgali: PH, Salinity and Temperature Effects.”
Bioresource Technology 99(9):3864—70. doi: 10.1016/j.biortech.2007.06.047.

Guo, Guanlin, Qixing Zhou, and Lene Q. Ma. 2006. “Availability and Assessment of Fixing Additives
for the in Situ Remediation of Heavy Metal Contaminated Soils: A Review.” Environmental Monitoring
and Assessment 116(1-3):513-28. doi: 10.1007/s10661-006-7668-4.

Gupta, Amit K., and Sarita Sinha. 2006. “Chemical Fractionation and Heavy Metal Accumulation in the
Plant of Sesamum Indicum (L.) Var. T55 Grown on Soil Amended with Tannery Sludge: Selection of
Single Extractants.” Chemosphere 64(1):161-73. doi: 10.1016/j.chemosphere.2005.10.016.

Gupta, D. K., U. N. Rai, S. Sinha, R. D. Tripathi, B. D. Nautiyal, P. Rai, and M. Inouhe. 2004. “Role of
Rhizobium (CA-1) Inoculation in Increasing Growth and Metal Accumulation in Cicer Arietinum L.
Growing under Fly-Ash Stress Condition.” Bulletin of Environmental Contamination and Toxicology
73(2):424-31. doi: 10.1007/s00128-004-0446-5.

Gupta, V. K., and A. Rastogi. 2008. “Biosorption of Lead from Aqueous Solutions by Green Algae
Spirogyra Species: Kinetics and Equilibrium Studies.” Journal of Hazardous Materials 152(1):407-14.
doi: 10.1016/j.jhazmat.2007.07.028.

Hama Aziz, Kosar Hikmat, Fryad S. Mustafa, Khalid M. Omer, Sarkawt Hama, Rebaz Fayaq
Hamarawf, and Kaiwan Othman Rahman. 2023. “Heavy Metal Pollution in the Aquatic Environment:
Efficient and Low-Cost Removal Approaches to Eliminate Their Toxicity: A Review.” RSC Advances
13(26):17595-610. Retrieved April 16, 2024 (/pmc/articles/PMC10258679/).

Hasan, Syed Hadi, and Preeti Srivastava. 2009. “Batch and Continuous Biosorption of Cu2+ by
Immobilized Biomass of Arthrobacter Sp.” Journal of Environmental Management 90(11):3313-21.
doi: 10.1016/j.jenvman.2009.05.005.

Heaton, Andrew C. P., Clayton L. Rugh, Nian-Jie Wang, and Richard B. Meagher. 2005. “Physiological
Responses of Transgenic MerA-TOBACCO (Nicotiana Tabacum) to Foliar and Root Mercury
Exposure.” Water, Air, & Soil Pollution 161(1-4):137-55. doi: 10.1007/s11270-005-7111-4.

Hodson, Mark E. 2004. “Heavy Metals - Geochemical Bogey Men?” Environmental Pollution
129(3):341-43. doi: 10.1016/j.envpol.2003.11.003.

Hrynkiewicz, Katarzyna, and Christel Baum. 2014. “Application of Microorganisms in Bioremediation
of Environment from Heavy Metals.” Pp. 215-27 in Environmental Deterioration and Human Health:
Natural and Anthropogenic Determinants. VVol. 9789400778. Dordrecht: Springer Netherlands.

Iman Tahmasbian. 2012. “Soil Electerokinetic Remediation and Its Effects on Soil Microbial Activity- A
Review.” African Journal of Microbiology Research 6(10). doi: 10.5897/AJMR11.967.

Infante J, Cherlys, Deniles De Arco R, and Edgardo Angulo M. 2014. “Removal of Lead, Mercury and
Nickel Using the Yeast Saccharomyces Cerevisiae .” Rev.MVZ Cérdoba 19(2):4141-49. doi:
10.1016/j.foodres.2009.01.001.

May 2024 | 106



54)

55)

56)

57)

58)

59)

60)

61)

62)
63)

64)

65)

66)

67)

68)

69)

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

Itrc. 2009. “Technical/Regulatory Guidance Phytotechnology Technical and Regulatory Guidance and
Decision Trees, Revised.”

Iv, Area, and Santa Susana. 2015. “Evaluation of Mercury Contamination Soil Treatability Studies
Table of Contents.” (951).

Jadia, Chhotu D., and M. H. Fulekar. 2009. “Phytoremediation of Heavy Metals: Recent Techniques.”
African Journal of Biotechnology 8(6):921-28. doi: 10.4314/ajb.v8i6.59987.

James, C. Andrew, and Stuart E. Strand. 2009. “Phytoremediation of Small Organic Contaminants
Using Transgenic Plants.” Current Opinion in  Biotechnology 20(2):237-41. doi:
10.1016/j.copbio.2009.02.014.

Jan, F. Akbar, M. Ishaq, S. Khan, M. Shakirullah, S. M. Asim, I. Ahmad, and Fazal Mabood. 2011.
“Bioaccumulation of Metals in Human Blood in Industrially Contaminated Area.” Journal of
Environmental Sciences 23(12):2069-77. doi: 10.1016/S1001-0742(10)60616-X.

Jiang, Jinping, Longhua Wu, Na Li, Yongming Luo, Ling Liu, Qiguo Zhao, Lei Zhang, and Peter
Christie. 2010. “Effects of Multiple Heavy Metal Contamination and Repeated Phytoextraction by
Sedum Plumbizincicola on Soil Microbial Properties.” European Journal of Soil Biology 46(1):18-26.
doi: 10.1016/j.ejsobi.2009.10.001.

Jing, Yan-de, Zhen-li He, and Xiao-e Yang. 2007. “Role of Soil Rhizobacteria in Phytoremediation of
Heavy Metal Contaminated Soils.” Journal of Zhejiang University SCIENCE B 8(3):192—-207. doi:
10.1631/jzus.2007.B0192.

Jones, David L., and John R. Healey. 2010. “Organic Amendments for Remediation: Putting Waste to
Good Use.” Elements 6(6):369—74. doi: 10.2113/gselements.6.6.369.

Kabata-Pendias, Alina. 2001. Trace Elements in Soils and Plants. CRC Press.

Kanmani, P., J. Aravind, and D. Preston. 2012. “Remediation of Chromium Contaminants Using
Bacteria.” International Journal of Environmental Science and Technology 9(1):183-93.

Karimi, N., S. M. Ghaderian, and H. Schat. 2013. “Arsenic in Soil and Vegetation of a Contaminated
Area.” International Journal of Environmental Science and Technology 10(4):743-52. doi:
10.1007/s13762-013-0227-y.

Katsumata, Hideyuki, Satoshi Kaneco, Kentaro Inomata, Kumiko Itoh, Kunihiro Funasaka, Kazuaki
Masuyama, Tohru Suzuki, and Kiyohisa Ohta. 2003. “Removal of Heavy Metals in Rinsing Wastewater
from Plating Factory by Adsorption with Economical Viable Materials.” Journal of Environmental
Management 69(2):187-91. doi: 10.1016/S0301-4797(03)00145-2.

Keskinkan, Olcayto, M. Z. L. Goksu, A. Yuceer, and M. Basibuyuk. 2007. “Comparison of the
Adsorption Capabilities of Myriophylum Spicatum and Ceratophyllum Demersum for Zinc, Copper and
Lead.” Engineering in Life Sciences 7(2):192-96. doi: 10.1002/elsc.200620177.

Kim, Hyun Soo, Yeo Jin Kim, and Young Rok Seo. 2015. “An Overview of Carcinogenic Heavy Metal:
Molecular Toxicity Mechanism and Prevention.” Journal of Cancer Prevention 20(4):232—-40. doi:
10.15430/JCP.2015.20.4.232.

Kim, Soon-oh O., Seung-hyeon H. Moon, Kyoung-woong W. Kim, and S. T. Yun. 2002. “Pilot Scale
Study on the Ex Situ Electrokinetic Removal of Heavy Metals from Municipal Wastewater Sludges.”
Water Res. 36(19):4765—74. doi: 10.1016/S0043-1354(02)00141-0.

Koo, So Yeon, and Kyung Suk Cho. 2009. “Isolation and Characterization of a Plant Growth-Promoting
Rhizobacterium, Serratia Sp. SY5.” Journal of Microbiology and Biotechnology 19(11):1431-38. doi:
10.4014/jmb.0904.04014.

May 2024 | 107



70)

71)

72)

73)

74)

75)

76)

77)

78)

79)

80)

81)

82)

83)

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

Kumar, J. I. Nirmal, Hiren Soni, and Rita N. Kumar. 2006. “Biomonitoring of Selected Freshwater
Macrophytes to Assess Lake Trace Element Contamination: A Case Study of Nal Sarovar Bird
Sanctuary, Gujarat, India.” Journal of Limnology 65(1):9-16. doi: 10.4081/jlimnol.2006.9.

Kumar JI, Oommen C. 2012. “Removal of Heavy Metals by Biosorption Using Freshwater Alga
Spirogyra Hyalina.” Environmental Chemistry Letters 10(2):109-17.

Kumar, Pawan, Ki-Hyun Kim, Vasudha Bansal, Theodore Lazarides, and Naresh Kumar. 2017.
“Progress in the Sensing Techniques for Heavy Metal lons Using Nanomaterials.” Journal of Industrial
and Engineering Chemistry 54:30-43. doi: 10.1016/j.jiec.2017.06.010.

Kumar, Vinay, S. K. Dwivedi, and Seungdae Oh. 2022. “A Review on Microbial-Integrated Techniques
as Promising Cleaner Option for Removal of Chromium, Cadmium and Lead from Industrial
Wastewater.” Journal of Water Process Engineering 47:102727.

Kumari, Soni, and Amarnath Mishra. 2021. “Heavy Metal Contamination.” in Soil Contamination -
Threats and Sustainable Solutions. IntechOpen.

Kupper, Hendrik, and Leon V. Kochian. 2010. “Transcriptional Regulation of Metal Transport Genes
and Mineral Nutrition during Acclimatization to Cadmium and Zinc in the Cd/Zn Hyperaccumulator,
Thlaspi Caerulescens (Ganges Population).” New Phytologist 185(1):114-29. doi: 10.1111/j.1469-
8137.2009.03051 .x.

Lee, Sounghyun, Jung Mann Yun, Jong Young Lee, Gigwon Hong, Ji Sun Kim, Dongchan Kim, and
Jung Geun Han. 2021. “The Remediation Characteristics of Heavy Metals (Copper and Lead) on
Applying Recycled Food Waste Ash and Electrokinetic Remediation Techniques.” Applied Sciences
(Switzerland) 11(16):7437. doi: 10.3390/app11167437.

Li, Junmeng, Jie Ren, Ruiyan Cui, Keqiang Yu, and Yanru Zhao. 2022. “Optical Imaging Spectroscopy
Coupled with Machine Learning for Detecting Heavy Metal of Plants: A Review.” Frontiers in Plant
Science 13:1007991.

Li, Mingming, Xiao Xiao, Shipei Wang, Xujing Zhang, Junjie Li, Spyros G. Pavlostathis, Xubiao Luo,
Shenglian Luo, and Guisheng Zeng. 2020. “Synergistic Removal of Cadmium and Organic Matter by
a Microalgae-Endophyte Symbiotic System (MESS): An Approach to Improve the Application Potential
of Plant-Derived Biosorbents.” Environmental Pollution 261:114177. doi:
10.1016/j.envpol.2020.114177.

Liu, Qing, Xiaohui Li, and Lei He. 2022. “Health Risk Assessment of Heavy Metals in Soils and Food
Crops from a Coexist Area of Heavily Industrialized and Intensively Cropping in the Chengdu Plain,
Sichuan, China.” Frontiers in Chemistry 10:988587. doi: 10.3389/FCHEM.2022.988587/BIBTEX.

Luo, Chun Ling, Zhen Guo Shen, and Xiang Dong Li. 2007. “Plant Uptake and the Leaching of Metals
during the Hot EDDS-Enhanced Phytoextraction Process.” International Journal of Phytoremediation
9(3):181-96. doi: 10.1080/15226510701375986.

Luo, Chunling, Zhenguo Shen, and Xiangdong Li. 2005. “Enhanced Phytoextraction of Cu, Pb, Zn and
Cd with EDTA and EDDS.” Chemosphere 59(1):1-11. doi: 10.1016/j.chemosphere.2004.09.100.

M. Czako, X. Feng, Y. He, D. Liang, R. Pollock, L. Marton. 2006. “PHYTOREMEDIATION WITH
TRANSGENIC PLANTS | International Society for Horticultural Science.” Retrieved November 17,
2017 (http://lwww.ishs.org/ishs-article/725_105).

Mal, Suraj, R. B. Singh, Christian Huggel, and Aakriti Grover. 2018. “Introducing Linkages Between
Climate Change, Extreme Events, and Disaster Risk Reduction.” Pp. 1-14 in.

May 2024 | 108



84)

85)

86)

87)

88)

89)

90)

91)

92)

93)

94)

95)

96)

97)

98)

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

Mandal, Saptarshi, Dipanjyoti Paul, Sriparna Saha, and Prolay Das. 2022. “Deep Learning Assisted
Detection of Toxic Heavy Metal lons Based on Visual Fluorescence Responses from a Carbon
Nanoparticle Array.” Environmental Science: Nano 9(7):2596—2606. doi: 10.1039/D2ENO00077F.

Mani, D., and Chitranjan Kumar. 2014. “Biotechnological Advances in Bioremediation of Heavy Metals
Contaminated Ecosystems: An Overview with Special Reference to Phytoremediation.” International
Journal of Environmental Science and Technology 11(3):843-72.

Mapolelo, M., N. Torto, and B. Prior. 2005. “Evaluation of Yeast Strains as Possible Agents for Trace
Enrichment of Metal lons in Agquatic Environments.” Talanta 65(4):930-37. doi:
10.1016/j.talanta.2004.08.020.

Masciangioli, Tina, and Wei-Xian Zhang. 2003. “Environmental Technologies at the Nanoscale.”
Environmental Science & Technology 37(5):102A-108A.

Maurya, Brij Mohan, Nidhi Yadav, Amudha T, Satheeshkumar J, Sangeetha A, Parthasarathy V,
Mahalaxmi lyer, Mukesh Kumar Yadav, and Balachandar Vellingiri. 2024. “Artificial Intelligence and
Machine Learning Algorithms in the Detection of Heavy Metals in Water and Wastewater:
Methodological and Ethical Challenges.” Chemosphere 353. doi:
10.1016/j.chemosphere.2024.141474.

Meagher, Richard B., and Scott Bizily. 2000. “The Engineered Phytoremediation of lonic and
Methymercury Pollution Graduate Students Working on EMSP Project Graduate Position % Time
Current Status YEARLY PROGRESS REPORT RESEARCH OBJECTIVE.”

Mitra, Noori, Zakeri Rezvan, Mazaheri Seyed Ahmad, and Mahmudy Gharaie Mohamad Hosein. 2012.
“Studies of Water Arsenic and Boron Pollutants and Algae Phytoremediation in Three Springs, Iran.”
International Journal of Ecosystem 2(3):32—-37. doi: 10.5923/j.ije.20120203.01.

Mohsenzadeh, Fariba, and Abdolkarim Chehregani Rad. 2011. “Application of Nano-Particles of
Euphorbia Macroclada for Bioremediation of Heavy Metal Polluted Environments.” 25:16-20.

Monica, Ruffini Castiglione, and Roberto Cremonini. 2009. “Nanoparticles and Higher Plants.”
Caryologia 62(2):161-65. doi: 10.1080/00087114.2004.10589681.

Nagata, Takeshi, Hirofumi Morita, Toshifumi Akizawa, and Hidemitsu Pan-Hou. 2010. “Development
of a Transgenic Tobacco Plant for Phytoremediation of Methylmercury Pollution.” Applied Microbiology
and Biotechnology 87(2):781-86. doi: 10.1007/s00253-010-2572-9.

Narenkumar, Jayaraman, Kuppusamy Sathishkumar, Bhaskar Das, Aruliah Rajasekar, R.
Rajakrishnan, Rajaram Rajamohan, and Tabarak Malik. 2023. “An Integrated Approach of
Bioleaching-Enhanced Electrokinetic Remediation of Heavy Metals from Municipal Waste Incineration
Fly Ash Using Acidithiobacillus Spp.” Frontiers in Environmental Science 11:1273930. doi:
10.3389/fenvs.2023.1273930.

Nazemi, Saeid. 2012. “Concentration of Heavy Metal in Edible Vegetables Widely Consumed in
Shahroud , the North East of Iran.” J. Appl. Environ. Biol. Sci 2(8):386—91.

Nnaji, Nnabueze Darlington, Helen Onyeaka, Taghi Miri, and Chinenye Ugwa. 2023. “Bioaccumulation
for Heavy Metal Removal: A Review.” SN Applied Sciences 5(5):1-12.

Norvell, W. a., and R. M. Welch. 1984. “Biological Monitoring of Heavy Metal Pollution: Land and Air.”
Journal of Environment Quality 13(1):173.

Nyiramigisha, Philomene, Komariah, and Sajidan. 2021. “Harmful Impacts of Heavy Metal
Contamination in the Soil and Crops Grown Around Dumpsites.” Reviews in Agricultural Science
9:271-82.

May 2024 | 109



99)

100)

101)

102)

103)

104)

105)

106)

107)

108)

109)

110)

111)

112)

113)

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

O’Day, Peggy A., and Dimitri Vlassopoulos. 2010. “Mineral-Based Amendments for Remediation.”
Elements 6(6):375-81. doi: 10.2113/gselements.6.6.375.

Park, Beomguk, and Younggyu Son. 2017. “Ultrasonic and Mechanical Soil Washing Processes for
the Removal of Heavy Metals from Soils.” Ultrasonics Sonochemistry 35(February):640-45. doi:
10.1016/j.ultsonch.2016.02.002.

Park, Seongyong, Jaeseok Lee, Shujaat Khan, Abdul Wahab, and Minseok Kim. 2022. “Machine
Learning-Based Heavy Metal lon Detection Using Surface-Enhanced Raman Spectroscopy.”
Sensors 22(2):596. doi: 10.3390/s22020596.

Parungao, MM. 2007. “Biosorption of Copper, Cadmium and Lead by Copper-Resistant Bacteria
Isolated from Mogpog River, Marinduque.” ... Journal of Science 136(December):155-65.

Paulose, Bibin, Siba P. Datta, Raj K. Rattan, and Pramod K. Chhonkar. 2007. “Effect of Amendments
on the Extractability, Retention and Plant Uptake of Metals on a Sewage-lrrigated Soil.”
Environmental Pollution 146(1):19-24. doi: 10.1016/j.envpol.2006.06.016.

Peron, M. n.d. “Yeast Metallothionein in Transgenic Tobacco Promotes Copper Uptake from
Contaminated Soils.” Biotechnology Progress.

Piwowarska, Dominika, Edyta Kiedrzynska, and Katarzyna Jaszczyszyn. 2024. “A Global
Perspective on the Nature and Fate of Heavy Metals Polluting Water Ecosystems, and Their Impact
and Remediation.” Critical Reviews in Environmental Science and Technology. doi:
10.1080/10643389.2024.2317112.

Quintelas, Cristina, Zélia Rocha, Bruna Silva, Bruna Fonseca, Hugo Figueiredo, and Teresa
Tavares. 2009. “Removal of Cd(ll), Cr(VI), Fe(lll) and Ni(ll) from Aqueous Solutions by an E. Coli
Biofilm Supported on Kaolin.” Chemical Engineering Journal 149(1-3):319-24. doi:
10.1016/j.cej.2008.11.025.

Rafatullah, M., O. Sulaiman, R. Hashim, and A. Ahmad. 2009. “Adsorption of Copper (ll), Chromium
(111), Nickel (1) and Lead (II) lons from Aqueous Solutions by Meranti Sawdust.” Journal of Hazardous
Materials 170(2—3):969-77. doi: 10.1016/j.jhazmat.2009.05.066.

Rashid, Abdur, Brian J. Schutte, April Ulery, Michael K. Deyholos, Soum Sanogo, Erik A. Lehnhoff,
and Leslie Beck. 2023. “Heavy Metal Contamination in Agricultural Soil: Environmental Pollutants
Affecting Crop Health.” Agronomy 13(6):1521.

Raskin, llya., and Burt D. (Burt DeWitt) Ensley. 1999. “Phytoremediation of Toxic Metals: Using
Plants to Clean the Environment.” Journal of Plant Biotechnology 1(1):304. doi: 10.1016/S0958-
1669(97)80106-1.

Rathor, Gopal, Tapan Adhikari, and Neelam Chopra. 2013. “Management of Nickel Contaminated
Soil and Water Through the Use of Carbon Nano Particles.” Journal of Chemical, Biological and
Physical Sciences Section A 3(2):901-5.

Reinecke, Frank, Torsten Groth, Klaus Peter Heise, Winfried Joentgen, Nikolaus Miuller, and
Alexander Steinbuchel. 2000. “Isolation and Characterization of an Achromobacter Xylosoxidans
Strain B3 and Other Bacteria Capable to Degrade the Synthetic Chelating Agent Iminodisuccinate.”
FEMS Microbiology Letters 188(1):41-46. doi: 10.1016/S0378-1097(00)00202-0.

Rulkens, W. H., R. Tichy, and J. T. .. Grotenhuis. 1998. “Remediation of Polluted Soil and Sediment:
Perspectives and Failure.” Wat. Sci. Tech. 37(8):27-35.

Safarikova, Mirka, Zdenka Maderova, and Ivo Safarik. 2009. “Ferrofluid Modified Saccharomyces
Cerevisiae Cells for Biocatalysis.” Food Research International 42(4):521-24. doi:
10.1016/j.foodres.2009.01.001.

May 2024 | 110



114)

115)

116)

117)

118)

119)

120)

121)

122)

123)

124)

125)

126)

127)

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

Salt, David E., Michael Blaylock, Nanda P. B. A. Kumar, Viatcheslav Dushenkov, Burt D. Ensley, llan
Chet, and llya Raskin. 1995. “Phytoremediation: A Novel Strategy for the Removal of Toxic Metals
from the Environment Using Plants.” Nature Biotechnology 13(5):468—74. doi: 10.1038/nbt0595-468.

Sarma, Hemen. 2011. “Metal Hyperaccumulation in Plants: A Review Focusing on Phytoremediation
Technology.” Journal of Environmental Science and Technology 4(2):118-38.

Selvi, Adikesavan, Aruliah Rajasekar, Jayaraman Theerthagiri, Azhagesan Ananthaselvam,
Kuppusamy Sathishkumar, Jagannathan Madhavan, and Pattanathu K. S. M. Rahman. 2019.
“Integrated Remediation Processes toward Heavy Metal Removal/Recovery from Various
Environments-A Review.” Frontiers in Environmental Science 7(May):439466.

Shen, Y. F., J. Tang, Z. H. Nie, Y. D. Wang, Y. Ren, and L. Zuo. 2009. “Preparation and Application
of Magnetic Fe304 Nanoparticles for Wastewater Purification.” Separation and Purification
Technology 68(3):312-19. doi: 10.1016/j.seppur.2009.05.020.

Sieghardt, H. 1990. “Heavy-Metal Uptake and Distribution in Silene Vulgaris and Minuartia Verna
Growing on Mining-Dump Material Containing Lead and Zinc.” Plant and Soil 123(1):107-11. doi:
10.1007/BF00009933.

Singh, A., and S. M. Prasad. 2015. “Remediation of Heavy Metal Contaminated Ecosystem: An
Overview on Technology Advancement.” International Journal of Environmental Science and
Technology 12(1):353-66. doi: 10.1007/s13762-014-0542-y.

Singh, Reena, Neetu Gautam, Anurag Mishra, and Rajiv Gupta. 2011. “Heavy Metals and Living
Systems: An Overview.” Indian Journal of Pharmacology 43(3):246. doi: 10.4103/0253-7613.81505.

Singh, Ritu, Virendra Misra, and Rp Singh. 2011. “Remediation of Cr (VI) Contaminated Soil by Zero-
Valent Iron Nanoparticles (NZVI) Entrapped in Calcium Alginate Beads.” Ipcbee.Net 4(July
2015):162-65. doi: 10.13140/2.1.3293.6969.

Sitarska, Magdalena, Teodora Traczewska, and Viktoriya Filyarovskaya. 2016. “Removal of Mercury
(I) from the Aquatic Environment by Phytoremediation.” Desalination and Water Treatment
57(3):1515-24. doi: 10.1080/19443994.2015.1043492.

Son, Younggyu, Jihoon Cha, Myunghee Lim, Muthpandian Ashokkumar, and Jeehyeong Khim.
2011. “Comparison of Ultrasonic and Conventional Mechanical Soil-Washing Processes for Diesel-
Contaminated Sand.” Industrial and Engineering Chemistry Research 50(4):2400-2407. doi:
10.1021/ie1016688.

Sousa, Carolina, Angel Cebolla, and Victor de Lorenzo. 1996. “Enhanced Metalloadsorption of
Bacterial Cells Displaying Poly-His Peptides.” Nat Biotechnol 14(8):1017—20. doi: 10.1038/nbt0896-
1017.

Srinath, T., T. Verma, P. W. Ramteke, and S. K. Garg. 2002. “Chromium (VI) Biosorption and
Bioaccumulation by Chromate Resistant Bacteria.” Chemosphere 48(4):427-35. doi:
10.1016/S0045-6535(02)00089-9.

Su, D. C., and J. W. C. Wong. 2004. “Chemical Speciation and Phytoavailability of Zn, Cu, Ni and
Cd in Soil Amended with Fly Ash-Stabilized Sewage Sludge.” Environment International 29(7):895—
900. doi: 10.1016/S0160-4120(03)00052-7.

Subhan, Mohmmad. 2011. “Study To Adsorbent of Rice Husk & Saw Dust ( Agriculture Waste &
Timber Waste ).” (1).

May 2024 | 111



128)

129)

130)

131)

132)

133)

134)

135)

136)

137)

138)

139)

140)

141)

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

Sun, Yan, Jirong Lan, Yaguang Du, Zhuang Li, Xi Liao, Dongyun Du, Hengpeng Ye, Tian C. Zhang,
and Shaohua Chen. 2020. “Efficient Removal of Heavy Metals by Synergistic Actions of
Microorganisms and Waste Molasses.” Bioresource Technology 302. doi:
10.1016/j.biortech.2020.122797.

Tahmasbian, I., and A. A. Safari Sinegani. 2014. “Chelate-Assisted Phytoextraction of Cadmium from
a Mine Soil by Negatively Charged Sunflower.” International Journal of Environmental Science and
Technology 11(3):695-702. doi: 10.1007/s13762-013-0394-x.

Tandy, Susan, Karin Bossart, Roland Mueller, Jens Ritschel, Lukas Hauser, Rainer Schulin, and
Bernd Nowack. 2004. “Extraction of Heavy Metals from Soils Using Biodegradable Chelating
Agents.” Environmental Science and Technology 38(3):937—44. doi: 10.1021/es0348750.

Tchounwou, Paul B., Clement G. Yedjou, Anita K. Patlolla, and Dwayne J. Sutton. 2012. “Heavy
Metal Toxicity and the Environment.” EXS 101:133-64.

Thakur, Sveta, Lakhveer Singh, Zularisam Ab Wahid, Muhammad Faisal Siddiqui, Samson Mekbib
Atnaw, and Mohd Fadhil Md Din. 2016. “Plant-Driven Removal of Heavy Metals from Soil: Uptake,
Translocation, Tolerance Mechanism, Challenges, and Future Perspectives.” Environmental
Monitoring and Assessment 188(4):1-11. doi: 10.1007/S10661-016-5211-9/METRICS.

Tovar-Gémez, Rigoberto, Ma del Rosario Moreno-Virgen, Jaime Moreno-Pérez, Adrian Bonilla-
Petriciolet, Virginia Herndndez-Montoya, and Carlos J. Duran-Valle. 2015. “Analysis of Synergistic
and Antagonistic Adsorption of Heavy Metals and Acid Blue 25 on Activated Carbon from Ternary
Systems.” Chemical Engineering Research and Design 93:755-72. doi:
10.1016/j.cherd.2014.07.012.

Tovar-Sanchez, Efrain, Isela Hernandez-Plata, Miguel Santoyo Martinez, Leticia Valencia-Cuevas,
and Patricia Mussali Galante. 2018. “Heavy Metal Pollution as a Biodiversity Threat.” in Heavy
Metals. IntechOpen.

USEPA. 2018. “4-5 Electrokinetic Separation.” Remediation Technologies Screening MAtrix and
Referene Guide, Vesion 4.

Uslu, Gilsad, and Mehtap Tanyol. 2006. “Equilibrium and Thermodynamic Parameters of Single and
Binary Mixture Biosorption of Lead (ll) and Copper (II) lons onto Pseudomonas Putida: Effect of
Temperature.” Journal of Hazardous Materials 135(1-3):87—-93. doi: 10.1016/j.jhazmat.2005.11.029.

Uzel, Atac, and Guven Ozdemir. 2009. “Metal Biosorption Capacity of the Organic Solvent Tolerant
Pseudomonas  Fluorescens TEMO08.” Bioresource Technology 100(2):542-48. doi:
10.1016/j.biortech.2008.06.032.

Veschasit, Oning, Shettapong Meksumpun, and Charumas Meksumpun. 2012. “Heavy Metals
Contamination in Water and Aquatic Plants in the Tha Chin River, Thailand.” Kasetsart Journal -
Natural Science 46(6):931-43.

Walker, David J., Rafael Clemente, Asuncion Roig, and M. Pilar Bernal. 2003. “The Effects of Soil
Amendments on Heavy Metal Bioavailability in Two Contaminated Mediterranean Soils.”
Environmental Pollution 122(2):303-12. doi: 10.1016/S0269-7491(02)00287-7.

Wan Ngah, W. S., and M. A. K. M. Hanafiah. 2008. “Removal of Heavy Metal lons from Wastewater
by Chemically Modified Plant Wastes as Adsorbents: A Review.” Bioresource Technology
99(10):3935-48.

Wani, Parvaze Ahmad, Md. Saghir Khan, and Almas Zaidi. 2008. “Effect of Metal-Tolerant Plant
Growth-Promoting Rhizobium on the Performance of Pea Grown in Metal-Amended Soil.” Archives
of Environmental Contamination and Toxicology 55(1):33-42. doi: 10.1007/s00244-007-9097-y.

May 2024 | 112



142)

143)

144)

145)

146)

147)

148)

149)

150)

151)

152)

Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 67 Issue 05 | 2024

DOI: 10.5281/zen0do.11257296

Wei, Xin, Yang Liu, Lin Shen, Zhanhui Lu, Yuejie Ai, and Xiangke Wang. 2024. “Machine Learning
Insights in Predicting Heavy Metals Interaction with Biochar.” Biochar 6(1):1-11.

Wu, Juai, and Fangzhou Zhao. 2023. “Machine Learning: An Effective Technical Method for Future
Use in Assessing the Effectiveness of Phosphorus-Dissolving Microbial Agroremediation.” Frontiers
in Bioengineering and Biotechnology 11:1189166. doi: 10.3389/fhioe.2023.1189166.

Wuana, Raymond A., and Felix E. Okieimen. 2011. “Heavy Metals in Contaminated Soils: A Review
of Sources, Chemistry, Risks and Best Available Strategies for Remediation.” ISRN Ecology 2011:1—
20. doi: 10.5402/2011/402647.

Xiong, W., Y. S. Zhou, M. Mahjouri-Samani, W. Q. Yang, K. J. Yi, X. N. He, S. H. Liou, and Y. F. Lu.
2009. “Self-Aligned Growth of Single-Walled Carbon Nanotubes Using Optical near-Field Effects.”
Nanotechnology 20(2):025601. doi: 10.1088/0957-4484/20/2/025601.

Yin, Kun, Qiaoning Wang, Min Lv, and Lingxin Chen. 2019. “Microorganism Remediation Strategies
towards Heavy Metals.” Chemical Engineering Journal 360:1553—-63.

Yu, Jin-Gang, Xiu-Hui Zhao, Lin-Yan Yu, Fei-Peng Jiao, Jian-Hui Jiang, and Xiao-Qing Chen. 2014.
“‘Removal, Recovery and Enrichment of Metals from Aqueous Solutions Using Carbon Nanotubes.”
Journal of Radioanalytical and Nuclear Chemistry 299(3):1155-63. doi: 10.1007/s10967-013-2818-
y.

Zeng, Xiangfeng, Shuhe Wei, Lina Sun, David A. Jacques, Jiaxi Tang, Meihua Lian, Zhanhua Ji, Jun
Wang, Jianyu Zhu, and Zixiang Xu. 2015. “Bioleaching of Heavy Metals from Contaminated
Sediments by the Aspergillus Niger Strain SY1.” Journal of Soils and Sediments 15(4):1029-38. doi:
10.1007/s11368-015-1076-8.

Zhang, Jian, Feng Chen, Ruiyu Zou, Jianjun Liao, Yonghui Zhang, Zeyu Zhu, Xinyue Yan, Zhiwen
Jiang, and Fangzhou Tan. 2023. “A CNN-Based Method for Heavy-Metal lon Detection.” Applied
Sciences (Switzerland) 13(7):4520. doi: 10.3390/app13074520.

Zhuang, Xuliang, Jian Chen, Hojae Shim, and Zhihui Bai. 2007. “New Advances in Plant Growth-
Promoting Rhizobacteria for Bioremediation.” Environment International 33(3):406-13.

Ziagova, M., G. Dimitriadis, D. Aslanidou, X. Papaioannou, E. Litopoulou Tzannetaki, and M.
Liakopoulou-Kyriakides. 2007. “Comparative Study of Cd(ll) and Cr(VI) Biosorption on
Staphylococcus Xylosus and Pseudomonas Sp. in Single and Binary Mixtures.” Bioresource
Technology 98(15):2859-65. doi: 10.1016/j.biortech.2006.09.043.

Zwolak, Aneta, Magdalena Sarzynska, Ewa Szpyrka, and Kinga Stawarczyk. 2019. “Sources of Soll
Pollution by Heavy Metals and Their Accumulation in Vegetables: A Review.” Water, Air, and Soil
Pollution 230(7).

May 2024 | 113



