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Abstract: Environmental pollution has become a pressing concern worldwide due to the accumulation
of pollutants from industries and agricultural sectors in soil and water environments. Heavy metals
pose severe hazards to the environment, plants, and human health. Consequently, an eco-friendly
technique is needed to combat environmental pollutants. Vermibiochar, a product prepared through
the combined action of earthworms and biochar, demonstrates great potential in reducing heavy
metal concentrations in contaminated soil. Its large surface area and high cation exchange capacity
enhance the sorption of contaminants onto the vermibiochar surface, reducing their bioavailability.
This review highlights the roles played by earthworms and biochar in heavy metal detoxification
and immobilization. It discusses the current methods of remediation, vermibiochar production,
its effects on soil properties and plant growth, and biochar’s impact on earthworm growth and
reproduction. The studies reviewed suggest that vermibiochar is a novel strategy for addressing
heavy metal contamination.
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1. Introduction

Soil contamination is a significant environmental issue originating from either lithogenic
(natural processes, such as weathering) or anthropogenic (human) activities [1]. Organic
and inorganic toxins released into the soil through immediate or secondary exposure
can cause toxic effects on plants and the environment leading to severe environmental
risks [2,3]. Anthropogenic activities responsible for soil contamination include atmospheric
deposition (gasoline combustion, smelting, industrial activities), extensive use of chemicals
(pesticides, fertilizers), and land application of waste materials (animal manure, sewage
sludge) [4]. Moreover, these contaminants are transferred from the pedosphere to the
biosphere and hydrosphere, affecting human health and ecosystems. Heavy metal (HMs)
contamination is a major environmental concern among soil contaminants, and its mit-
igation is urgently needed. HMs, even at lower concentrations, can affect the immune
and nervous systems, causing various problems such as lung cancer, and liver and kidney
issues, due to their ability to form relatively stable and toxic coordination and organometal-
lic compounds [5–10]. Currently, industries release considerable concentrations of HMs.
Reports indicate that in recent decades, significant amounts of Cd (≈2.2 × 104 metric tons),
Cu (≈9.4 × 105 metric tons), Pb (≈7.4 × 105 metric tons), and Zn (≈ 3.5 × 105 metric
tons) have been released into water and soil, leading to reduced soil fertility [11] and
consequently slowing the plant growth due to impaired nutrient transport and metabolic
processes [12–14]. Numerous studies show that plant responses to heavy metal toxicity
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involve complex mechanisms at physiological, biochemical, cellular, and molecular levels.
Recent technological advancements have helped identify stress-inducible proteins, tran-
scription factors, and metabolites involved in HM tolerance [15–18]. Different techniques
are currently in use to remediate soil contaminated with heavy metals. For the remediation
of industrial wastewater, plant-based activated carbon has been found effective in HM
sequestration. The corncob and groundnut husk-based activated carbons were observed to
have optimum adsorption capacities for Cr, Cu and Zn [19]. However, there are limitations
on the use of these adsorbents for the removal of all metal ions from wastewater as one
type of absorbent is effective for specific metal ions, thus making the remediation method
ineffective. Similarly, the use of nanoporous materials such as metal-organic frameworks
(MOFs) has gained utmost attention for their ability to adsorb metal ions from polluted
water. The Co(II)-based phosphonate MOFs showed excellent adsorption capacity in the
removal of Cr(VI) [20] and Cd ions from polluted water. Some metal terminals in MOFs are
expensive and, in a few cases, poisonous, which increases the production cost and harms
the environment. The instability of MOFs and metal ion leakage into the water result in
secondary pollution that poses serious threats to the environment and public health [21].
Correspondingly, chitosan is also used as an adsorbent for contaminants due to its high
adsorption potential and low cost. Chitosan is abundant with amino and hydroxyl groups
that can bind metal ions. However, it is sensitive to pH and has low mechanical strength
and thermal stability, which limits its application in the remediation process [22]. Similarly,
for the treatment of acid mine drainage (AMD) water, there are several chemical processes,
but none of them have been capable of solving the problem completely and are very costly,
and their by-products might be harmful for living organisms [23].

Consequently, there is a need to adopt eco-friendly techniques to address heavy metal
contamination. Recent research emphasizes bioremediation techniques, such as microbial
remediation and phytoremediation. However, these methods have some drawbacks, as
factors such as pH, temperature, and soil nutrient types can alter heavy metal contamination
patterns. Additionally, microbes possess limited binding sites and generally exhibit low
absorption capacities. Studies on using animals in HM remediation are scarce, and only
a few reports provide comparative analyses of plant, microbial and animal remediation.
Nevertheless, the use of earthworms in metal detoxification garners increased interest,
and they have been employed as indicators of soil contamination [24,25]. Earthworms,
during vermicomposting, modify the soil properties by ingestion, excretion, and mixing
organic matter (OM) in the soil, which enhances fertility by converting mineral nutrients
into plant-available forms [26]. In addition, recent research has revealed that earthworms
affect HMs and their availability in soil [27].

Biochar is a carbonaceous substance produced by the thermochemical transformation
of organic material in an anaerobic environment at relatively low temperatures (below
700 ◦C) [28]. While it is recognized as a means of carbon sequestration, its primary appli-
cation lies in environmental remediation. For instance, it can be used to improve soil and
water quality, serve as a contaminant sorbent, remediate polluted soil, act as a fertilizer
component, and function as an additive in composting [29–32]. Biochar binds with HMs
through precipitation, electrostatic binding, complexation, and ion exchange processes [33].
In the past two decades, there has been an increase in the number of studies exploring
biochar’s potential for adsorbing contaminants [34]. The sorption of pollutants to biochar is
linked to processes that regulate the concentration of organic toxins in contaminated soils.
The large surface area of biochar regulates its interactions with soil, and the adsorption
of contaminants in soil is significantly influenced by factors such as feedstock material,
production conditions, and temperature [35]. The decomposition time of biochar in soil
varies with pyrolysis temperature and nature of the substrate. Wood biochar (pyrolysis tem-
perature: 550 ◦C) is highly stable in soil, with a mean lifetime of more than 1000 years [36].
The adsorption capacity of aged biochar for Cd2+ and Pb2+ is enhanced due to oxygen-
containing functional groups and the specific surface area of biochar. However, the stability
of aged biochar to immobilized metals is considerably reduced [37].
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Among biological techniques aimed at improving contaminated soils, the application
of earthworms in combination with biochar has emerged as an environmentally friendly
approach [38]. Studies have shown that certain enzymes, such as alkaline phosphatase,
catalase, and superoxide dismutase, which are secreted by earthworms’ guts and other
symbionts, can bind to biochar flakes in the presence of earthworm mucus. Therefore,
earthworms and biochar (organic matter + biochar + earthworms) can be used in vermicom-
posting processes (conversion of organic materials into fertilizer by earthworms), resulting
in the formation of enzyme-coated vermibiochar. At present, combined investigations
(biochar + earthworms) are not extensively addressed. According to available literature,
earthworms consume organic substrate with biochar and release vermibiochar, which con-
tains high molecular weight ligands that can be employed to remediate HM-contaminated
soils [39].

This review focuses on (i) HM contamination and potential risks to soil, water, and
plants, (ii) the effective role of earthworms and biochar in HM immobilization, and
(iii) earthworms’ response to biochar amendment. Additionally, it highlights the future
perspectives for using this novel method to reduce HM contamination. This review fo-
cuses on the heavy metal’s remediation of agricultural land, not considering specifically
radionuclides.

2. Sources of Heavy Metals in Agricultural Land

Heavy metals occur in the ecosystem at varying concentrations. Human activities have
contributed to the massive introduction of HMs into the environment. HMs, such as Mn, Fe,
Co, Cu and Zn, are considered essential microelements when present in small amounts, but
exert negative impacts at higher concentrations [40]. HMs in agricultural land from human-
based activities are generally more bioavailable than those from lithogenic and pedogenic
activities [41]. Metal-containing soil from polluted areas can originate from human-based
sources such as metal mine tailings, the accumulation of metal-bearing wastes into landfill
sites, fertilizers, petrochemicals, and coal combustion [42]. The use of phosphatic fertilizers
accidentally introduces Fe, Cd, Hg and Pb into agricultural land [43]. Many pesticides
add HMs to soil; for example, applying a copper oxychloride and Bordeaux mixture
(copper sulfate) to control diseases in plants adds these metals to the agroecosystem [44].
Herbicides such as Ordram and Saturn-G, which are used to control crop weeds, contain
higher concentrations of Mn, Fe, Ni, Zn and Pb [45].

HMs such as Cu and Zn are added to biosolids to promote growth in pig farming,
while As is added to health products for the poultry industry [46]. HMs are released from
the waste of various industrial processes, as summarized in Figure 1, and induce toxicity
through environmental accumulation.

Soil contamination by HMs is site-dependent, resulting in high variability of average
HM concentrations in different countries, as shown in Table 1. The root cause of this
contamination is the rapid pace of industrialization and urbanization, especially in de-
veloping countries with higher populations [47]. Developed countries such as the USA,
Belgium, and England release HM-polluted sludge that could be toxic to plant and animal
health [48]. Some countries, including India, China, Brazil, and Russia, use animal dung
as a soil amendment to improve crop production, which can lead to HM accumulation
in agricultural land. Local industrial activities, laws, and practices strongly influence
these aspects.
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Pakistan - 3.9 - 8.8 12.9 56.7 - 0.8 36.5 [59] 
India 82.7 10,344 8.5 92.9 48.7 76.2 14.8 1.6 15.7 [60] 

Australia 0.6 - - 2.9 13 20 0.7–62.5 0.15 11.5 [61,62] 
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Table 1. Averaged heavy metal concentration (ppm) in the soil of different countries.

Country Heavy Metal Concentrations (ppm) in Contaminated Soil
Cr Fe Co Ni Cu Zn As Cd Pb References

USA 13.83 - - 0.7–269 0.6–495 3–264 5.14 0.30 95.82 [49,50]
Turkey 342 68,200 86.4 755 647 529 89.8 - - [51]

Germany 76.7 - 11.8 0.5 28.6 123.3 - 0.60 41.6 [52]
France 58.5 - 16.3 37.1 116.6 3677 19.0 18.8 1023 [53]
Italy 34 - 5.2 17.8 63 138 - 0.68 202 [54]

Malaysia 0.1 6.6 0.2 - 0.77–1.03 6.90–9.90 9.38–57.05 0.05–0.08 8.8–10.84 [55–57]
China 40 - - 33.65 46.98 119.82 20.49 0.44 43.85 [58]

Pakistan - 3.9 - 8.8 12.9 56.7 - 0.8 36.5 [59]
India 82.7 10,344 8.5 92.9 48.7 76.2 14.8 1.6 15.7 [60]

Australia 0.6 - - 2.9 13 20 0.7–62.5 0.15 11.5 [61,62]

2.1. Potential Risks from Heavy Metals in Soil, Plants, and Aquatic Ecosystems

Soil pollution by HMs is primarily due to Cr, Fe, Ni, Cu, Zn, As, Cd, and Pb accu-
mulation. Certain minerals (HMs), such as Zn, Fe, Ca, Cu, and Mg, are essential and are
recommended in human diets due to their positive impact on health. However, ensuring
that their concentrations remain within safe and permitted levels is important. In compari-
son, other HMs (e.g., As, Cd, Hg and Pb) have no biological importance for human health
and can produce noxious effects even in minute quantities [63]. These HMs harm soil mi-
crobial activity, population, and composition [64]. HMs also show detrimental and severe
effects on plants’ growth, development, and yield capacity. HMs cause oxidative stress,
damage cells, inhibit the bioavailability of essential micronutrients, and disrupt photosyn-
thetic activities [65]. Agrochemicals containing HMs can enter the aquatic environment
through leaching and surface runoff, harming the aquatic environment.

2.1.1. Impact on Soil Ecology

HM-contaminated soil is deemed a “chemical time bomb” that may initiate severe
ecological damage. Soil contamination due to HMs is an alarming situation in industrial
zones worldwide. Pollution triggered by HMs affects soil fertility and modifies microbial
flora size and diversity. HMs such as Cr, Cu As, and Cd have an enormous impact on
clay content, organic matter, pH, and soil biochemistry. The accumulation of some HMs
in the soil has a detrimental impact on microbial growth [66]. Soil microbes are effective
in biochemical reactions to maintain soil quality, organic matter formation and decompo-
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sition, soil structure formation, detoxifying toxic elements, and controlling pests. Many
investigations have shown that HM-contaminated soil is conducive to CO2 release, thus
inhibiting soil microbial activity and soil respiration, and threatening the soil ecosystem.
Cr(VI) is a powerful oxidizing agent, thus extremely toxic [67]. It is known to modify the
structure of communities of microorganisms, and it is recognized to have severe impacts
on cell metabolism at higher intensities [68]. The primary effect of HMs is the disruption of
populations of bacteria, fungi, and actinomycetes. In contaminated soil, bacterial diversity
and biomass are reduced, but the proportion of actinomycetes grows [69]. The more organic
carbon in contaminated soil, the poorer the ability of microbial populations to mineralize
organically, which can hint at HMs toxification on microbial communities.

Along with microbes, soil enzymes are also influenced by numerous HMs due to
their chemical attraction in the soil system [70]. HMs hinder enzyme reactions by forming
complexes with substrates, attaching protein groups to the enzymes, and reacting with
enzyme–substrate complexes [71]. Cd2+ binds with the sulfhydryl group of enzymes and
impedes or deactivates the enzyme’s activity [72]. As ion inactivates the enzymes by
forming arsenic sulfide [73]. Pb is less noxious to enzymes due to its binding with soil
colloids. It reduces urease, invertase, and catalase, whereas As inhibits phosphatase and
sulfatase. Cr harms the alkaline phosphatase, urease, and protease activity. A higher
concentration of Zn (>25 ppm in soil) shows a noxious effect on microbial biomass and
several types of flora [74]. The schematic description of heavy metals’ impact on the soil
microbes and enzymes is shown in Figure 2.
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2.1.2. Impact on Plants

Heavy metals such as As, Cd, Hg, Pb, and Se have no function in plant physiology and
are thus unnecessary for plant growth. On the other hand, metals such as Fe, Cu and Zn
are important for plant metabolism and growth; however, when their concentrations rise
above the recommended limits, they can lead to toxicity [75,76]. Several studies elaborated
on different mechanisms involved in the induction of heavy metal toxicity in plants [77,78].
Among these, oxidative stress represents the main physiological damage to plants caused
by heavy metals (Figure 3).
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Cd and Pb at their higher concentrations.

Cd is a very mobile element in soil and is freely transported through the plant, circu-
lating in all its organs [79–81]. In addition to its effects on water balance, Cd influences
plants’ absorption, transport, and use of various elements (P, K, Ca, Mg) [82]. At higher
concentrations, plants show destructive symptoms such as growth inhibition, chlorosis,
and root browning, ultimately leading to death [83,84]. Pb affects the plant morphology,
germination, seedling growth, mineral nutrition, water content, and enzymatic activities
within the plants [85,86]. Pb reacts with the sulfhydryl group, which causes inhibition of
enzymatic activity and reactive oxygen species (ROS) production, resulting in oxidative
stress [87]. As inhibits root proliferation, biomass production, and metabolic processes,
and exacerbates the plant reproductive ability [88,89]. Higher concentrations of As(III) and
As(V) stimulate ROS in plants [90]. Its toxicity boosts lipid peroxidation and harms cellular
membranes due to electrolyte outflow [91]. As toxicity decreases nodule formation in roots,
it causes wilting and necrosis of leaves.

Zn is an indispensable element and performs a vital role in the biosynthesis of auxins,
enzymes, and other proteins. However, its higher concentration can cause oxidative dam-
age, chlorosis at an earlier stage of plant growth, and changes in metabolic processes. Fe is
a key element in the plant life cycle; however, its surplus accumulation can cause an oxida-
tive burst, which damages thylakoid membrane energization, decreasing photosystem-II
efficacy, enzyme activity, and protein synthesis [92–94]. The toxicity of Cu largely affects
the growth and morphology of roots, as it accumulates in root tissues. Excessive quantities
of Cu threaten membrane integrity, photosynthesis, and growth retardation in plants [95].

2.1.3. Impact on Aquatic Ecosystem

Large amounts of HMs move into the aquatic ecosystem through several sources, such
as erosion from mines, wind, volcanic activity, and groundwater. Other sources of aquatic
environment contamination include ore mining industries, which empty huge amounts of
HMs into the aquatic system during mining activities. Aquatic environment pollution by
drainage water coming from sulfur-containing rocks is referred to as acid mine drainage
(AMD). AMD water might be contaminated with HMs present in the adjacent environment,
which become soluble at lower pH and enter the water bodies [23].

The pH of drained water is marginally acidic, increasing the solubility of metal com-
pounds. Nevertheless, HMs are not usually naturally removed, remaining in the ecosystem
for a long time [96]. Water pollution disturbs the balance of aquatic ecosystems, thus
reducing the population of marine creatures due to the magnitude of HMs [97]. The pollu-
tants in aquatic environments remain insoluble/suspended in the water and/or taken by
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marine organisms [98]. The acidity and toxicity of HMs in drainage water makes it unfit
for consumption. HMs accumulate in aquatic fauna, such as fish, through their body, gills,
and digestive tract. However, the immediate uptake of metals is done by the gills [99].
These metals alter the activities of metabolites and enzymes, causing physiological and
biochemical changes in fish. The presence of metals in the kidney, gills, and liver of fish
causes skeletal lesions and functional disorders [100]. Zn contamination has a dispiriting
impact on respiration, leading to hypoxia, which results in death. Excess Cr has noxious
effects on blood changes, such as bronchial lesions and anemia. Hg causes neurotoxicity
in fish by damaging the brain and causing congenital deformations. HMs bioaccumulate
in the human body and can cause cramps, hypertension, and renal damage. HMs can be
vitally dangerous to humans because of their cancerous effect and oxidative deterioration
of macromolecules.

3. Existing Methods of HMs Contaminated Soil Remediation

Among various remediation technologies used for removing metal contamination in
soil, in situ techniques are considered more effective than ex situ processes [101]. In situ
remediation of polluted soil consists of physical (e.g., activated carbon, clay, and zeolite),
chemical (e.g., hydrolysis reaction and ionization) and biological (e.g., bioremediation,
compost addition, phytoremediation and bioaugmentation) [102]. However, many of these
techniques are not frequently used on agricultural land due to soil erosion, leaching, high
environmental hazards, and high costs [103,104]. Physio-chemical remediation methods
such as washing, electrokinetic remediation, nanomaterial remediation, surface caping
and solidification require less time, but they affect soil ecosystems. Biological techniques,
however, are highly feasible and promising opportunities at a large scale but have some
downsides regarding the time needed to complete the removal of pollutants from soil
and metals’ toxicity to microorganisms [105]. Among these methods, bioremediation and
bioaugmentation are considered feasible techniques for the remediation of the affected
soil [100]. Bioremediation carried out by microorganisms (microbial remediation) depends
on the metabolic ability of microbes [106]. It can also be attained using plants that bind,
isolate, and remediate soil from environmental contaminants (phytoremediation) [107].
Microbes and plants from polluted soil having bioremediation capacity can be artificially
improved. The eventual aim of bioremediation is the reuse of soil by immobilization
and/or transformation of pollutants into less toxic forms. The organisms with the abilities
of noxiousness resistance, metals immobilization, adsorption, and degradation of pesticides
are responsible for the redress of HMs and pesticide-contaminated soil [108,109]. The
biodegradation and biotransformation process by actinobacteria is useful for the removal
of lindane and reduction of Cr(VI) to Cr(III), respectively [110]. Microbial remediation is
used to alleviate soil contamination with HMs except for Cr(VI) and pesticides. Numerous
plants can mitigate HM- and pesticide-polluted soil such as Medicago sativa, Spinacia oleracea,
and Lolium perenne [111,112]. However, phytoremediation is sometimes not as effective as
expected. The growth of Lupinus luteus is inhibited and endophytes do not colonize plants
with HMs-contaminated landfill soil even at the lowest pollution [113]. The collapse of
phytoremediation is primarily due to the combined stress caused by organic contaminants
and HMs. This combined stress may reduce plant growth, biomass, inadequate uptake,
and transfer of contaminants by plants, changes in rhizosphere microbes’ activity and
population, and failure of colonization of endophytic bacteria. Moreover, the soil properties,
plant species, plant growth stage during phytoremediation and trial conditions also affect
phytoremediation.

Among biological remediation techniques, bioaugmentation seems to be the most
auspicious way to detoxify heavy metals by adding local and exogenic microbes that
can endure and diminish the toxicity of HMs [114]. Local microbes are separated from
polluted soil and injected back into that corresponding polluted soil after multiplication,
whereas exogenous microorganisms are separated from fertile soil and inoculated into
contaminated soil [115–117]. Bioaugmentation depends upon the improvement of the
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catabolic ability of soil microbes for the contaminant’s degradation. Further, genetically
modified microorganisms, which exhibit the degradation capability of toxic pollutants, are
potent in bioaugmentation. The selection of microbial strains for bioaugmentation should
have the ability to grow faster, be easy to cultivate, have a high potential for degradation,
and be able to live in a broad range of environmental conditions [118]. Several processes
involved in this technique are bio-chelation, biomineralization, biotransformation and
biodigestion [119]. However, the bioaugmentation method has several limitations to use
for the detoxification of large-scale contaminated soil. Separation of HMs from large-
scale contaminated soil by centrifugation is not feasible due to the unavailability of large
centrifugation equipment, high energy consumption and time-consuming processes. The
separation efficiency of HMs and clean soil report is currently limited, for instance, only
5.5% of stable HMs can be retrieved by bioaugmentation of aluminum-polluted soil [120].

Combined remediation technologies could be excellent alternative approaches for
detoxifying HMs and organic pollutants. These refer to the combined application of two
or more remediation techniques to accomplish contaminants remediation and enhance
the remediation rate. For example, plant-microbe remediation is extensively used as
a combined bioremediation technique for contaminated soil bioremediation. However,
its efficiency is also affected by many factors: soil physicochemical properties (pH, EC,
water retention), interactions with plant microbes, species of plants, type of contaminants
and bioavailability potential of microbes. Unfortunately, this approach is not generally
applicable to soil polluted with bio-resistant molecules, as in the case of Polycyclic Aromatic
Hydrocarbons (PAH). PAH is firmly attached to the soil organic matter, and their low
bioavailability constitutes the main limitation of this technique [121]. In this scenario, the
addition of biochar could offer synergistic options improving the soil remediation efficiency
due to its peculiar physio-chemical properties, enhancing both the physical adsorption of
PAH and active soil microbial population [122].

4. Vermibiochar as Bio-Conditioner to Immobilize Heavy Metals

As detailed above, the combined remediation methods are limited to cultured and/or
natural microbial strains and plants. However, the combined remediation with the use of
effective biological vectors for microbes, such as earthworms with biochar activation, has
not been investigated much. Earthworms have a great influence on soil microbiota. Vermi-
composting and drilosphere (soil under the impact of worms) are two environments with
high populations and a diversity of microorganisms and exoenzyme production [123–125].
Various earthworm species, such as Eisenia fetida, Eudrilus eugeniae, Eisenia Andrei and
Lumbricus rubellus have been assessed for their potential application in vermicomposting
processes. However, the most frequently used species in vermi-technology is E. fetida.
Earthworms can alter the metal concentrations in soil by accumulating them in their tis-
sues [126], thus reducing their presence in the food chain. The HMs biotransformation and
detoxification ability of earthworms is due to the influence of gut microflora, chloragocyte
cells, enzymes, and active metabolic system [127]. This mutual action of earthworms and
microbes confirms the effectiveness of vermi-technology for diminishing the genotoxicity
of wastes. It is also noted that the alteration in dissolved organic carbon (DOC) in the
soil solution can overwhelm the availability of metals by forming complexes with met-
als [128,129]. During the activity of earthworms, humic acid is produced. This can increase
the HMs availability to plants by forming organo-metal complexes [130]. A considerable
correlation has been observed between the effect of earthworms boosting DOC and metals
concentration (Cr, Co, Ni, Cu, Cd, and Pb) [131]. The specific site of metal absorption in
earthworms is chloragogenous tissue encircling the dorsal alimentary canal. Two pathways
exist in this tissue for the binding of heavy metals. Pathway-1 is involved in the binding of
metals in chloragosomes (non-soluble phosphate-rich chloragocytes granules). Pathway-1
is considered to sequester Zn and Pb in an insoluble form by replacing Ca, thus immo-
bilizing the metals in toxic concentrations [132]. Pathway-2 involves the metal binding
to cadmosome (cysteine-rich protein, such as metallothionein in mammals, enclosed in
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vesicular organelle) [133,134] as explained in Figure 4. Pathway-2 is deemed as a distinct
function reliant on metal concentration in soil.
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Figure 4. Mechanism of metal accumulation in chloragogenous tissue of earthworms. Pathway-1
sequesters Zn and Pb in an insoluble form in toxic concentrations, while Pathway-2 involves the
metals Zn and Cd binding to cadmosomes, similar to metallothionein in mammals.

Two variants of metallothionein protein, wMT-1 and wMT-2, have been identified in
earthworms and are induced when they are exposed to any stress, such as contaminants.
The former variant (wMT-1) acts as a transporter for essential metals in non-toxic concentra-
tions, while the latter helps to immobilize Zn and Cd in high concentrations [132]. The HMs
in the polluted waste materials may cause toxicity in earthworms, as they cannot survive
in high concentrations of HMs. The LC50 (the concentration of HMs in waste material
that kills 50% of earthworms) of different metals is shown in Table 2. Therefore, a bulking
agent, such as biochar, can be used to immobilize metals in waste materials. Moreover,
the immobilizing potential can be enhanced through the bioactivation of bulking agents,
such as biochar, due to the binding of exoenzymes on the biochar surface [135]. Adding
such bulking agents can have a constructive effect during vermicomposting process. The
mobility and bioavailability of metal elements are reduced when fly ash and phosphoric
rock are added to sewage sludge vermicomposting [136].

Table 2. LC50 values of various heavy metals on earthworms.

Heavy Metal LC50 of Metals on Earthworms
(mg kg−1) Reference

Cu 400–450

[137]
Zn 1500–1900
Cd 900
Pb 2350–2400

Cr(III) 1656–1902
[138]Cr(VI) 222–257

Hg 170 [139]

HM bioavailability in sewage sludge is decreased by the addition of biochar during
vermicomposting [140], and a reduction in the degradation of OM is also observed [31].
Till now, little investigation has been made to demonstrate the effect of biochar addition
in vermicomposting, the earthworms’ response, and the final product quality. Previous
investigations have focused on the impact of biochar on earthworms’ growth and activity
in soil [141]. This review elaborates on the combined potential of earthworms and biochar
in the HMs detoxification process, as shown in Figure 5. Vermicompost containing biochar
as a constituent that is bioactivated during vermicomposting is termed vermibiochar [142].
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Biochar could be a valuable amendment in vermicomposting as it reduces ammo-
nia emissions [143], and nitrogen losses [144], and improves compost quality [145]. The
combined application of compost and biochar has excellent immobilizing potential for Pb
and Cu from the soil of copper mines [146]. The reduction in heavy metals’ bioavailability
after biochar addition to composted material can be due to physical sorption, precipi-
tation, and complex formation on the biochar surface [28,147]. Many studies indicated
that adding biochar during sewage sludge composting reduced the Ni, Cu, Zn and Pb
availability [148,149]. Phosphorus-rich biochar significantly reduced the available Pb con-
tents in metal-contaminated soil [150]. The available Cu concentration in soil is reduced up
to 29% with biochar application [151]. Soil amendment of rabbit manure-derived biochar re-
duced plant-available Cu in roots (38%) and shoots (82%) of Brassica napus [152]. Oenothera
picensis roots accumulated more Cu in the presence of biochar, and this might be due to
the complexation of Cu and biochar in soil [153]. Additionally, the Zn concentration in
biochar-corrected soil elute was strongly reduced from 270 µg/L to 10 µg/L, due to Zn
immobilization by irreversible adsorption of Zn on the biochar surface along with alkalin-
ization [154]. The joint action of biochar with earthworms increases Zn bioavailability [155].
Moreover, the addition of biochar in serpentine soil immobilizes Ni and decreases Ni
toxicity in tomato plants [156]. Biochar immobilizes Cd in soil by adsorption, complexation,
and ion exchange processes [157].

As described, modification of biochar during the pre-digestion phase of vermicom-
posting is effective for HMs immobilization in the final vermicompost [158] and boosts
vermicomposting efficiency [140]. The annexation of the biochar surface by microbes ex-
plains the synergistic effect of biochar for HM-reduction processes. Moreover, the presence
of earthworms in the decomposing vermicomposting process can offer further benefits,
particularly through the earthworms’ mucus, which contains amino acids, mucopolysac-
charides, and glycoproteins secreted by the gastrointestinal epithelial cells of worms. This
mucus assists in the movement of worms through the soil and in the transfer of consumed
materials through the worm’s digestive system [159–161]. Indeed, it has been proven that
the epidermis mucus of E. fetida can hasten the decomposition and humification of the
ingested material by the potential of modifying microbial communities [162]. The worm
gut secretes a wide variety of enzymes as catalysts that boost biochemical reactions [163].
Various studies elaborate that enzyme activity is at its peak during the first 2–3 weeks of
vermicomposting, then their activity is gradually reduced due to a decrease in the activity
of microbes and earthworms as vermicompost stabilizes [164]. In this perspective, the
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addition of amendments, such as biochar, boosts the stability of enzymes. The biochar
surface comprises binding sites and different functional groups that can occupy the en-
zymes during vermicomposting and become activated. The adsorption of enzymes to the
biochar surface depends on the type of enzymes, biochar, and substrate pH [165]. These
studies indicated that activated biochar adsorbed the metals in the contaminated soil, thus
reducing HM toxicity. The literature also indicated that the earthworms reduced HM
mobility and bioaccumulation in their tissues. The potential of vermicompost and biochar
in metal detoxification and their effect on vermibiochar properties are explained in Table 3.

Vermibiochar can adsorb several heavy metal ions and its adsorption depends on
the selection of biochar. Descriptively, the biochar prepared by dairy waste can eliminate
several HM ions such as Ni+2, Cu+2, Cd+2, Pb+2 [166] and Zn+2 [167]. The adsorption of
Cd+2 and Pb+2 increases during the vermicomposting of the cow manure process [168].
Vermibiochar produced from kitchen waste and sewage sludge mixed with pine tree, poplar
plant, wetland plant, and yard waste biochar significantly reduced the Cr (7.3–10.8%), Mn
(3.2–8.4%), Cu (3.1–7.4%), Zn (1.1–5.7%), Cd (0.2–5.1%) and Pb (9.0–45.9%) [169].

Vermibiochar contains several organic acids, such as humic acid, and enzymes that can
bind with heavy metal ions and improve soil and water quality. Indeed, biochar activation
through vermitechnology (vermibiochar) has developed a new role in industrial sludge and
wastewater treatment, as well as the remediation of agricultural land [36]. Vermibiochar
is a cost-effective method of heavy metal remediation compared to activated carbon and
MFOs due to its low production cost and environmentally friendly remediation. Moreover,
vermibiochar can replace all types of peat used in greenhouse production of horticultural
crops [142].

Table 3. Literature-reported efficiency of vermicomposting and biochar in detoxifying/immobilizing
heavy metals and their effects on plant growth.

Material Earthworm Specie Metal Detoxified

Metal Removal
Efficiency/Adsorption

Capacity and/or
Bioavailability Reduction

Physico-Chemical and
Plant Growth

Characteristics
Reference

BC + VC - Cd BC and VC reduced Cd
uptake by plant

Combined VC and BC
improved the

biochemical status of B.
integerrima

[170]

BC prepared
from SS E. fetida Cu, Zn Biochar immobilized Zn and

Cd for E. fetida

Biochar-amended
vermicompost proved an
excellent fertilizer with

pH of 5.27–5.61

[30]

SS + ST E. fetida Mn, Fe, Cu, Zn, Pb

Concentration reduction:
Cu (4.98–30.5%);
Fe (5.08–12.64%);
Mn (3.31–18.0%);
Zn (2.52–15.90%);
Pb (2.38–20.0%)

Decrease organic C
(4.8–12.7%) and
exchangeable K

(3.2–15.3%) content.
Increased total N

(5.9–25.1%), available P
(1.2–10.9%), exchangeable

Ca (2.3–10.9%) and
exchangeable Mg

(4.5–14.0%) contents

[171]

CS + CD Eudrilus eugeniae Cr, Zn, Cd, and Pb Heavy metal concentration
reduced by 50–60%

N and P availability was
significantly increased,
whereas pH, Ca, S, and

organic C reduced

[172]

Sewage sludge +
spent mushroom

compost
Lumbricus rubellus Cr, Cu, Zn Cd, Pb

90–98.7% removal of Cd, Cr,
and Pb, but Zn and Cu
concentrations slightly

increased, but it is
10–200-times below the EU

and USA biosolid
compost limits

Produced vermicompost
is good as a biofertilizer [173]



Sustainability 2023, 15, 9380 12 of 22

Table 3. Cont.

Material Earthworm Specie Metal Detoxified

Metal Removal
Efficiency/Adsorption

Capacity and/or
Bioavailability Reduction

Physico-Chemical and
Plant Growth

Characteristics
Reference

Soil leaching
with EDTA

Lumbricus rubellus,
E. fetida Zn, Pb

As consequence of E. fetida
digestion, the bioavailability

of Pb in casts was higher than
in soil.

- [174]

Spent pleurotus
sajor-caju compost
+ livestock manure

Lumbricus rubellus Cr, Cd, Pb 99.81% removal of Cr, Cd,
and Pb

C/N ratio of
vermicompost ranges
20.65–22.93 and it is a
valuable tool for soil

conditioner

[175]

Sewage sludge
vermicompost

Iranian and
Australian E. fetida Cr, Cu, Zn, Cd, Pb

Iranian species
bioaccumulated higher Cr,

Cu, Cd, Pb, and Zn. Whereas,
Australian species

accumulated more Cr, Cd,
and Pb

- [176]

Sewage sludge E. fetida, E. eugeniae,
P. excavatus Mn, Cu, Zn, Pb

Heavy metals amount
reduced below the
permissible limits

Reduced C/N ratio 25.6
to 6–9, TOC (25%) but
increased EC (47–51%),

total N (2.4–2.8 times), K
(45–71%), Ca (49–62%),
Na (62–82%) and total P

(TP) (1.5–1.8 times)

[177]

Sewage sludge +
fly ash (FA) +
phosphoric
rock (PR)

E. fetida Cu, Zn, As, Cd, Pb

Addition of 20% FA mitigates
the Cu and Zn toxicity,

whereas 20% PR addition
reduces the Pb, Cd, and

As toxicity

The total organic carbon
(TOC) and total metal
concentrations in the
mixtures decreased

[178]

Milk Processing
Industry Sludge E. fetida Cr, Mn, Cu, Pb

Metal concentration
reduction:

Cr (30.9–40.6%), Cu
(32.7–44.6%), Mn

(23.9–36.3%), Pb (32.6–42.9%)

Significant increase in
TKN (23–46%), and TAP
(39–47%), and a decrease

in pH (6.2–6.8%), EC
(24.6–37.2%), TOC

(16.8–37.9%), C/N ratio
(23.8–97.9%), TK

(26.6–40.6%), and Total
Na (31.3–53%)

[179]

Rice Straw Biochar - Cu

Adsorption capacity of
BC600 was higher

(Qm = 43.75 mg g−1) in Cu
concentration of 0~300 g kg−1

Reduced Cu uptake by
ryegrass [180]

Sewage sludge +
(soil, straw, fly ash

and sawdust)
E. fetida Cr, Mn, Fe, Ni, Cu,

Zn, As, Cd, Pb,

The vermicomposting process
lowered the total heavy

metals concentration

pH, TOC decreased,
while the EC and
germination index

improved

[181]

Vermicompost (VC)
and biochar (BC) - Cd

Cd concentration reduction:
VC, 5.2–6.8%;
BC, 9.0–13.5%;

VC+BC, 7.9–12.1%

Soil conditioners
indicated potentials to
enhance soil fertility

[182]

Silk processing
effluents and

sludge + cow dung

E. fetida and E.
eugeniae Cr, Zn, Cd and Pb E. fetida reduced the metals by

60–70%
Nutrient fortification of
vermicompost increased [183]

Dairy Manure
Derived Biochar - Pb

Pb sorption was higher (up to
680 mmol Pb kg−1) with the

application of BC200
(prepared at 200 ◦C)

- [184]



Sustainability 2023, 15, 9380 13 of 22

Table 3. Cont.

Material Earthworm Specie Metal Detoxified

Metal Removal
Efficiency/Adsorption

Capacity and/or
Bioavailability Reduction

Physico-Chemical and
Plant Growth

Characteristics
Reference

Sewage sludge and
urban plant litter E. fetida Cd

The Cd content in
vermicompost with urban
plant litter addition was
decreased by about 31%

TOC increased
significantly with UPL

addition. In
vermicompost,

macroaggregates
(0.25–2 mm) increased by
119.11–165.29%, whereas
in silt and clay particles

(<0.053 mm),
macroaggregates

decreased by
64.90–75.67%

[185]

Silk and cotton
processing sludge

E. fetida and E.
eugeniae Cr, Zn, Cd, Pb

HMs accumulation efficiency
of earthworms was higher in

silk-based vermibed
- [186]

BC: Biochar; VC: Vermicompost; SS: Sewage sludge; ST: sugarcane trash; CS: Cotton textile sludge; CD: cow dung,
TKN: Total Kjeldahl nitrogen, TAP: Total available phosphorus, N: Nitrogen, P: Phosphorus, K: Potassium, Ca:
Cal-cium, Mg: Magnesium, Zn: Zinc, S: Sulfur, Fe: Iron, OM: Organic matter, TOC: Total organic carbon.

5. The Response of Earthworms to Biochar Amendment

The plant-based biochar is epitomized as a soil conditioner and thus may affect
the bio-interactions in the soil ecosystem. However, previous findings have revealed
different responses of earthworms to biochar in contaminated soil. In some instances,
earthworms have preferred the soil amended with biochar, which might be due to the
liming characteristics of biochar [187,188]. Zhang et al. [189] performed an experiment
to study the response of earthworms (E. fetida) to biochar amendment (at the rate of 0,
1, 3, and 10%) in pesticide-contaminated soil. He observed no earthworm mortality in
any of the treatments. The average weight of E. fetida increased in the soil mixed with a
low level of biochar (1–3%) and decreased with a higher level (10%). This positive effect
of biochar can be ascribed to improved nutrients, microbial activity, and water-holding
capacity [190]. The impact of biochar amendment on earthworms has also been studied by
Malinska et al. [140]. Their results depicted a positive effect of biochar on the number of
cocoons and juveniles, but no significant effect on earthworm biomass was reported. The
effect of adding biochar to a composting system depends on the concentration of biochar
added. In the mixture containing biochar (4% and 8%), the number of cocoons and juveniles
was enhanced by 13% and 66%, respectively, after 4 weeks. The decrease in the number
of cocoons after 18 weeks can be due to an increase in the worm population and low
organic matter. However, a significant rise in the number of juvenile worms was detected
after 18 weeks, as illustrated in Figure 6. Gong et al. [191] confirmed that the biochar
addition enhanced the earthworm biomass, juveniles, and cocoons of E. fetida, in addition
to increasing the dehydrogenase, urease, alkaline phosphatase, and cellulase activity. In
contrast, the findings of Tammeorg et al. [140] show that biochar and earthworms have
antagonistic effects in terms of pH, CEC, enzymatic activity and earthworm growth. The
presence of E. fetida has been shown to decrease soil pH and CEC, whereas biochar has
been found to increase them. However, biochar also suppresses earthworm growth and
enzyme activity. As such, further research should be conducted to examine the practical
effects of amending vermicomposting systems with biochar on earthworm growth and
reproduction.
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Some valuable characteristics of biochar that have been revealed to diminish HMs mobil-
ity can also immobilize essential plant nutrients in the soil. Engaging soil remediation 
techniques primarily aims to improve soil quality favorable for plant growth. Therefore, 
extensive research is needed to assess the use of biochar with other bio-stimulants, such 
as products derived from earthworms, which contain microbial and nutritional character-
istics. Although a few studies have been conducted in the lab on the remediation of con-
taminated soil through vermibiochar, its efficacy on soil properties and plant growth un-
der field conditions is still lacking. In this review, we have attempted to provide an insight 

Figure 6. The effect of adding varying amounts of biochar (B) to a composting system based on a
sewage sludge and wheat straw mixture (SS + ST) on the number of juveniles of E. fetida during
25 weeks of vermicomposting. This figure is reprinted from [137] with permission from Elsevier.

6. Prospects of Vermibiochar

Vermibiochar is an effective substitute for HMs immobilization in polluted soil due
to its binding with HMs through adsorption, ion exchange, and complexation [157]. As
described in this review, biochar has a large surface area with active binding sites for HMs,
which increases its binding with heavy metals and boosts metal immobilization. Some
contaminants may already be present on the surface of biochar before it is added to the
vermicomposting process. The ongoing use of earthworms with biochar that has retained
pollutants during vermi-remediation could lead to the death of these organisms. Conse-
quently, further investigation is needed to evaluate the toxicity of contaminants retained
on biochar concerning earthworm gut health. The biochar prepared from different wastes
at different pyrolysis temperatures and its concentration in pre-composted material will
affect earthworms differently. Thus, the dose and type of biochar and specific earthworm
species suitable to produce vermibiochar also need the scientific community’s attention.
Some valuable characteristics of biochar that have been revealed to diminish HMs mo-
bility can also immobilize essential plant nutrients in the soil. Engaging soil remediation
techniques primarily aims to improve soil quality favorable for plant growth. Therefore,
extensive research is needed to assess the use of biochar with other bio-stimulants, such as
products derived from earthworms, which contain microbial and nutritional characteristics.
Although a few studies have been conducted in the lab on the remediation of contaminated
soil through vermibiochar, its efficacy on soil properties and plant growth under field
conditions is still lacking. In this review, we have attempted to provide an insight into
current knowledge covering the use of vermibiochar for the remediation of polluted soil,
along with implying the direction for future needs.

7. Conclusions

Soil pollution is a significant environmental issue originating from either lithogenic
or anthropogenic activities and HM contamination is a major concern among these. HMs
show detrimental effects on plants’ growth, development, and yield by causing oxidative
stress, cell damage, inhibiting the bioavailability of essential micronutrients, and disrupting
photosynthetic activities.

The joint action of biochar and earthworms can be a sustainable choice for the remedi-
ation of contaminated soil, improving soil biodiversity, and soil health. The large surface
area and high cation exchange capacity enhance the sorption of contaminants (such as HMs)
onto the vermibiochar surface, reducing their bioavailability. The present investigations
indicate the effectiveness of biochar through exoenzymes produced by earthworms. The
enzymes on the vermibiochar surface increase their affinity for metal ions in contaminated
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soil, and thus the soil contaminants. This review highlights the possible use of vermibiochar
for a new soil bioremediation and soil quality improvement technique in the coming future.
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143. Malińska, K.; Zabochnicka-Świątek, M.; Dach, J. Effects of biochar amendment on ammonia emission during composting of
sewage sludge. Ecol. Eng. 2014, 71, 474–478. [CrossRef]

144. Chen, Y.-X.; Huang, X.-D.; Han, Z.-Y.; Huang, X.; Hu, B.; Shi, D.-Z.; Wu, W.-X. Effects of bamboo charcoal and bamboo vinegar on
nitrogen conservation and heavy metals immobility during pig manure composting. Chemosphere 2010, 78, 1177–1181. [CrossRef]
[PubMed]

145. Zhang, J.; Lü, F.; Luo, C.; Shao, L.; He, P. Humification characterization of biochar and its potential as a composting amendment.
J. Environ. Sci. 2014, 26, 390–397. [CrossRef] [PubMed]

146. Karami, N.; Clemente, R.; Moreno-Jiménez, E.; Lepp, N.W.; Beesley, L. Efficiency of green waste compost and biochar soil
amendments for reducing lead and copper mobility and uptake to ryegrass. J. Hazard. Mater. 2011, 191, 41–48. [CrossRef]

147. Ahmad, M.; Rajapaksha, A.U.; Lim, J.E.; Zhang, M.; Bolan, N.; Mohan, D.; Vithanage, M.; Lee, S.S.; Ok, Y.S. Biochar as a sorbent
for contaminant management in soil and water: A review. Chemosphere 2014, 99, 19–33. [CrossRef]

148. Awasthi, M.K.; Wang, Q.; Huang, H.; Li, R.; Shen, F.; Lahori, A.H.; Wang, P.; Guo, D.; Guo, Z.; Jiang, S. Effect of biochar
amendment on greenhouse gas emission and bio-availability of heavy metals during sewage sludge co-composting. J. Clean. Prod.
2016, 135, 829–835. [CrossRef]

149. Borchard, N.; Prost, K.; Kautz, T.; Moeller, A.; Siemens, J. Sorption of copper (II) and sulphate to different biochars before and
after composting with farmyard manure. Eur. J. Soil Sci. 2012, 63, 399–409. [CrossRef]

150. Netherway, P.; Reichman, S.M.; Laidlaw, M.; Scheckel, K.; Pingitore, N.; Gascó, G.; Méndez, A.; Surapaneni, A.; Paz-Ferreiro, J.
Phosphorus-rich biochars can transform lead in an urban contaminated soil. J. Environ. Qual. 2019, 48, 1091–1099. [CrossRef]
[PubMed]

151. Chen, D.; Liu, X.; Bian, R.; Cheng, K.; Zhang, X.; Zheng, J.; Joseph, S.; Crowley, D.; Pan, G.; Li, L. Effects of biochar on availability
and plant uptake of heavy metals—A meta-analysis. J. Environ. Manag. 2018, 222, 76–85. [CrossRef] [PubMed]

152. Gasco, G.; Alvarez, M.L.; Paz-Ferreiro, J.; Mendez, A. Combining phytoextraction by Brassica napus and biochar amendment for
the remediation of a mining soil in Riotinto (Spain). Chemosphere 2019, 231, 562–570. [CrossRef] [PubMed]

153. Meier, S.; Curaqueo, G.; Khan, N.; Bolan, N.; Cea, M.; Eugenia, G.M.; Cornejo, P.; Ok, Y.S.; Borie, F. Chicken-manure-derived
biochar reduced bioavailability of copper in a contaminated soil. J. Soils Sed. 2017, 17, 741–750. [CrossRef]

154. Beesley, L.; Marmiroli, M. The immobilisation and retention of soluble arsenic, cadmium and zinc by biochar. Environ. Pollut.
2011, 159, 474–480. [CrossRef]

155. Gomez-Eyles, J.L.; Sizmur, T.; Collins, C.D.; Hodson, M.E. Effects of biochar and the earthworm Eisenia fetida on the bioavailability
of polycyclic aromatic hydrocarbons and potentially toxic elements. Environ. Pollut. 2011, 159, 616–622. [CrossRef]

https://doi.org/10.1016/S0045-6535(03)00185-1
https://www.ncbi.nlm.nih.gov/pubmed/12729711
https://doi.org/10.1007/s00374-004-0761-3
https://doi.org/10.1007/BF00508320
https://www.ncbi.nlm.nih.gov/pubmed/2541118
https://doi.org/10.1007/BF00496017
https://doi.org/10.1016/j.cbpc.2006.05.004
https://www.ncbi.nlm.nih.gov/pubmed/16814611
https://doi.org/10.1016/j.jhazmat.2018.02.019
https://doi.org/10.1016/j.jhazmat.2012.11.036
https://doi.org/10.1016/j.ecoenv.2004.08.006
https://doi.org/10.1016/j.ecoleng.2016.01.042
https://doi.org/10.1016/j.agee.2014.02.023
https://doi.org/10.1016/j.ecoleng.2014.07.012
https://doi.org/10.1016/j.chemosphere.2009.12.029
https://www.ncbi.nlm.nih.gov/pubmed/20060567
https://doi.org/10.1016/S1001-0742(13)60421-0
https://www.ncbi.nlm.nih.gov/pubmed/25076530
https://doi.org/10.1016/j.jhazmat.2011.04.025
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1016/j.jclepro.2016.07.008
https://doi.org/10.1111/j.1365-2389.2012.01446.x
https://doi.org/10.2134/jeq2018.09.0324
https://www.ncbi.nlm.nih.gov/pubmed/31589692
https://doi.org/10.1016/j.jenvman.2018.05.004
https://www.ncbi.nlm.nih.gov/pubmed/29804035
https://doi.org/10.1016/j.chemosphere.2019.05.168
https://www.ncbi.nlm.nih.gov/pubmed/31151016
https://doi.org/10.1007/s11368-015-1256-6
https://doi.org/10.1016/j.envpol.2010.10.016
https://doi.org/10.1016/j.envpol.2010.09.037


Sustainability 2023, 15, 9380 21 of 22

156. Herath, I.; Kumarathilaka, P.; Navaratne, A.; Rajakaruna, N.; Vithanage, M. Immobilization and phytotoxicity reduction of heavy
metals in serpentine soil using biochar. J. Soils Sed. 2015, 15, 126–138. [CrossRef]

157. Hamid, Y.; Tang, L.; Sohail, M.I.; Cao, X.; Hussain, B.; Aziz, M.Z.; Usman, M.; He, Z.-L.; Yang, X. An explanation of soil
amendments to reduce cadmium phytoavailability and transfer to food chain. Sci. Total Environ. 2019, 660, 80–96. [CrossRef]

158. Godlewska, P.; Schmidt, H.P.; Ok, Y.S.; Oleszczuk, P. Biochar for composting improvement and contaminants reduction. A review.
Bioresour. Technol. 2017, 246, 193–202. [CrossRef] [PubMed]

159. Pan, X.; Song, W.; Zhang, D. Earthworms (Eisenia foetida, Savigny) mucus as complexing ligand for imidacloprid. Biol. Fertility
Soils 2010, 46, 845–850. [CrossRef]

160. Zhang, D.; Chen, Y.; Ma, Y.; Guo, L.; Sun, J.; Tong, J. Earthworm epidermal mucus: Rheological behavior reveals drag-reducing
characteristics in soil. Soil Tillage Res. 2016, 158, 57–66. [CrossRef]

161. Brown, G.G.; Doube, B.M.; Edwards, C. Functional interactions between earthworms, microorganisms, organic matter, and plants.
Agric. Ecosyst. 2004, 2, 213–239.

162. Huang, K.; Xia, H. Role of earthworms’ mucus in vermicomposting system: Biodegradation tests based on humification and
microbial activity. Sci. Total Environ. 2018, 610, 703–708. [CrossRef]

163. Garvín, M.; Lattaud, C.; Trigo, D.; Lavelle, P. Activity of glycolytic enzymes in the gut of Hormogaster elisae (Oligochaeta,
Hormogastridae). Soil Biol. Biochem. 2000, 32, 929–934. [CrossRef]
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