
Vol.:(0123456789)

International Journal of Environmental Science and Technology 
https://doi.org/10.1007/s13762-024-05673-x

REVIEW

Recent trends on bioremediation of heavy metals; an insight 
with reference to the potential of marine microbes

S. Sonker1,2 · A. B. Fulke1,2 · A. Monga3

Received: 8 September 2023 / Revised: 22 December 2023 / Accepted: 21 April 2024 
© The Author(s) under exclusive licence to Iranian Society of Environmentalists (IRSEN) and Science and Research Branch, Islamic Azad University 2024

Abstract
Heavy metals are essential for the survival of all living organisms in trace amounts. Industrializations and urbanisation are the 
two major rationale behind the massive rise in the contamination of land and water bodies including marine and freshwater. 
The major sources of heavy metal are coal burning, smelting operations, tanneries, waste incineration, pesticides, fungicides, 
metallurgy, etc. Due to the toxicity of heavy metals when living beings encounter contaminated water of sediment laden with 
heavy metal endure health hazards. Heavy metals and metalloids such as chromium, lead, mercury, cadmium, nickel, and 
cobalt are poisonous and carcinogenic even in minute amounts, posing a major threat to human life. The most sustainable 
approach towards remediating these heavy metals is bioremediation. It involves bacterial bioremediation, fungal, biofilms and 
phytoremediation, which is not only sustainable but also efficient and cost effective. This review delivers a comprehensive 
overview of the recent trends in bioremediation of heavy metals, their sources, toxicity, and alternative approach of using 
marine microbes and their pottential for remediation of heavy metals.
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Introduction

With the expansion of industry, there has been a signifi-
cant rise in the discharge of industrial waste to the envi-
ronment, mostly soil and water, resulting in the buildup 
of heavy metals, particularly in metropolitan areas. Heavy 
metals are slowly depleted by leaching, plant absorption, 
erosion, and deflation. Heavy metals are a class of met-
als recognized as widespread contaminants in terrestrial 
and aquatic ecosystems. They are comprehensively dis-
tinguished by their density exceeding 5 g/cm3 Mohseni 
et al. (2018). When present in excess of the critical val-
ues, HM such as Pb (II), Cd (II), As(III/V), Cr(VI), etc. 
are detrimental to the environment. Heavy metals are 
produced via weathering, volcanism, and erosion, among 
other natural processes. Heavy metals (HMs) are highly 
dangerous since they can increase biological activity, 
disrupt different trophic levels in food chains and webs, 
and are particularly difficult to biodegrade. In addition, 
Heavy metals (HMs) can accumulate in tissues. The long-
lasting characteristics of heavy metals (HMs) cause bioac-
cumulation and biomagnification, which affect species at 
numerous levels and raise issues from local fish population 
declines to molecular modifications (Ahmed et al. 2021). 
Particularly impacted are coastal and estuary environ-
ments, which influence bottom-dwelling species' develop-
ment and reproduction. Furthermore, eating seafood from 
metal-contaminated seas has an indirect negative impact 
on human health since heavy metals build up in biota and 
intensify their presence up the food chain (Ali et al. 2019). 
The problem statement discovered is the deterioration of 
terrestrial and aquatic environment and deleterious effects 
caused to human beings and other life forms on coming in 
contact with heavy metals released as a result of biproduct 
of industrial operations, coal combustion, mining, smelt-
ing, cloud seeding, etc. (Mahajan & Kaushal 2018; Al-
Dhabi et al. 2019).

Traditional methods of heavy metal remediation involve 
solvent extraction, chemical oxidation, chemical precipita-
tion (Al-Dhabi et al. 2019). The challenges faced by the 
current chemical and physical methods of remediation 

of heavy metal are costly and have adverse bi-products 
(Ahmed et al. 2021). Bioremediation is used as a tool to 
find a solution to this issue. The word "bioremediation" 
refers to the process of converting environmental pollut-
ants into less harmful forms using microorganisms and 
plants (Upadhyay et al. 2016). It is considered as a viable 
solution for the issue since it aids in restoring the environ-
ment's natural condition after pollution. It is economical 
and provides long-term environmental advantages. (Dixit 
et al. 2015). Adapting bioremediation processes would be 
a far better approach as it is cost effective, sustainable and 
green. Another alternative approach would be the use of 
marine bacteria. Harnessing the ocean resources to reme-
diate heavy metal will also push us towards the Sustain-
able development Goal 14; i.e., conversation and sustain-
able use of sea and marine resources towards sustainable 
development.

Studies on the variety of marine bacteria and their tech-
nological applications, many marine ecosystems and bacte-
rial populations are still understudied and poorly understood 
(Smith et al. 2019). As a result, marine bacteria continue 
to hold promise as a source of untapped biotechnological 
capabilities that may be used to present global issues like 
pollution from heavy metals, oil, and plastic. This review 
examines developments in heavy metal bioremediation by 
compiling index from more than 50 publications that com-
municate current trends in bio-remediation in the context of 
adulterated environments it focuses on the sources, toxicity, 
health risks, and techniques and unmet gaps and how the 
use of marine microbes can prove to be an efficient attempt 
in bridging the gaps of alternative method of heavy metal 
remediation.

Heavy Metals Toxicity, sources and health 
effects

When present in excess of the critical values, HM such as 
Pb(II), Cd(II), As(III/V), Cr(VI), etc. are detrimental to the 
environment. Heavy metals are produced via weathering, 
volcanism, and erosion, among other natural processes. 

Table 1  Categorization of selected heavy metals based on permissible limits

Sr No Source Permissible limit as per 
CPCB/WHO parameters

References

Chromium Cadmium Lead Arsenic Mercury
1 Drinking water 0.05 mg/L 0.003 mg/L 0.01 mg/L 0.01 mg/L 0.006 mg/L (CPCB | Central Pollution Control 

Board, n.d.)
2 Saline water to 

support marine 
biota

0.018 mg/l 0.0045 mg /l 0.025 mg /l 0.508 mg/l 0.025 ug /l (Historical Water Quality Criteria 
Documents | US EPA, 2023)
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Additionally, HM are produced by anthropogenic activities 
such as mining, metal smelting, oil refining, agriculture, fer-
tilisation, and drainage (Jiang et al. 2018) (Table 1).

Heavy metal pollution from industrial, agricultural, and 
home waste and by-products has led to the presence of heavy 
metals in the marine as well as aquatic environment. These 
metals such as Iron, Nickel, Tin, Chromium, Cobalt, Iodine, 
Selenium, Vanadium, Zinc, Molybdenum, Arsenic, Boron, 
Silicon, Fluorine, Copper, Boron, and Manganese, termed 
group II, which are found in some living organisms, but not 
in all. Most of them are necessary as co-factors for enzymes, 
for the prolongation of systemic coherence, facilitation in 
monitoring of the electrostatic interactions in the aqueous 
phase (Pande et al. 2022).

Additionally, metal speciation can either lessen or 
increase toxicity. Likewise, elemental and organic forms of 
mercury are less fatal than organic forms, known to be cru-
cial for the survival of some bacterial species is Cr(III), but 
Cr(VI) and elemental mercury are massively toxic. Heavy 
metals with various origins, toxicities, and environmental 
implications include chromium, lead, arsenic, mercury, 
silver, cadmium, and vanadium. Chromium pollution from 
industrial operations endangers human health and contami-
nates soil and water. Lead, which is found in paint and pet-
rol, has a negative effect on the neurological system, and soil 
and water poisoning endangers both wildlife and humans. 
Arsenic from natural deposits and human activity is linked 
to cancer and has a negative influence on aquatic ecosys-
tems and human populations. Mercury bioaccumulates in 
fish as a result of industrial operations, impacting human 
health and damaging aquatic ecosystems. The presence of 
silver in industrial effluent disturbs aquatic microbial popula-
tions. Cadmium from mining causes threats to kidneys and 
bones, as well as having a negative influence on soils, water, 
and human health. Vanadium derived from combustion 
processes is less hazardous, but its potential environmental 
influence on aquatic ecosystems warrants additional exami-
nation. Overall, these heavy metals highlight the importance 
of comprehensive research and mitigation techniques to pro-
tect both ecosystems and human health (Jeyakumar et al. 
2022) (Table 2).

Various studies have proposed copious points of origi-
nation of heavy metals. Natural sources of heavy metals 
are found in the surroundings. Pollution brought on by 

seasonal changes, geological activity, and weathering has 
less of an impact than pollution caused by anthropogenic 
or man-made activities, which are ongoing and permanent. 
(Mohapatra et al. 2017). Industrialization, urbanisation, 
and agriculture are the three main drivers of anthropogenic 
pollution. (Mohapatra et al. 2018). The two main pathways 
through which heavy metals are delivered into ecosystems 
are through natural resources and diverse human activities 
(also known as anthropogenic activities). Natural causes of 
heavy metal re-release include volcanic eruptions, degrada-
tion of the soil (such as surface erosion), and dissolving rock 
Jadaa and Mohammed 2023) (Table 3).

Based on their capacity to trigger carcinogenesis, heavy 
metals have been classified by the International Agency for 
Research on Cancer (IARC). While Cu, Zn, Fe, Ni, Mn, and 
Co have been classified as non-carcinogenic, elements like 
Cd, Cr, Pb, and As have been classified as carcinogenic. 
Obayeni stated that due to heavy metal contamination health 
of fish consumers may be at danger if they consume it in 
excess over an extended period. Therefore, consuming fish 
might expose consumers to a long-term risk of developing 
cancer (Obayemi et al. 2023) (Table 4).

The Implication of Heavy Metal Pollution on Aquatic 
Biota

Although some heavy metals, known as essential heavy 
metals, are crucial to biological systems, depending 
on the amount and length of exposure, they are typi-
cally hazardous to living things. Distinct metal species 
are generated as they transit from freshwater to marine 
due to modifications in pH and salinity. Biogeochemi-
cal processes control whether heavy metals are present 
in the water column as dissolved or particulate matter. 
Sediments, which are the main sink for these metals, may 
receive a fraction of the metals. Since they can adjust 
more quickly to changes in the environment and degrada-
tion, microorganisms are crucial to the maintenance and 
sustainability of any ecosystem (Singh and Kalamdhad 
2011). Metals are ingested by aquatic biota through the 
ocean or the food chain, which could leave detrimental 
effects by changing their range, abundance, and physi-
ology. Due to its increased toxicity, nonbiodegradabil-
ity, and propensity to bioaccumulate and bio magnify 

Table 2  Categorization of 
heavy metals

N Type Sub Type Examples

1 Non- essential metals Extremely toxic heavy metal As, Cd, Hg, Pb, Se, Sn, Tl
2 Precious heavy metal Au, Ag, Pd, Pt, Ru
3 Radionuclides metals Am, Pr, Ra, Th, U
4 Essential metals Micronutrient metals Co, Cr, Cu, Fe, Mn, Mo, Ni, Zn
5 Macronutrient metals Ca, K, Mg
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in the tissues of living creatures, heavy metal pollution 
is a severe problem. To determine how hazardous these 
metals are to various marine organisms, including fish, 
phytoplankton, and zooplankton, it is crucial to evaluate 
their effects on these categories of marine creatures. The 
potential negative consequences of heavy metals might 
have on human health and the environment, heavy metal 
pollution in aquatic ecosystems recedes as a global prob-
lem (Fulke et al. 2020).

Bioaccumulation of Heavy Metals in Fish

Heavy metals found to be present in the liver of the fish are 
Fe, As, Cd, Zn and Pb (in descending order) whereas, those 
found in kidney are Zn, Fe, As, Cd and Pb (in descend-
ing order) (Sarah et al. 2019); as a result, their presence in 
aquatic habitats is extremely harmful to fish and shellfish. 
The disturbing rise in heavy metal concentrations in fish has 
compelled researchers to examine the risks brought on by 

Table 3  Heavy metal, their oxidation states, stable forms, and anthropogenic sources

Sl no Heavy Metal Oxidation state Stable form Sources of metal introduced into the environment due to 
anthropogenic activities

References

1 Chromium Cr −2 to +6 Cr (III) and Cr(VI) Textile manufacturing, chromate synthesis, metal coat-
ing, manufacture of painting colors, tanneries, and wood 
protection materials

Pande et al. (2022)

2 Cadmium Cd+1 to  Cd+2 Cd (II) Mining, battery manufacturing, electroplating, dye manu-
facturing, metal plating, wastewater drainage, waste 
products, fertilizer manufacturing, power generation, 
wastewater drainage, waste products, steel and plastics 
manufacturing

Wang et al. (2020)

3 Lead Pb−4 to +4 Pb (II) and Pb (IV) Metal processing, mining, battery manufacturing, electro-
plating, smelting, painting, and dyeing, plastics, fabrics, 
yacht manufacturing, printing, Pb-contained tubes, pre-
servative materials, ceramics, cables and steel recovery, 
cathode radiation tubes, bearing production, aviation fuel, 
nuclear reactor shielding, and radioactive substance vessel 
manufacturing

Rajendran et al. (2022)

4 Arsenic As0 to  As+5 As(III) and As(V) Mines, mineral processing facilities, smelters, thermal 
power plants, and chemical pesticides

Briffa et al. (2020)

5 Mercury Hg−2 to  Hg+2 Hg(I) and Hg(II) mining, metallurgy, chemical manufacturing, metal coating, 
mineral extraction procedures, fluorescent lighting, and 
fungicides are all the industries that use coal as fuel

Briffa et al. (2020)

Table 4  Health risks due to exposure to selected heavy metals

No Metal Health risks due to heavy metal exposure References

1 Chromium Vomiting, severe diarrhoea, liver and kidney problems, pulmonary obstruction, cutaneous, neuro-
logic, and gastrointestinal tract diseases, as well as several malignancies and cancers of the lungs, 
pharynx, bladder, and thyroid are all associated with this substance

Briffa et al. (2020)
Monga et al. (2022a, b)

2 Cadmium Numerous renal problems can cause kidney damage, severe bone pain, liver illness, high blood pres-
sure, and a significantly higher likelihood of cancer

Wang et al. (2020)

3 Lead It is linked to anaemia and a rise in blood pressure. Moreover, is associated with a high incidence of 
blood problems, cognitive system damage, renal failure and/or damage, mental impairment, behav-
ioural challenges, and instructional difficulties for children, such as deficits in learning and attention

Lee et al. (2019)

4 Arsenic It harms the skin's surface, which promotes the growth of skin cancer in its advanced stages. It also 
causes harm to the nervous system, developmental issues, neurobehavioral illnesses, blood diseases, 
diabetes, various circulatory system and arterial problems, skin-related, lung, and renal cancers, as 
well as other interior malignancies. It also causes harm to the skin's surface, which increases the 
risk of infant mortality

Rai and Singh (2023)

5 Mercury In the short term, it primarily affects the nervous system; long-term serious effects include damage to 
various organs, including the kidney and brain; and different body systems, such as the hematologic, 
immune, and pulmonary tract. It is also linked to neurodevelopmental issues, such as disorders like 
tics and autistic spectrum, as well as slow speech and language development

Briffa et al. (2020)
ATSDR (1999)
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heavy metal accumulation and bioaccumulation of living 
things. Since heavy metals do not decompose, they become 
significantly concentrated in a niche or medium like air, 
water, or soil, that niche or medium becomes hazardous and 
accumulates in the ecosystem. As stated by Chatta, Pb, fol-
lowed by Cr and Cd, had the largest accumulation of heavy 
metals in farmed carps. Mean Pb content remained over the 
WHO-permitted limit for fish (0.123 μg/1), ranging from 
0.1842 ± 0.0733 to 0.3316 ± 0.0143 μg/1, whereas Cr val-
ues ranged from 0.0262 ± 0.0015 μg/l to 0.4880 0.103 μg/l 
(Sfakianakis et al. 2015).

These heavy, poisonous metals can have detrimental 
effects on life and aquatic biomes, fish life, variety, and 
conservation if they are persistently accumulated (Agbugui 
et al. 2019). Humans ingest heavy metals when they con-
sume contaminated fish and other aquatic foods from such 
ecosystems. The living organisms when they interact with 
aquatic ecosystems that are contaminated by organic and 
inorganic heavy metals (HM). (Baharom and Ishak 2015).
Since heavy metals are potent neurotoxins in fish, their inter-
action with chemical cues may prevent fish from communi-
cating with their surroundings. Fish abnormalities have been 
linked to heavy metals in both laboratory and wild popula-
tions. Such malformations often have a detrimental impact 
on fish populations because they impair fish survival, growth 
rates, wellbeing, and appearance. These fish abnormalities 
can be very good indicators of heavy metal contamination 
in the environment.

Bioremediation

Bioremediation is an environmentally friendly and cutting-
edge approach that uses natural biological processes to 
entirely eradicate hazardous substances. It might be any 
procedure that employs microbes, fungus, green plants, or 
their enzymes to restore the natural environment that has 
been contaminated. Heavy metal bioremediation is accom-
plished via a variety of methods, including but not limited 
to biosorption, bioaccumulation, bioreduction, bioprecipita-
tion, biovolatilization, bioleaching, composting, land farm-
ing, bioreactors, biopiles, and biosparging. (Voica et al. 
2016). To clean up and bio-detoxify such places in a cost-
effective and sustainable fashion, bioremediation utilising 
metal-resistant bacteria has been explored as a feasible solu-
tion. (Voica et al. 2016).To ensure the long-term sustain-
ability of the biotic and abiotic environment, the remediation 
strategy for heavy metals should be carefully assessed. All 
remediation procedures require treating large amounts of 
sludge, which not only costs a lot of money but also damages 
natural ecosystems Microorganisms are regarded as the most 
globally distributed organisms because of their extraordinary 
metabolic capabilities, they can survive in a broad variety of 

environmental circumstances. Additionally, they have a very 
diverse nutritional intake, which makes them a very helpful 
tool for cleaning up the nearby area. (Voica et al. 2016)How-
ever, the use of microorganisms with a demonstrated capac-
ity for remediation and tolerance of high toxicity is essential 
for the success of the bioremediation process. Because they 
have a few methods to experience metal toxicity, microor-
ganisms are crucial in the clean-up of metals tainted from 
habitats (Monga et al. 2022a, b).

There are primarily two techniques for removing and 
transporting wastes for treatment. In situ bioremediation 
technologies remediate pollution on the site. The use of 
these particular techniques based on a numerous variable, 
inclusive of the extent of contamination, characteristics 
of the chemicals, concentration of the pollutants, and the 
amount of time needed to accomplish it. Because it costs less 
and needs less material handling, this approach is typically 
suggested. Intrinsic bioremediation and engineered in situ 
bioremediation are two subcategories of in situ bioremedia-
tion. As illustrated in Fig. 1 primarily by bioventing, dis-
paraging, bio stimulation, bioaugmentation, and phytoreme-
diation (Sayakal and Ahmed, 2021(Ahmed et al. 2021).The 
process of treating the sediment sample before reintroducing 
it to its initial state is stated as ex situ bio-remediation. The 
region can be decontaminated more quickly if the contami-
nated material is removed and processed on or off site. Solid 
phase and slurry phase systems of ex situ bioremediation 
are different types of systems. As illustrated in Fig. 1 the 
most crucial methods include farming on land, composting, 
biopiles, and bioreactors.

Algal Bioremediation Mechanism

While some microalgae exhibit toxicity towards heavy met-
als, such as Cd, Pb, As, Hg, and Cr, whereas others, includ-
ing Mo, Mn, Br, Cu, Zn, and Fe are needed by microalgae 
as trace elements to support enzymic responses and meta-
bolic processes. Detrimental heavy metal present in rudi-
mentary dose promote the development and metabolism of 
microalgae (Sun et al. 2015). Several Cyanophyceae species, 
including, Phormidium, Oscillatoria, Spirogyra, and Ana-
baena naturally flourish in heavy metal laden water bodies 
due to their resistance against heavy metal disquiet (W. Sun 
et al. 2021). In wastewater, Cyanophyceae exhibit affinity 
towards reactive groups for active binding sites. This results 
in flocculation, which lowers the load of total suspended and 
dissolved solids (Balaji et al. 2015).

The main components of the microalgae cell wall are 
polysaccharides (cellulose and alginate), lipids, and organic 
proteins. These components also contain a variety of func-
tional groups that can bind heavy metals, including amino, 
carboxyl, hydroxyl, imidazole, phosphate, sulfonate, thiol, 
and others (Priatni et al. 2018). Additionally, they include 
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a large number of deprotonated sulphates, monomeric alco-
hols, and carboxyl groups and laminarin, all of which are 
attracted to both cationic and anionic HM species. These 
many functional groups and EPS found in biomass help 
to effectively remove heavy metals from the environment 
(Pradhan et al. 2019).

Fungal Bioremediation mechanisms

The widespread occurrence of fungi in nature and their fre-
quent usage in industrial applications are well recognised 
(Abdi & Kazemi 2015). In terms of their ability to withstand 
challenging environmental factors including high moisture, 
nutritional conditions, and pH, the fungal strains are also 
strong in nature. Mycoremediation is the process of using 
fungi to purge toxins from various environmental compo-
nents, either alive or dead ( (Adenipekun & Lawal 2012). 
Mycoremediation is an inexpensive process that doesn't 
create any hazardous waste. Because all of the pollutants 
in nature have been completely mineralized, it offers a full 
remedy (Kapahi & Sachdeva 2019). Since heavy metals may 
induce cell lysis and death in fungus, several studies ushered 
towards the ascertain of the high HM dosage of fungal bio-
mass and can vary prominently at genus level. Aspergillus 

species, Penicillium species, and Fusarium species are some 
of the most resilient strains (Priyadarshini et al. 2021).

Pytoremediation

Phytoremediation uses plants and their accompanying rhizo-
sphere microbes to clean up heavy metal-contaminated sedi-
ments. Heavy metal accumulation in plant systems involves 
a variety of stages that include heavy metal mobilisation 
for efficient adsorption, absorption by root systems, xylem 
loading, root to shoot transfer, compartmentation, sequestra-
tion, and detoxification (An et al. 2020). Heavy metal ions 
are mobilised in the rhizosphere via exudates synthesised by 
plants and microbiomes. Heavy metal ions are taken up by 
plant roots via active and passive transport channels, where 
they form complexes with organic acids such as carbonates, 
phosphate, and sulphates and are immobilised in cellular 
walls or intracellular vacuoles. Heavy metal ion complexes 
contained in vacuoles are transferred into the xylem and 
shoots (An et al. 2020). Based on the primary processes in 
the plant metal system, phytoremediation of heavy metals 
may be categorised into four categories: phytostabilization, 
phytoextraction, phytofiltration, and phytotransformation. 
Among these processes, phytoextraction has been widely 

Fig. 1  Schematic representation of various sources of different heavy metals
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used as a remediation technology, with three steps generally 
involved: cultivation of suitable metal accumulating plants, 
harvest of metal-enriched plant biomass, and post-harvest 
treatment of plant biomass for added market value (e.g., 
energy recovery from thermal treatment).

Bacterial Bioremediation

To tolerate higher levels of heavy metals, bacteria have 
evolved a number of mechanisms, including extracellular 
sequestration of the metal by exopolysaccharides, enzymatic 
detoxification, cell surface biosorption by negatively charged 
groups and intracellular sequestration of the metal by pro-
tein binding (Dash et al. 2012). In recent years, a number of 
bacterial species have been discovered that are capable of 
bioremediation (Banat et al. 2014). As stated by Campos, 
Chromate reductases may be involved in normal metabo-
lism since both chromate-resistant and chromate-sensitive 
bacterial isolates were able to reduce Cr (VI).). Only a small 
number of bacterial species have been for chromate reduc-
tase out of the many that have been reported. These include 
Pseudomonas and Enterobacter species. As illustrated in 
Fig. 2 reduction to trivalent chromium take place in the pres-
ence of chromate reductase.

Genetically Engineered Microbes in Bioremediation

Four main approaches are being taken into consideration 
when developing genetically engineered microbes (GEM) 
for bioremediation. It is series of biochemical reactions 
which include, end point analysis, chemical sensing, bio-
process creation, monitoring and control, affinity, enzyme 
specificity enhancement, toxicity reduction using bio affinity 
bioreporter sensors, and route construction and regulation. 

A vital issue to consider is the choice of cellular factories. 
Between fungus, bacteria, and algae strains, bacterial sys-
tems have been shown to have enormous potentials due to 
several inherent characteristics, including a faster rate of 
development, confinement, and simplicity of genetic modi-
fication (Jeyakumar et al. 2022).The following criteria asks 
if biosorption or bioaccumulation is preferable. The deci-
sion between biosorption and bioaugmentation is largely 
influenced by the heavy metal to be remedied, its concen-
tration, the source of remediation, environmental factors, 
additional nutritional factors, the existence of other inter-
fering molecules/ions, etc. Despite the fact that biosorption 
and bioaccumulation are the main methods for removing 
heavy metals from the environment, techniques are being 
developed to increase the amount of heavy metal that may 
be adsorped and increase their capacity to collect HM by 
using chauffeurs (Diep et al. 2018; Jeyakumar et al. 2022).
For instance, several bacteria integrate and overexpress the 
import system s for ion which comprise of secondary car-
riers, channels, etc., to increase the intake of certain heavy 
metals. On the other side, after bioaccumulation, heavy met-
als are extensively targeted for further reduction or cleanup. 
Proteins and enzymes that particularly lower the levels of 
heavy metal complexes are created and added to various 
species to improve their capacity for remediation (Jeyakumar 
et al. 2022).

Marine microbes in bioremediation

Marine microbes offer unparalleled advantages in biore-
mediation, surpassing traditional methods. Marine bac-
teria can adapt swiftly to rapidly changing, noxious 
settings and might potentially be used to remedy the prob-
lem by remediating poisonous elements. This approach 

Fig. 2  Bio-mechanism for remediation of heavy metal by microbes
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minimizes ecological disruption and mitigates unintended 
consequences. Marine biomass contains a wide range of 
microbes, including primary producers such as green 
algae, brown algae, and red algae; grazers; archaea; pho-
toheterotrophs such as Gram-positive and -negative bacte-
ria; nitrogen-fixer bacteria such as Azotobacter; nitrifiers; 
and various types of viruses, among others. (Husain et al. 
2022).The many marine microorganisms play impor-
tant functions in the marine environment. Additionally, 
the inherent resilience of marine ecosystems facilitates 
sustainable remediation. Marine bacteria such as Pseu-
domonas fluorescens, P. putida, Dechloromonas aromat-
ica, Alcanivorax borkumensis, Methylibium petroleiphi-
lum, Bacillus subtilis, and Phanerochaete chrysosporium 
play an important part in heavy metal cleanup by ensur-
ing sustainability. The widespread involvement of such 
bacteria to changing heavy metal concentrations in soil 
and water and assisting plants to deal with heavy metal 
concentrations with ecological advantages was observed 
(Zhou et al. 2023)The majority of bacterial populations 
in the Indian Ocean have been classified into six primary 
taxonomic groups: proteobacteria, actinobacteria, bacilli, 
and flavobacteria. The cost-effectiveness and reduced 
environmental footprint of marine microbial bioremedia-
tion underscore its potential as a potent and environmen-
tally conscientious solution for addressing contamination 
in marine environments. Despite the fact that numerous 
research have been undertaken and a huge number of 
marine microbial entities have been found, the microbial 
diversity from diverse maritime environments has yet to 
be investigated (Zhang et al., 2023).

Mechanism of bioremediation

Despite the fact that heavy metals are normally harmful, 
organisms have evolved unique resistance mechanisms 
and intricate intracellular pathways to use and detoxify 
heavy metals for cellular reproduction. Surface adsorp-
tion owing to physical interaction (electrostatic or Van 
der Waals interaction), chemical interaction (ion exchange 
displacement of connected metal cations), complexation, 
diffusion, or precipitation are among the methods. The cel-
lular surface normally has a negative charge that attracts 
heavy metals aggressively, but in other cases, the cellular 
surface may have a mucus or polysaccharide layer that 
significantly adsorbs heavy metals through physical inter-
actions. Heavy metals are passively adsorbed on the sur-
face, requiring no energy expenditure until equilibrium 
is established (Bala et al. 2022). A few mechanisms have 
been discussed in brief:

Bioprecipitation

Cellular metabolism may or may not be required for pre-
cipitation. As a kind of defence, bacteria create certain 
compounds that aid in the precipitation process in response 
to the harmful metal present in the area around them. The 
bio-chemical interaction of the ions of the specified metal 
and the cell wall bacteria may result in precipitation in the 
absence of biological metabolism (Mohapatra et al 2017).

Bioleaching

It is a method of extracting metals from low-grade ores and 
mineral concentrates. Metal recovery from sulphide minerals 
is based on the action of chemolithotrophic bacteria, pri-
marily Thiobacillus ferrooxidans and T. thiooxidans, which 
convert insoluble metal sulphides to soluble metal sulphates. 
Heterotrophic bacteria and fungi can be used to treat non-
sulfide ores and minerals. In these circumstances, metal 
extraction is caused by the excretion of organic acids and 
chelating and complexing chemicals into the environment. 
Currently, bioleaching is mostly utilised for the recovery of 
copper, uranium, and gold, and the primary processes used 
are heap, dump, and in situ leaching. Tank leaching is used 
in the treatment of refractory gold ores. Bioleaching offers 
some promise for metal recovery and decontamination of 
heavy contaminated waste from industries products, sewage 
sludge, and soil (Dong et al. 2023).

Biomineralization

Mining activities are a significant source of heavy metal pol-
lution in the environment. Several studies have found higher 
metal levels around metalliferous mines and industrial areas. 
Among the present environmental issues are the consequent 
pollution of surrounding agricultural lands and waterways. 
Because of phytotoxicity, metalliferous soils provide rela-
tively restricted habitats for plants, resulting in significant 
selection pressures. Heavy metal plant communities are 
genetically changed ecotypes with specialised tolerance to 
heavy metals such as cadmium, copper, lead, nickel, zinc, 
and arsenic that have evolved through microevolutionary 
mechanisms (Rajendran et al. 2022). Biomineralization is a 
natural process that produces complex structured inorganic 
minerals that serve important purposes in living systems. 
Scientists have been inspired by the diverse morphologies 
of biominerals to mimic these materials using the underlying 
chemistry of biomineralization, which has enabled the rep-
lication of biominerals' outstanding mechanical and optical 
properties as well as their unique biological functions such 
as navigation, storage, and homeostasis (Pande et al. 2022).



International Journal of Environmental Science and Technology 

Adsorption and ion exchange

Vander Waals forces of attraction cause the adsorption of 
metal ions. By using electrostatic interactions between ions 
of the metal and components cell wall of bacteria present in 
aqueous medium, dead bacterial biomass can biosorb metals 
(; Mohapatra et al 2017).Bacterial cell walls demonstrates 
the interaction of bivalent metal ions and polysaccharides, 
due to the interplay of counter ions present in the aqueous 
medium (Mohapatra et al. 2018). The fundamental cellu-
lar ions  Ca2+,  Mg2+,  K+ and  Na+, are exchanged for the 
proliferating ions  Pb2+,Cd2+,  As3+,  Cu2+,  CO2+nd  Cr6+, etc., 
resulting in biosorptive metal absorption. (, Mohapatra et al. 
2018).

Biosorption and bioaugmentation

Several microbial species have been observed to create 
extracellular biopolymers that facilitate flocculation. Bio-
flocculation or biosorption is the process of any substance 
being absorbed by biological materials through metaboli-
cally independent or dependent absorption processes (Pande 
et al. 2022).A type of amphipathic molecules known as sur-
factants, commonly referred to as flocculants, can eliminate 
HM from adulterated samples of sediments while also being 
environmentally beneficial ((Banat et al. 2014). For high bio 
flocculant output and efficiency and cost effective produc-
tion employing bioprospecting for microbial strains with bio 
flocculant-producing capabilities is necessary (Pande et al. 
2022).

Biosurfactants are hence "green" alternatives to manu-
factured chemical surfactants. Unfortunately, due to several 
technological and financial considerations, biosurfactants 
have not yet been widely employed in the industry. The 
biosorptive capacities of various microbial biomass vary, 
and these variations are also significant within each cate-
gory. Each biosorbent's potential for biosorption, however, is 
influenced by its prehistory, pre-treatment, experimental cir-
cumstances, and more. The biosorbent need to be affordable, 
efficient, and simple to cultivate and harvest. The organism 
should also be adaptable to changes in physical and chemical 
conditions, as well as the architecture of the bioreactor, to 
facilitate biosorption (Rajendran et al. 2022).

Siderophores

A crucial micronutrient for bacterial cells is iron (Fe). Fe 
tends to generate oxyhydroxides and insoluble hydroxides in 
aerobic circumstances (Rajkumar et al. 2010 and Fulke et al. 
2020). It is known that Fe(III)-sequestering siderophores are 
produced by bacteria to protect them from their environ-
ment. Siderophores work as solubilizing agents to make 
Fe accessible to living organisms.  Fe3+ is reduced to  Fe2+ 

upon contact with siderophores and is used by the cell (Fulke 
et al. 2020). In addition to attaching to Fe, siderophores may 
also bind to metals that are deemed non-essential including 
Al(III), Ga(III) and Cr(III) as well as essential elements like 
Ca, Mn, and Mg (Fulke et al. 2020). This suggests a role for 
bacteria that produce siderophores in the bioremediation of 
heavy metals. The remediation of Cr-contaminated tannery 
effluent has been carried out using marine microorganisms 
that produce siderophores. (Vijayaraj et al. 2019 and Fulke 
et al. 2020).

Factors affecting bacterial biosorption 
of heavy metals

Operational factors are biomass content, temperature, start-
ing metal ion concentration, interfering co-ions, contact 
time, and pH, significant HM on the surface of the cell 
(Mohapatra et al 2017). The pH is a crucial factor that has an 
impact on the surface functional groups on the bacterial cell 
wall as well as the solution chemistry of metal ions (Rajen-
dran et al. 2022).pH significantly alters the biosorption 
potential of the cell as there will more negative binding sites 
that are exposed on the surface of biomass. (Mohapatra et al 
2017).Since the solute's surface motion and kinetic energy 
increase with temperature, biosorption of heavy metals often 
progresses more rapidly. However, elevated temperatures 
have the potential to destroy certain binding sites for metal 
ions (Rajendran et al. 2022).Whether metal ions interact 
with binding sites exothermically or endothermically deter-
mines the capacity of bacteria to sorb metal ions. However, 
most of the research found between 20 and 35 °C to be the 
ideal temperature for heavy metal sorption (Mohapatra et al 
2017). The concentration of biomass utilised as the sorption 
medium affects the biosorption of heavy metals. Since there 
are more binding sites on the surface of the biosorbent, an 
increase in biomass content often leads to an increase in 
biosorption efficiency. It was shown that the sorption effi-
ciency rose as the concentration of biomass increased, but 
that the effects of biomass concentrations above 1.0 & 2.0 g/l 
on the sorption efficiency were less significant (Mohapatra 
et al 2017). Uptake capacity is nearly constant at concentra-
tions above the optimal biomass concentration, which may 
be caused by active site interference and between potential 
binding sites According to certain research, the ability of 
heavy metals to be absorbed diminishes with increasing 
biomass content due to severe restrictions on ionic species 
mobility in the biosorption medium, which results in fewer 
metal ion binding sites(Aryal & Liakopoulou-Kyriakides 
2014).

The exposure period is a further vital component in the pro-
cess of metal biosorption. The sorption–desorption processes 
that take place after metal ions have saturated the surface of 
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the biomass are indicated by the contact time (equilibrium 
time). Following the equilibrium period, equilibrium capacities 
remain nearly constant, comprehending an equilibrium against 
the sorption process (Aryal & Liakopoulou-Kyriakides 2014). 
A critical variable in the biosorption process is the initial metal 
ion concentration. Since the initial metal ion concentration pro-
vides the necessary driving force to overcome the resistance 
to the mass transfer of metal ions between aqueous and solid 
phases, but decreases the sorption percentage, the amount of 
metal ions per unit mass of biomass increases as metal ion 
concentrations rise (Aryal and Liakopoulou-Kyriakides 2014).
The entire concoction of ions interferes the process of biosorp-
tion when treating wastewater that contains numerous metals. 
Metal cations and anions, among others, may interfere with 
biosorption processes and create competitive conditions in 
wastewater (Aryal and Liakopoulou-Kyriakides 2014).

Limitations, challenges and future aspects

The limitations of bioremediation are related to its slowness 
and time consumption; also, the products of biodegradation 
are frequently more harmful than the original chemical. The 
crucial bottle neck in bioremediation is the irregularity and 
incompleteness. Moreover, there is no acceptable endpoint, 
evaluating the efficacy of bioremediation may be challenging. 
new research is needed to improve bioremediation methods 
and identify new biological solutions for bioremediation of 
heavy metal pollution from various environmental systems. 
Abiotic (temperature, pH, moisture, accessible electron accep-
tors or electron donors, etc.) and biotic (competition, preda-
tion, etc.) factors can all limit bioremediation. Recent research 
has found that strains with high pollutant biodegradation rates 
in laboratory may be less efficient and survive poorly in field-
scale bioremediation (Bodor et al. 2020).

Furthermore, the challenges faced in treating inorganic 
pollutants and determining whether toxins have been elimi-
nated or not. Heavily chlorinated materials biodegrade 
slowly, resulting in the formation of more hazardous or car-
cinogenic by-products. (Sayqal and Ahmed 2021). Given 
the existing scarcity of research on biomass use following 
heavy metal-contaminated environment cleanup, more inves-
tigation into post-treatment concerns is critical. The post-
treatment biomass, which contains residual heavy metals 
and their intermediate derivatives, is regarded dangerous, 
needing a thorough study of its composition and potential 
environmental repercussions Lee et al., 2019.

The role of phytoremediation in reducing environmental 
pollution can also be studied. The phytoremediation pro-
cess has a number of advantages over other remediation 
strategies, including lower costs, greater public acceptance, 
and increased pollution degradation capacity. On the con-
trary, the complex metabolic pathways and photosynthetic 

activities of cyanobacteria and microalgae, which resemble 
the plant kingdom, are what contribute to their sustainabil-
ity and economic viability. Establishing sufficient tactics 
to regulate environmental circumstances, highlight genetic 
components, and optimise metabolic pathways will be ben-
eficial in increasing the bioremediation capability of marine 
bacteria. Marine microbe genetic engineering and modifica-
tion may improve bioremediation effectiveness even more 
(Zhang et al., 2023). As a result, finding effective isolating 
and culturing procedures for uncultured marine microorgan-
isms may lead to the discovery of novel microbial resources 
for marine pollution remediation (Bodor et al. 2020).

Conclusion

The global requirement for a solution to this problem com-
prises multiple remediation components, however bioreme-
diation is one step ahead of all of them due to its numerous 
benefits over other kinds of remediation procedures. The 
selection of an appropriate bio-sorbent in terms of efficiency 
and cost is a major challenge. Because microorganisms per-
form redox reactions, metal mobilization/immobilization 
has an impact on bioremediation processes. Metal-microbe 
interactions impact microbial activities such as prolifera-
tion, colonisation, and the formation of microbial biofilms 
for remediation. The use of biomass from bacteria, fungus, 
algae, and plants has been proven to be successful for heavy 
metal transformation. The comprehensive study of differ-
ent techniques and bio-mechanism in the cells suggested in 
this review contributes to a better understanding of heavy 
metal remediation. This can aid in making existing chromium 
cleanup systems more efficient. Marine bacteria have a wide 
range of metabolic activities, and their potential for biore-
mediation is currently underutilised. Simultaneously, there 
is an urgent need to pursue, deploy, and popularise recent 
biotechnology developments in bioremediation. There is a 
broader scope for scientific innovations, with an emphasis 
on the cost-effectiveness, suitability, and sustainability of 
techniques to mitigate the impact of environmental change, 
contamination of food products and biological systems, 
impact of anthropogenic activities on the environment, and 
exploration of the aforementioned opportunities, as well as 
new initiatives for environmental restoration. To summarise 
Bacterial systems have demonstrated significant potential 
due to several intrinsic properties, including a higher rate 
of growth, containment, and ease of genetic manipulation. 
These techniques, which include biosorption, bioaccumula-
tion, and rhizoremediation, are thought to be environmentally 
beneficial, efficient, and cost-effective. This review will be 
insightful in the development of microbial-based heavy metal 
removal technologies, which will considerably contribute to 
the preservation of human and environmental health.
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