Direct Research Journal of Chemistry and Material Science
Vol. 11(4), Pp. 27-33, May 2023

ISSN 2354-4163

DOI: https://doi.org/10.26765/DRJCMS45290950

Article Number: DRJCMS45290950

Copyright © 2023

Author(s) retain the copyright of this article
This article is published under the terms of the
Creative Commons Attribution License 4.0.
https://directresearchpublisher.org/drjcm

Review paper

Biosorption of Toxic Metals/Metalloids by Fungi: A Solution to
Contaminated Soil

Magajiya Adamu Hassan

Department of Basic Studies, College of Liberal Studies, Hassan Usman Katsina Polytechnic, PMB2052 Katsina,
Katsina State, Nigeria.
Author Email: magajiyaadamu@gmail.com

Received 8 April 2023; Accepted 10 May 2023; Published 15 May 2023

ABSTRACT: Toxic metals and metalloids, such as lead, mercury, cadmium, and arsenic, are commonly found in industrial wastewater, soil, and
groundwater due to anthropogenic activities, including mining, smelting, and the manufacturing of chemicals, electronics, and batteries. The
discharge of these toxic substances into the environment can have severe consequences on the ecosystem and human health, such as cancer,
neurological disorders, and developmental impairments. The high toxicity and persistence of these substances make it challenging to remove
them from contaminated sites, and conventional technologies for treating metal-contaminated water and soil, such as chemical precipitation, ion
exchange, and membrane filtration, are expensive, energy-intensive, and generate secondary wastes. To address these challenges, researchers
have turned to alternative treatment technologies, such as bioremediation, which utilizes microorganisms, including bacteria, algae, and fungi, to
detoxify metal-contaminated environments. Among these microorganisms, fungi have attracted attention due to their unique chemical and
physical properties, including a high surface area-to-volume ratio, large surface charge, and a high content of chelating agents, such as carboxyl,
amino, and hydroxyl groups, on their cell walls and exudates. These properties allow fungi to adsorb, precipitate, and transform toxic metals and
metalloids through a variety of mechanisms, including ion exchange, electrostatic attraction, biosorption, and biomineralization. Fungal biomass
has been shown to be effective in removing a wide range of heavy metals and metalloids, such as copper, zinc, chromium, nickel, selenium, and
antimony, from aqueous solutions and contaminated soils. Several fungal species have been reported to have high metal adsorption capacities,
including Aspergillus niger, Penicillium chrysogenum, Trichoderma harzianum, Mucor hiemalis, Rhizopus arrhizus, and Pleurotusostreatus. The
efficiency of metal removal by fungi depends on various factors, such as the fungal species, biomass concentration, pH, temperature, metal
concentration, and the presence of competing ions and organic compounds. The biosorption of toxic metals and metalloids by fungal biomass has
several advantages over conventional treatment technologies, such as low cost, eco-friendliness, scalability, and the ability to handle complex
metal mixtures and low metal concentrations. Moreover, fungal biomass can be easily harvested and regenerated, and the metal-loaded biomass
can be utilized for the recovery of metals or transformed into value-added products, such as biochar, biofuels, and bioplastics. Therefore, the use
of fungal biomass for metal bioremediation holds great promise for addressing the global problem of metal pollution and providing sustainable
solutions for the circular economy.
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INTRODUCTION

Pollution of soil with metals and metalloids is a major
concern in modern times. In agriculture, it adversely
affects crop quality and yields. The accumulation of these
elements is primarily caused by the disposal of
concentrated metal wastes from industries, municipal
waste, fertilizers, pesticides, and sewage (Alkota et al.,

2004; Danesh et al., 2013). In certain regions, the use of
sewage for irrigation is known to contribute significantly to
the metal and metalloid content of soil (Singh et al., 2015;
Mapanda et al., 2005). Extensive research has led to the
development of various remediation processes for
contaminated soil, among which the application of fungi
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for mycoremediation is a pioneering method.
Mycoremediation is the process of using fungi to restore
the environment to a less polluted state. Fungi are crucial
decomposers in the natural environment and produce
enzymes to degrade cellulose and lignin, which are
structural components of plants (Goksingur et al., 2005;
Stajich et al., 2009). Similarly, fungi can also break down
various toxic substances, such as arsenic (As), lead (Pb),
cadmium (Cd), chromium (Cr), manganese (Mn), etc.
Since these metals are already in their simplest state and
cannot be further degraded, fungi can extract them from
soil. Fungi are well-suited to their environment in terms of
morphology, ecology, and metabolism, and are
responsible for activities such as decomposition and
nutrient cycling in natural settings (Zafar et al., 2007).
The fungal strains used in mycoremediation are also
robust in nature and can withstand harsh environmental
conditions such as high moisture, nutrient conditions, and
pH.

Metal/metalloid tolerance by fungi

The effectiveness of selecting and using an appropriate
fungal species for sequestration of heavy metal/metalloid
or other pollutants is critical. Fungi have the ability to
efficiently store heavy metals in their fruit bodies,
rendering them inaccessible or reducing their
concentration in the medium (Valix ef al., 2001). The life
of the fungus, the chemical behavior of the elements, and
the presence or absence of the fungi following
sequestration determine the future availability of
metals/metalloids and other pollutants in the medium.
Because heavy metals/metalloids can cause cell lysis
and death in fungi, numerous studies have been
conducted to determine the extent to which different fungi
can tolerate them. The degree of tolerance was
measured based on the growth rate in the presence of
various toxic metals and compared to a control without
heavy metals. Metal-tolerant fungi were isolated from
industrial effluents by Srivastava et al. (2011), and
Penicillium funiculosum and Aspergillus foetidus were
found to be the most tolerant to heavy metals, exhibiting
strong growth even exceeding the control. Penicillium
simplicissimum showed the least tolerance, particularly
for Ni and Co. At the genus and species levels, it was
deduced that specificity and maximum tolerance limit for
metals differ substantially. Aspergillus sp., Penicillium sp.,
and Trichoderma sp. are among the most resistant
strains (Amini et al., 2008; Pan et al., 2009; Akhtar et al.,
2007). For example, Aspergillus flavus (ASC1) and
Aspergillusniger (ASB3) have shown to grow in a medium
enriched with 1000 ppm of As, with subsequent removal
of As from the medium (Sari and Tuzen, 2009; Amini et
al., 2009). Aspergillus sp. has demonstrated high
resistance against Pb and Cr, and slightly reduced
resistance against Cu and Zn (Fukuda et al., 2008), while
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strains of Penicillium sp. have shown tolerance up to 0.1
g L-1 (Tan et al, 2003). Another study illustrated the
ability of Aspergillus sp. to extract 65% of Cr from tannery
effluent compared to 85% from the synthetic medium
(Mullen et al, 1992). Cr has been observed to be
tolerated by Penicillium chrysogenum and Trichoderma
viride up to a concentration of 600 mg L-1 (Pan et al.,
2009; Anand et al., 2006). Furthermore, Aspergillusniger
strain SY1 has been found to bioleach metals from
polluted sediments and then reduce the bioavailability
and toxicity of the remaining metals in the sediments
(Cereno-Alonso et al, 2009). Aspergillus niger can
produce a variety of organic acids that are effective for
metal solubilisation. The inoculation of a lixiviant with
organic acid produced by A. niger can result in high
leaching efficiency. During both steps of bioleaching, the
highest metal removal was 97.5% of Cu, 30% of Pb, 19%
of Zn, and 100% of Cd. Compared to chemical leaching,
the bioleaching process showed better removals and
reduced cost (Sun et al., 2010).

Metal/metalloid uptake by fungi

There are two ways in which fungi can take up metal
ions: first, by binding to the cell wall and extracellular
material, and second, by intracellular uptake or
bioaccumulation, which depends on cell metabolism
(Abbas et al, 2014). Living cells commonly employ both
modes of metal uptake, which are facilitated by the
production of metal-binding proteins.

Penicillium is known for removing various heavy metals
from aqueous solution. Studies have shown that spores
of Penicillium italicum, such as those conducted by Pan
et al. (2009) and Kapoor and Viraraghavan (1997), can
accumulate Cu. Metal accumulation by growing cells
varied with the age of the cell, with the maximum uptake
occurring during the lag period or early stages of growth,
and declining as cultures reached a stationary phase.
Similar uptake patterns were observed in A. niger, P.
spinolosum, and Trichoderma viride (Gadd, 1990; Boston
and Gaurilesca, 2004).

The uptake of metals by living cells depends on various
factors, including contact time, solution pH, culture
conditions, initial metal ion concentration, and the
concentration of cells in aqueous solution (Fourest and
Roux, 1994; Gupta et al., 2004).

Ghareb et al. (1998) and Pal et al. (2006) observed that
Cd biosorption on various fungal strains was pH-
sensitive, with Aspergillus oryzae found to take up higher
concentrations of metal in the acidic range (Table 1).
Penicillium chrysogenumwas also found to remove Cd
from aqueous solution.

Biosorption in fungi

There are two ways in which microorganisms can

Official Publication of Direct Research Journal of Chemistry and Material Science: Vol. 11, 2023, ISSN: 2354-4163



Magajiya 29

Table 1: Metal uptake capacity of Aspergillus, Penicillium and Trichoderma fungal species.

Fungal Strains

Type of
Removal technique

meta/metalloid

Removal Capacity or
(Removal Efficiency %)

References

Aspergillus niger Cr Biosorption
Aspergillus fumigates Pb Biosorption
Aspergillus niger Cu Biosorption

Aspergillus flavus

Penicillium chrysogenum
Penicillium simplicissimum
Trichoderma brevicompactum
Trichoderma brevicompactum
Trichoderma brevicompactum
Trichoderma brevicompactum

Cu Bioaccumulation
Cd Biosorption

Cu Biosorption

Cr Bioaccumulation
Pb Bioaccumulation
Cu Bioaccumulation
Cd Bioaccumulation

100.3 mg L-1
85.65 mg L-1
0.020 — 0.093 mg kg-1
93650 mg kg-1
100.41 mg L1
200-250 mg kg-1
15840 mg kg-1
13400 mg kg-1
35060 mg kg-1
38410 mg kg-1

Fukuda et al. (2008)
Sun et al. (2010)
Coreno-Alonso et al. (2009)
Vala et al. (2010)

Pal et al. (2006)

Pan et al. (2009)
Anand et al. (2006)
Srivastava et al. (2019)
Khan et al. (2019)
Singh et al. (2015)

Table 2: Biosorption of metals by Aspergillus, Trichoderma, and Penicillium species.

Fungal Specie

Biosorbed metal

References

Aspergillus awamori Cu, Ni Amin et al. (2009)
Aspergillus brasiliensis Cu, Mn, Zn Amin et al. (2008)
Asperqgillus flavus Ni, Cu Gadd(1994)
Zn, Cu, Ni, Pb Vala et al. (2010)
Pb, Ni, Cr Coreno-Alonso et al. (2009)
Asperqgillus foetidus Cr Fukuda et al. (2008)
Aspergillus fumigates Pb, Cr, Cd, Ni, Cu, Zn Sun et al. (2010)
Pb Amin et al. (2009)
Cu, Cd, Ni, Co, Pb Sun et al. (2010)
Asperygillus niger Au Kapoor and Viraraghavan (1997)
Pb, Ni, Cr Srivastava et al. (2011)
Th, U Stajich et al. (2009)
Cd, Cu Singh et al. (2015)
Cd, Pb, Zn, Cu, Ni, Cr Pal et al. (2006)
Pb, Cd, Cu, Ni Kapoor and Viraraghavan (1997)
Aspergillus ochraceus Cr Fukuda et al. (2008)
Aspergillus oryzae Cr Panet al. (2009)
Aspergillus terreus Pb, Cu, Ni, Cr Tan and Cheng (2003)
Cd, Pb Sun et al. (2010)
Fe, Ni, Cr Oyewole et al. (2019)
Aspergillus versicolor Cr, Ni, Cu Coreno-Alonso et al. (2009)
Au Kapoor and Viraraghavan (1997)
Penicillium canescens As, Pb, Cr, Cd, Hg Pan et al. (2009)
Penicillium citrinum Cu, Mn, Zn Zafar et al. (2007)
Penicillium chrysogenum Cu, Ni, U, Cr, Th, Wang and Cheng (2009)
Zn, Cd, Pb
Penicillium cyclopium Cu Oyewole et al. (2019)
Penicillium decumbens Cd, Ni, Cr Valix et al. (2001)
Penicillium digitatum Cd, Cu, Pb Jing-ming et al. (2010)
Penicillium notatum Cr Pal et al. (2006)
Penicillium purpurogenum Cr Kotrba(2011)
Penicillium rubens Cd, Cr Sunet al. (2010)
Penicillium simplicissimum Cd, Zn, Pb Arief et al. (2008)
Penicillium verrucosum Pb Zafar et al. (2007)
Trichoderma ghanense As, Cu, Cd, Pb, Fe Singh et al. (2015)
Trichoderma harzianum Ag Morales-Barresa and Christiani-Urbina. (2008)
Trichoderma longibrachiatum Cr Anand et al. (2006)
Trichoderma viride Cd Akhtar et al. (2007)

accumulate metals: through a metabolism-independent
(passive) method or a metabolism-dependent (active)
method. The cell's ability to take up metals into the
cytosol and the sorptivity of the cell envelope are two
important  features that influence the complete
accumulation of metals (Table 2). While passive
adsorption depends on specific transport systems, active

uptake into the cytosol usually occurs at a slower rate, as
stated by Gadd in 1988.

Biosorption is a process that has garnered much
attention in recent years due to its potential for the
removal of heavy metals and other pollutants from
contaminated water sources. The process involves the
use of an adsorbent material that selectively binds to
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Table 3: Metal sorption in Aspergillus, Trichoderma and Penicillium species.

Biomass type Metal pH T Co (mg/L) Wit(g/L) Ns(rpm) Time(h) qg(mg/g) References

studied (°C)
Trichoderma Pb 7.0 25 100 (25-100) 0.33 71.0 Khan et al. (2019)
longibrachiatum
Aspergillus cristatus Cd 6.0 25 100 0.4 120 2 23.26 Singh et al. (2015)
Aspergillus niger Cd 4.75 25 5-10 0.7 125 6 13 Sun et al. (2010)
Aspergillus flavus I-V, Hg 55 30 100 (100-500) 10 100 8 95.3% Vala et al. (2010)
Aspergillus fumigatus I-1l
Aspergillus niger Ni 4.5 25 25-100 1 150 3 7.69 Amin et al. (2009)
Waste mycelium of Cu 5 20 50(25-100) 1 150 3 28.75 Amin et al.(2008)
Aspergillus awamori
Penicillium canrscens Cr(VI) 6 20 100 (10-750) 2 100 4 34.8 Fukuda et al. (2008)
Trichoderma viride Cr(VI) 6 175 3.75 150 0.75 4.66 Morelis-Barresa and Christiani-

Urbina (2008)

Aspergillus niger Cr(VI) 4.5 28 300 10 150 1 16.39 Coreno-Alonso (2009)
Aspergillus niger Cr(VI) 2 22- 50 (25-200) 10 200 158 2.2 Wang and Cheng (2009)
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heavy metal ions present in a contaminated solution,
resulting in their removal from the solution. Biosorption
has been found to be an effective and low-cost
alternative to traditional water treatment methods (Gupta
et al, 2000). The phenomenon of biosorption is
considered to be metabolically independent, and the
biosorption process is generally performed by dead
biomass, such as plant biomass, agro-waste, microbial
biomass, and green synthesized nanomaterials (Gadd,
1994). However, it is also performed by live cell biomass,
and living microbial cells can bind heavy metal ions on
their cell surface by passive adsorption and complexation
(Goksiagua et al, 2005; Jin-ming et al, 2010). Biosorption
can be described as the binding of heavy metal ions to
surface functional groups, including amino, amide,
imidazole, sulfonate, and carboxyl groups (Gadd, 2014).
The selection of a suitable biosorbent is one of the most
important and memorable aspects of biosorption. The
raw material used for adsorption should be easily
available, non-toxic, and cost-effective (Kotrba, 2011).
The disparity of surface groups also determines the
biosorbent quality, and for an ideal biosorbent, the
density of the surface functional groups should be high
(Kahraman et al, 2005). The surface morphology is an
important characteristic of adsorbents, and plays an
important role in heavy metal adsorption. Rough and
porous surfaces provide a larger surface area, and are
advantageous for binding heavy metal ions on the
biosorbent surface (Gadd, 1994).

Biosorption involves a number of external factors, such
as the type of metal, ionic form in solution, and the
functional site, and tends to be exothermic (Oyewole et
al, 2019). Other factors such as pH, temperature,
biomass concentration, type of biomass preparation,
initial metal ion concentration and metal characteristics,
and concentration of other interfering ions, are also
important in evaluating the extent of biosorption (Rosen,
2007). Biosorption and recovery can be intensified in the
presence of stirring induced by magnetic field (Valix et al,
2001). Fungi have been investigated as a biosorbent

because of its capability to sequester metal ions from
aqueous solutions (Gadd, 2014; Valix et al, 2001). Fungal
sorption performs well in comparison to sorption on
commercial ion-exchange resins, activated carbon, and
metal oxides (Table 3).

Penicilliumjanthinellum F-13 on different media reduces

Al toxicity, but tolerance of the high external
concentration of Al appears to be due to a different
mechanism (Sun et al, 2010). Aspergillus fumigatus was
found to be a suitable biosorbent for Pb ions, especially
when metal content in the aqueous solution was in
concentration of 100mg/I (Vala et al, 2010).
Trichoderma is a genus of fungi that is known for its
potent antagonistic activity against a wide range of plant
pathogenic fungi and other microorganisms (Morales-
Barrera and Christiani-Urbina, 2008). Currently,
Trichoderma spp. is one of the most popular types of
fungi used on the market as plant growth-promoting fungi
(PGPF) (Singh et al,2015; Srivastava et al., 2011; Vala et
al.,, 2010; Valix et al., 2001).

Extracellular metal sorption in fungi

Numerous studies have investigated the potential of fungi
for removing heavy metals from aqueous solutions
through sorption processes (Diels et al., 2002). Fungi
species are recognized for their high capacity for heavy
metal sorption and are considered as hyper-accumulators
compared to other organisms such as bacteria and algae
(Stajich et al., 2009; Amini et al., 2008). The cell surface
of fungi is composed of polysaccharides, peptides,
melanin, phenolic molecules, and chitins that provide
excellent binding sites for metals such as carboxyl,
hydroxyls, and amides (Kapoor and Veeraraghavan,
1997; Wang and Chen, 2009; Tukuda et al., 2008).
Chitins and chitosans, which are integral components of
the fungal cell wall, have been shown to be effective in
binding metals in various fungal species (Amini et al.,
2009; Gadd, 2014; Wang and Chen, 2009).
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The chitin or glucosamine components of chitosan can
act as efficient binding sites for metals (Su et al., 2010;
Sari and Tuzen, 2009). The sorption activity of metals in
fungi is dependent on structural cell wall polysaccharides
and the chitin:glucan ratio (Su et al, 2010; Sari and
Tuzen, 2009).

Fungi can remove heavy metals through two primary
mechanisms: cell surface sorption and metal precipitation
(Gadd, 1988; Gupta et al., 2008; Abbas, 2014). Cell
surface sorption occurs due to physicochemical
interactions between metal ions and functional groups
such as cell surface proteins, which are rapid, reversible,
and metabolism independent (Dhankhar and Hooda,
2011). Various fungi have been explored as potential
biosorbents for heavy metals removal from aqueous
solutions, with detailed information provided in a review
by Wang and Chen (2009), which includes Penicillium
sp., Aspergillus, and other filamentous fungi. On the other
hand, metal precipitation is dependent on metabolic
reactions, and fungi produce compounds that facilitate
precipitation in  response to the presence of
metal/metalloids (Dhankhar and Hooda, 2011). For
instance, the production of organic acids with strong
metal-chelating properties such as oxalic, dicarboxylic,
tricarboxylic, and citric acids can lead to the dissolution of
metals such as Ca, Cd, Co, Cu, Mg, Mn, Ni, Pb, Sr, and
Zn from the surrounding matrices (Gadd, 1994; Boston
and Gaurilesca, 2004; Zafar et al., 2007). The resulting
formation of insoluble metal-salt complexes through
precipitation reduces metal bioavailability, enabling many
fungi to survive and thrive in highly polluted environments
(Diels et al., 2002; Pal et al., 2006; Valix et al., 2001).

Intracellular detoxification mechanisms

Fungi have the ability to mitigate heavy metal toxicity in
the environment through enzymatic transformations of
metals/metalloids, resulting in less toxic species. For
instance, fungal organomercurylyase converts
organomercury compounds into Hg(ll), which can be
further reduced to volatile elemental Hg(0) by mercuric
reductase (Gadd, 1994). The uptake of As(V) by fungal
cells via phosphate transporters can trigger common
detoxification pathways, such as reduction to As(lll) by
arsenate reductases, followed by exclusion or
sequestration of As(lll) in arbuscularmycorrhizal fungi
(AMF) (Sari &Tuzen, 2009). Fungi also have the ability to
methylate inorganic metals (e.g., Hg, Sn, Pb) and
metalloids (e.g., As, Se, Te) through an enzymatic
reaction that transfers the metal to a methyl group,
resulting in volatile derivatives with different properties
than the parent compounds (Wang et al., 2011; Sari and
Tuzen, 2009). Penicillium sp. is capable of converting
non-volatile monomethylarsonic acid and dimethylarsenic
acid to volatile trimethylarsine oxide (Su et al., 2010).

Advantages/disadvantages of biosorption by fungi

There are many advantages and disadvantages to the
fungal biosorption process which are stated below:

Advantages

1. The production of fungi biomass is cost-effective.
2. It can uptake multiple toxic metals
simultaneously.

3. No need for additional chemicals as it selectively
removes specific metals.

4. Functional under a wide range of conditions such
as temperature, pH, and presence of other metal ions.

5. Metals attached to biomass can be easily and
inexpensively desorbed.

6. Production of waste or toxic materials is reduced.

Disadvantages

1. Proper growth of the fungi requires specific
growth parameters like pH, temperature, and agitation.

2. It demands more energy input and other media
components.

3. The active sites of metal binding ligands may
become saturated.

4. The sorption of metals on biomass is reversible.

Challenges of biosorption

The use of biosorption techniques for remediation can be
both labor-intensive and time-consuming. Furthermore,
implementing them at a commercial scale and applying
them to agricultural soil pose significant challenges.

Conclusion

Fungi possess various mechanisms for tolerating and
detoxifying metals, including extra and intracellular
adsorption, as well as active uptake. This ability makes
them a promising alternative to chemical remediation
methods for metals. The identification of metal-tolerant or
metal-removing fungi is therefore expected to aid in the
cleanup of contaminated environments. Biosorption,
which involves the use of fungi to remove metals,
represents a viable and sustainable approach to
decontaminating soil that has been polluted with toxic
metals or metalloids. By restoring the natural condition of
the soil, biosorption offers a practical solution to this
environmental problem.
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