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Abstract Algae have emerged as a promising 
approach for the removal of heavy metals from waste-
water due to their low-cost, efficient, and eco-friendly 
characteristics. The unique structural and biochemi-
cal properties of algae enable them to remove heavy 
metals from wastewater using various mechanisms, 
including physical adsorption, ion exchange, compl-
exation, precipitation, phycoremediation, and bioac-
cumulation. Algal modification techniques such as 
pre-treatment, immobilization, and genetic modifi-
cation are also discussed as means of enhancing the 
efficiency and specificity of heavy metal removal. 
Additionally, the regeneration of algal biomass is pre-
sented as a sustainable solution to the issue of algal 
disposal.
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1 Introduction

Elements that are not biodegradable and may persist 
permanently in the environment are known as heavy 
metals (HMs). One of the most important environ-
mental issues facing the globe today is heavy metal 
contamination. In the last fifty years, 22,000 tons of 
cadmium (Cd), 939,000 tons of copper (Cu), 783,000 
tons of lead (Pb), and 1,350,000 tons of zinc (Zn) 
have been released globally into the soil, atmosphere, 
and water bodies (Cao et al., 2024). Once heavy met-
als are present in aquatic ecosystems, they are hard to 
eliminate. Smaller quantities have the ability to build 
up in organisms, disturbing aquatic ecosystems and 
endangering human health (Lee et  al., 2024). Envi-
ronmental contamination is mostly caused by human 
activity; vehicles, industrial pollutants, and roads 
emit harmful heavy metals (HMs) like lead (Pb), cad-
mium (Cd), and arsenic (As) into the environment. 
Furthermore, the deposition of heavy metals in plants 
and soil might result from the discharge of sludge in 
agricultural fields (Upadhyay et al., 2024). Moreover, 
aquatic species absorb heavy metals found in sedi-
ments and seawater, which then bioaccumulate via 
the food chain and endanger human health and marine 
ecosystems. Fish and other marine animals that have 
high concentrations of heavy metals are signs of envi-
ronmental pollution. One can determine the effects of 
ambient heavy metal pollution on marine biodiversity 
and the possible threats to ecosystems by looking at 
heavy metals in marine fauna (Yang et al., 2022). It’s 
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speculated that concerns about the welfare of human 
populations are developing as a result of the growing 
threat to the natural environment (Jermsittiparsert, 
2021). Children are particularly exposed to the health 
concerns posed by heavy metals in soil, which can 
permeate agricultural products and cause both carci-
nogenic and non-carcinogenic effects. The primary 
heavy metal and metalloid forms found in soil are 
Cd, Hg, As, Pb, Cr, Cu, Zn, Ni, and so forth (Angon 
et al., 2024). Depending on the kind and duration of 
exposure, these effects can vary in severity. There is 
no denying the urgency of dealing with heavy metal 
toxicity. We need to create cleaner technologies, edu-
cate the public about the health concerns connected 
with industrial activities, enforce stronger restric-
tions on waste disposal and industrial activities, 
and enhance research funding for remediation and 
treatment approaches in order to meet this problem 
(Salahshoori et  al., 2024). In the past, studies have 
generally used pollution index approaches to ana-
lyze possible sources of heavy metals using statisti-
cal methods and to determine the risk of sediments 
contaminated with heavy metals. Xiao et  al. (2021) 
used principal component analysis (PCA) and corre-
lation analysis to monitor 61 sediment samples from 
the Lijiang River basin in China. They analyzed ten 
heavy metals (Co, Cr, Cu, Mn, Ni, Pb, Zn, As, Hg, 
and Cd) to identify urbanization, agricultural prac-
tices, and recreational activities as sources of heavy 
metal pollution (Xiao et al., 2021). The evaluation of 
health risk is a great way to accurately estimate the 
potential harm that heavy metals could pose to people 
through a variety of routes, including ingestion, inha-
lation, and skin contact (Duan et  al., 2020). To this 
purpose, heavy metals are eliminated on an industrial 
scale using standard physicochemical techniques as 
chemical precipitation, electrochemical treatment, 
evaporation, ion exchange, and membrane technolo-
gies. These traditional techniques have a number of 
disadvantages, including high energy consumption, 
high operating costs, and the production of hazardous 
sludge, which burdens industry and causes second-
ary contamination. Furthermore, while conventional 
procedures offer certain benefits including simplic-
ity of use and minimal space and time requirements, 
they are less effective at low concentrations of dis-
solved metal (1–4  mg/L) (Greeshma et  al., 2022). 
Consequently, it develops a method that is safe for 
the environment and encourages interest in biological 

techniques. Various techniques have been devised 
thus far to eliminate heavy metals. Due to its low 
cost, biosorption, which uses microbial biomass and 
their products, is one of the more modern approaches 
(Rajivgandhi et al., 2021).

2  Structure of Algae

Algae are classified as eukaryotes because they have 
chlorophyll and perform photosynthesis. The majority 
of algae have microscopic diameters; however, several 
are macroscopic in nature and can grow to lengths of 
more than 100 feet (Rindi et al., 2012). There are more 
than 100,000 strains of terrestrial, freshwater brackish, 
and marine algae, with an estimated 55,000 species 
(Rangabhashiyam & Balasubramanian, 2019).

Macroalgae, also called  seaweed, are a type of 
rapidly growing multicellular aquatic creatures. They are 
commonly divided into three classes based on the colour 
of the thallus, which correspond to Phaeophyceae (brown 
algae), Chlorophyta (green algae), and Rhodophyta 
(red algae) (Balboa et  al., 2013). Microalgae, on the 
other hand, are microscopic photosynthetic organisms 
that can be found in freshwater and marine habitats. 
They have a photosynthetic process that is somewhat 
comparable to that of terrestrial plants. They make up 
the largest primary producer group in terms of biomass 
and are accountable for at least 32% of the world’s 
photosynthesis. These have molecular mechanisms that 
enable them to distinguish between heavy metals that are 
necessary for growth and those that are not (Perales-Vela 
et al., 2006)(Suresh Kumar et al., 2015).

Several functional groups found in the algal cell wall, 
including hydroxyl (-OH), carboxyl (-COOH), amino 
(-NH2), phosphoryl (-PO3O2), sulphydryl (-SH), and 
others, give the cell surface a negative charge (Mehta & 
Gaur, 2005) (Pavithra et al., 2020). Since metal ions in 
water are found in their cationic form, they get adsorbed 
on the surface of the cell. These functional groups have 
been linked to a variety of cell wall building blocks, 
including proteins, peptidoglycan, teichouronic acid, 
and teichoic acids (Spain et  al., 2021). Similar to the 
distribution and abundance of cell wall components, 
different algal groupings exhibit differences in the 
number and kinds of functional groups. The majority of 
the metal binding sites are found in polysaccharides and 
proteins, which are separate components of cell walls 
(Kuyucak & Volesky, 1989).
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3  Mechanism of Heavy Metal Removal using 
Algae

The effectiveness of the marine algae’s adsorption 
is dictated by their fundamental biological makeup. 
More specifically, the characteristics of cell wall com-
ponents like alginate and fucoidan are primarily in 
charge of the sequestration of heavy metals. The algal 
cell walls of brown algae, red algae, and many forms 
of green algae are typically composed of a fibrillar 
skeleton and an amorphous embedding matrix. Cel-
lulose is the most common form of fibrillar skeletal 
material. The embedding matrix for brown red algae 
comprises of  alginic acid or alginate (alginic salts), 
sulfated polysaccharide (fucoidan), and sulfated 
galactans (He & Chen, 2014).

During the biosorption process, toxic metal ions 
are passively confined to inert biomass in aque-
ous solutions. Many different mechanisms, such as 
physisorption, ion exchange, and chelation help to 
enhance metal binding (Nishikawa et  al., 2018). In 
fact, biosorption can be a mechanistically quite com-
plex process depending on the structure and spe-
cific preconditions. Other plausible mechanisms that 
could develop and conceal sorption and/or desorption 
include precipitation and crystallisation. It can result 
in very large input volumes, but this could prevent 
desorption (Gadd & White, 1992).

A successful method for eliminating heavy metal 
ions from industrial emissions is biosorption, which 
is the dominant process in the intake of heavy metals 
by either active or passive algal biomass. While there 
is no metabolic pathway involved in the biosorption 
of passive algal biomass, it is comparable to the bind-
ing of metal ions using ion-exchange resins because 
it relies entirely on the association between the bio-
mass and the metal ion. Biosorption, in contrast to 
ion-exchange resins, involves a variety of processes, 
including partial adsorption, chelation, complexation, 

micro-precipitation, etc. In contrast, metal ion trans-
port through the cell membrane is mediated by energy 
in the biosorption of active algal biomass (Bilal et al., 
2018) Fig. 1.

Following are the different mechanisms in use for 
the extraction of heavy metals using algae Table 1:

3.1  Physical Adsorption

In order to achieve electroneutrality, a metal ion in 
solution physically binds to the polyelectrolytes pre-
sent in microbial cell walls through electrostatic 
interactions like covalent bonding, Van der Waals 
forces, redox interaction, and biomineralization. It 
is reversible and irrelevant to the metabolism of the 
algae (Perpetuo et  al., 2000). The major benefits of 
using biosorption over traditional treatment methods 
include: lower cost, greater effectiveness, reduction 
of chemical and biological sludge, selectivity for spe-
cific metals, lack of additional nutrient requirements, 
renewal of the biosorbent, and the potential for metal 
recovery (Kratochvil & Volesky, 1998). It has been 
noticed that the entire process of physical adsorption, 
in which metal ions are drawn to the cell wall’s nega-
tive potential, is dependent on physical factors such 
as pH, temperature, etc. (Suresh Kumar et al., 2015).

3.2  Ion Exchange

Polysaccharides, proteins, and lipids found in the 
microalgal cell play a critical role in ion exchange. 
The cell surface has an overall  negative charge as 
a result of the functional groups that these com-
ponents contribute to, such as hydroxyl, carboxyl, 
amino, phosphate, sulfhydryl, alkyl, amide, and aro-
matic chemicals. This makes the algal cell  surface a 
potent metal cation binding site as it  participates in 
metal exchange via the ion-exchange mechanism. 
(Crlst et  al., 1988). Metal ions harmonised in the 

Fig. 1  The mechanism 
followed for heavy metal 
extraction with the aid of 
algae
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organisation of complex groups through interac-
tion between metal ions and proteins on biological 
surfaces. In contrast, a large portion of active sites 
in marine systems are bound to protons at low pH 
or to alkaline earth metals like sodium, calcium and 
magnisium at higher pH. The previously bound pro-
tons and metals are released in the presence of the 
heavy metal cations, and these cations are adsorbed 
on cell surfaces. However, when it comes to anions, 
an algae’s adsorption properties substantially alter in 
favour of the competitive binding of metal ions to the 
cell surface (Ahmad et al., 2020).

3.3  Complexation

Complexation  is described as the association of two 
or more species that results in the establishment of a 
complex. Covalent associations between the ligands 
and the metal ions result in mononuclear (monoden-
tate) complexes, where the metal atom is located in 
the centre. Several metal ions come together to create 
a polynuclear (multi-dentate) complex, and depend-
ing on how many binding ligands are present, the 
metal atom in the centre may have a positive, nega-
tive, or neutral charge. Monodentate ligand complex 

formation is preferred to multidentate since the latter 
contains various ligands and may lead to the binding 
of multiple species (Kanamarlapudi et al., 2018).

3.4  Precipitation

The act of precipitation can happen either through a 
process that is reliant on cellular metabolism or one 
that is not. In the former scenario, the elimination 
of metal from the solution is often associated with a 
defensive mechanism that is actively carried out by 
microorganisms. When toxic metals are present, they 
react, generating chemicals that aid in the precipita-
tion process. n the latter case, precipitation can occur 
due to a chemical reaction between heavy metals and 
the surface of an algal cell. Additionally, multiple 
biosorption techniques, as previously mentioned, can 
also take place within algae (Ahalya et al., 2003).

Functional groups and metal ions combine to form 
deposits on the surface of the microbial cell that is 
left unaffected, as opposed to permeating the micro-
bial cell. In a vast majority of cases, indissoluble non-
organic sediments develop. Extracellular polymeric 
polymers make up a majority of the materials that 
bacteria expel, and these materials play a role in the 

Table 1  Different algae used for the removal of heavy metals

Algae Heavy metal Reference

Sargassum sp.
Padina sp.
Ulva sp.
Gracillaria sp.

Lead, Copper, Cadmium, Zinc, and Nickel (Sheng et al., 2004)

Coriallina mediterrane
Galaxaura oblongata
Jania rubens
Pterocladia capillacea

Cobalt, Cadmium, Chromium and Lead (Ibrahim, 2011)

Chondracanthus chamissoi Lead and Cadmium (Yipmantin et al., 2011)
Chlorophyceae sp. Arsenic, Boron, Copper, Manganese and Zinc (Saavedra et al., 2018)
Sarcodia suiae Arsenic (Libatique et al., 2020)
Ulva lactuca Mercury, Chromium, Nickel, Arsenic and Cadmium (Henriques et al., 2019)
Chlorella vulgaris L Chromium (Rai et al., 2013)
Laminaria digitata Chromium (Dittert et al., 2012)
Chlorella sorokiniana Galium (Li et al., 2018)
Hizikia fusiformis Cadmium, Copper, Nickel and Lead (Pham et al., 2021)
Gracilaria sp. Cadmium (Ardiyansyah et al. 2019)
Chlorella miniata Chromium (Han et al., 2006)
Calcium-alginate based ion exchange 

resin
Lead and copper (Chen et al., 2002)
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formation of organic detritus. A study can be found 
by Mohammed et  al. regarding the distortion, accu-
mulation and damage to the cell superficial layer and 
this is caused by the precipitation of  Cu2+ onto Mes-
orhizobium amorphae (Mohamad et al., 2012).

3.5  Phycoremediation

The word "phycoremediation" was used by John to 
characterise the use of algae in the removal or miti-
gation of harmful pollutants. The methods employed 
in phycoremediation can vary and are dependent on 
factors such as the specific heavy metal and its spe-
ciation, the type of microalgae utilized (living or 
non-living), and the operating conditions involved 
(González-Dávila, 1995). Heavy metal removal and 
detoxification are made possible by the numerous 
adaptive mechanisms that living microalgae have 
developed over many generations (Suresh Kumar 
et al., 2015).

The removal of heavy metals using phytoreme-
diation involves two steps and the use of microalgae. 
During the initial stage of the process, heavy metals 
are adsorbed onto the surface of the cell. This stage 
can occur rapidly and may or may not involve cell 
metabolism. As a result, it is known as the quick 
extracellular passive process. Because they have vari-
ous functional groups on their cell surfaces, algae can 
operate as biosorbents (Zohoorian et  al., 2020). In 
the second stage, heavy metals move beyond the cell 
membrane and enter into the cytoplasm or other orga-
nelles. This causes the concentration of heavy met-
als to increase inside the algal cells. With the aid of 
the detoxification phenomena these contaminants are 
then eliminated or transform into a non-toxic com-
plex (Chugh et al., 2022).

3.6  Bioaccumulation

Bioaccumulation is a metabolism-dependent process 
whereby metal ions are taken up by microbial cells 
inside the cell (Abbas et  al., 2014). The removal of 
heavy metals using this process, as opposed to other 
methods, can only be done using living algae cells. 
As a result, it is important to maintain and keep an 
eye on the algae’s living conditions, such as pH and 
temperature. In contrast to the other methods men-
tioned above, which merely depend on the physi-
cal or chemical structure of the algal cell wall, the 

removal of the ions is a slow and irreversible process 
since it depends on the metabolism of the algal cells 
(Vijayaraghavan & Yun, 2008).

To carry out the bioaccumulation process, the 
biomass of a microbe is grown in close proximity 
to the metal to be accumulated. The presence of the 
growth medium in the solution initiates the metabolic 
activities of the organism, which activates the intra-
cellular transport systems to accumulate the sorbate. 
The main drawback of the method is that the nutri-
tive media for the microorganism’s development con-
tains organic carbon sources (Chojnacka, 2010).

4  Algal Modification

It has repeatedly been found that organic pollutants 
percolate in untreated algae during analysis. Several 
advantageous adsorptive components, such as opera-
tional and functional groups, may be simultaneously 
released by the leachate, reducing the capacity for 
biosorption. As a result, it is preferable to modify 
algae using chemicals or physical means before mak-
ing use of them Table 2.

4.1  Algal Pre-treatment

Modification of raw biomass via appropriate methods 
result in increased efficacy of heavy metal removal. 
The formulation procedure can make use of a physi-
cal, chemical, or combined activation process. There 
are a number of traditional techniques that can be 
used, including temperate drying, abrasions, washing, 
and retraction of biomass particles Fig. 2. The extent 
of drying temperature is typically set below 100 °C, 
taking into account natural regeneration and magneti-
zation (Ezeonuegbu et al., 2021).

A majority of research is initiated by specific phys-
ical processes by the development of biosorbents. 
The steps that follow it are known as thermal or heat 
processing which requires  a large amount of energy 
to activate the biomass. Activation results in a surface 
with larger effective area with more accessible active 
spots increasing the adsorption potential. The pyroly-
sis process for biomaterials is frequently carried out 
at temperatures lower than 800 °C. Chemical changes 
then follow, creating gradually powerful and dynamic 
areas on the carbonized planes (Kumar & Chauhan, 
2019). Chemical processing can be employed to 
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enhance the interaction between the adsorbent and 
metal ions by improving electrostatic communica-
tion through either a single or combined activation 
process. This process involves the modification of the 
distribution of operational groups and surface plane 
charge to enhance adsorption (Znad et al., 2022).

Algae that have been subjected to an acid pre-treat-
ment cause the carboxylic acid to carbonyl stretch, 
revealing potential sites for the needed heavy metal 
ions to bind. Acid treatment causes functional groups 
to become protonated, which increases their affinity 
to heavy metals (Yacou et al., 2018).

Table 2  Algal modification techniques for heavy metal removal

Modification Algae Heavy metal Reference

Pre-treatment Chlamydomonas reinhardtii Arsenic (Ramírez-Rodríguez et al., 2019)
Pediastrum boryanum Lead, Cadmium and Copper (Joseph et al., 2017)
Caulerpa serrulata Copper, Lead and Cadmium (Mwangi & Ngila, 2012)
Turbinaria turbinata Chromium (Yacou et al., 2018)
Synechocystis sp. Chromium, Copper, Lead and Cadmium (Shen et al., 2020)

Immobilization Chlorella vulgaris Mercury (Peng et al., 2017)
Chlorella sp. Copper and Zinc (Zainol et al., 2012)
Laminaria digitata Lead and Platinum (S. Wang et al., 2017)
Jania Rubens Thorium (Gok et al., 2011)
Chlorella homosphaera Cadmium, Zinc and Gold (da Costa & Leite, 1991)

Live vs inactivated Chlorella
Oscillatioria, Scenedesmus
Spirogyra
Pandorina

Arsenic (G 2014)

Chlorococcum sp. Chromium (Sun et al., 2018)
Sargassum Copper, Cadmium and Zinc (Figueira et al., 1999)

Gene modification Chlamydomonas reinhardtii Cadmium, Copper, Aluminium, Zinc and 
Manganese

(Ibuot et al., 2017)

Cadmium (Hu et al., 2001)
Zinc and Cadmium (Ibuot et al., 2020)

Dunaliella tertiolecta Zinc (Hirata et al., 2001)
Chlorella sp. Mercury (Huang et al., 2006)

Fig. 2  Various modifica-
tion methods conducted on 
algae
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4.2  Immobilization

Algal cells are gathered and dehumidified to immobi-
lise them. Compared to algal cells grown in free sus-
pension, immobilised algal cells have several advan-
tages, including: (1) taking up less surface area; (2) 
having improved biosorption capacity, photosynthetic 
activity, and bioactivity; and (3) being more resistant 
to harmful effects and extreme weather conditions. 
The ability of entrapped algal cells to participate in 
repeated biosorption processes is improved by immo-
bilisation (Eroglu et  al., 2015). For the removal of 
heavy metal, polysaccharide gels have frequently 
been utilised to immobilise algae cells. Algal cells 
have been reported to be sufficiently immobilised 
and to have increased removal efficiencies from aque-
ous environments when they are trapped in alginate 
(Ahmad et al., 2020).

Cell or biomass immobilisation can be accom-
plished using a few methods, including adsorption 
on surfaces, flocculation, covalent binding to car-
riers, encapsulation in polymer gel, cell crosslink-
ing, and encapsulation in polymer gel. The support-
ing substance used for immobilising biomass can be 
either natural, like agar, alginate, and carrageenan, 
or synthetic, such silica gel, polyurethanes, and poly-
acrylamide. Since synthetic polymers are hazardous 
to biomass, natural polymers are preferable. The most 
common method for immobilising algal and other 
types of biomass is alginate. Alginate is obtained 
from algae as a sodium salt that is water soluble. Ionic 
cross-linking between carboxylic acid groups happens 
when calcium takes the place of sodium, resulting in 
a gelatinous material (Mehta & Gaur, 2005).

4.3  Live vs Inactivated Algae

Both living and dead cells can undergo the biosorp-
tion process. Yet, as it offers several advantages to 
employing living algal cells, dead biomass is more 
frequently used. Dead cells can be utilised for a 
variety of experimental variables since they don’t 
need any nourishment or special environmental 
conditions of  temperature, pH, etc. Additionally, 
they are simple to store and can retain their potency 
for extended periods of time (Michalak et  al., 
2013). Living algal cells have the capacity to bio-
accumulate heavy metals, as opposed to non-living 

material. In most situations, this is exceedingly 
poisonous to the cells and has a significant impact 
on their metabolism. Furthermore, as live cells can 
maintain enzyme activity, enzymes can alter pollut-
ants through biotransformation or biodegradation, 
which may impact the recovery of pollutants (Tor-
res, 2020).

Additional  benefits of employing dead biomass 
rather than living cells include the capacity for 
regeneration and reuse of the biomass, the flex-
ibility of immobilising the dead cells, and the con-
venience of kinetic  mathematical  modelling (Chu 
& Phang, 2019). The most significant factor is that 
inactive microalgal cells have been shown to more 
effectively absorb heavy metals than living cells 
(Aksu & Kutsal, 2008) (Spain et al., 2021).

The effectiveness of living algae in heavy metal 
adsorption can be impacted by environmental con-
ditions. Elevated heavy metal concentrations can 
surpass their tolerance levels and adversely affect 
their metabolic processes, reducing their effective-
ness in adsorption. To prevent exceeding tolerance 
thresholds, living algae should only be utilized to 
treat heavy metal concentrations less than 10 mg/L. 
Different heavy metals have varying effects on 
algae depending on the binding mechanism. Due to 
the toxicity of heavy metals, living algae typically 
have a lower tolerance than non-living algae. Heavy 
metal ions are mainly absorbed by non-living algae 
through functional groups on their surface. Algal 
powder can be produced by grinding the algae to 
reduce particle size, which increases the surface 
area exposed to heavy metal ions. Non-living algae 
are more commonly used as adsorbents to treat 
industrial wastewater (Mohamed, 2001).

4.4  Genetic Modification

Algae can also undergo genetic modification to 
enhance its heavy metal removal efficacy. This is 
mainly done in cases where physical and chemical 
treatment of the algae does not cause a significant 
increase in the heavy metal removal. The genetic 
modification of algae can typically involve two 
techniques: gene overexpression and the creation of 
transgenic algae through the introduction of foreign 
DNA into the algae.
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4.4.1  Gene Overexpression

Algae can be genetically or cellularly modified to 
increase their selectivity for metals with high affinity 
for metalloregulatory proteins. The effectiveness and 
productivity of gene-manipulation activities can be 
improved by having a greater understanding of algal 
genomes, especially those that encode metalloregula-
tory and related proteins (Cheng et al., 2019).

Metal-binding proteins being overexpressed on the 
surface of algae has a variety of benefits. First off, the 
processing time will be significantly reduced as the 
amount of ligand on the cell surface increases. Sec-
ond, such a change would make a target metal more 
selective. Hence, this adsorbed metal can be easily 
retrieved with a modest pickling reagent rather than 
rupturing the cell wall to collect the metals inside the 
cell. As a result, such biosorbent is both recyclable 
and affordable. Last but not least, dead biomass can 
be used since surface adsorption is not dependent on 
metabolism (Danouche et al., 2021) (Cai et al., 2006).

Metal-tolerance proteins also help with metal 
sequestration (MTPs). One of the main synthetic biol-
ogy-based methods for increasing protein level and 
function is gene overexpression (Ibuot et  al., 2020). 
Furthermore, it has been noted that heavy metal bio-
removal is promoted by the overexpression of genes 
involved in the manufacture of metal-binding pep-
tides. The two best prospects for metal-binding pep-
tides are PCs (phytochelatins) and MTs (metallothio-
neins). PCs are produced by enzymes from naturally 
occurring substrates (Filiz et al., 2019).

Studies have shown that increasing the expression 
of MTs may not be enough to enhance metal absorp-
tion in algae as excessively high levels of these pro-
teins can lead to the formation of misfolded proteins 
that are unstable or ineffective, ultimately reducing 
the rate of metal uptake (Diep et  al., 2018). On the 
other hand, the overexpression of MT fusion proteins, 
which are produced when MTs and soluble proteins 
are combined, can boost metal uptake rates (Balzano 
et al., 2020).

4.4.2  Transgenic Algae

The development of genetically altered algae that can 
overexpress metalloregulatory proteins is the result 
of the identification of metalloregulatory proteins 
and pathways for heavy metal detoxification in algae. 

These alterations enable the production of metal-
loregulatory proteins both on the surface and in the 
cytoplasm, as well as helping to reduce the negative 
consequences of heavy metal-induced stress. Sev-
eral studies have examined the enhanced selectivity 
and adsorption capacities of transgenic algae (Ahsan 
et al., 2009).

Recently, transgenic methods for treating heavy 
metals with microalgae, particularly in wastewater 
and sediments, have been established. The  primary 
goal of this method is to improve microalgae’s heavy 
metal specificity and binding capacity. To do this, 
techniques including overexpressing enzymes, which 
result in metabolic by-products that mitigate the 
effects of stress caused by heavy metals, and express-
ing high-affinity, heavy metal-binding proteins on the 
surface and cytoplasm of transgenic cells have been 
used (Rajamani et al., 2007).

In order to avoid any unfavourable effects from 
transgenic algae with improved metal remediation 
capabilities, it is crucial to take into account both 
technological and biological considerations. To pre-
vent the possible dangers of releasing live transgenic 
microalgae into the environment, one possibility is to 
employ nonviable transgenic algae with higher bind-
ing ability and selectivity. This is due to the possibil-
ity that live transgenic microalgae could quicken the 
biogeochemical cycling of heavy metals, which could 
result in their buildup in the food chain and potential 
injury. The dangers connected with their release into 
the environment must be carefully examined, even 
though there may be a demand for these more effi-
cient bioremediation agents.

5  Regeneration

Every adsorption process needs to have a way to 
safely dispose of used sorbent and/or recover and 
reuse its materials in an environmentally friendly 
manner. Heavy metals are useful and can be recy-
cled in a number of industrial processes. In order to 
recover metals, algal biomass is often treated with 
acid solutions to remove the metals. Two potential 
methods for recovering heavy metals from adsor-
bents are desorption and precipitation. Desorption 
involves releasing the heavy metal from the adsorbent 
and transferring it into a concentrated media with a 
low volume, while precipitation involves causing 
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the heavy metal to precipitate out of solution under 
low-solubility pH conditions. Another strategy would 
involve destroying algae at high temperatures while 
recovering the heavy metal (Li et al., 2018).

The treated wastewater can be discharged safely 
into the environment, which helps to reduce the envi-
ronmental impact of heavy metal pollution. Moreo-
ver, the biomass produced during the heavy metal 
removal process can be used for a variety of purposes, 
including the production of biofuel and as a source of 
nutrients for agriculture. However, if not properly dis-
posed of, remaining heavy metals from the biomass 
production process could endanger the ecosystem. 
Hence, it is important to regenerate the algal bio-
mass in a way that minimizes the emission of lefto-
ver heavy metals into the environment (Salama et al., 
2019).

6  Advantages and Disadvantages of Algae‑based 
Heavy Metal Removal

Algae have several benefits over other bioremedia-
tion practices, including a high capacity for absorbing 
heavy metals, the ability to be regenerated, the ability 
to use algal biomass all year round, the lack of any 
harmful metabolites produced, and cost effectiveness 
(Chugh et al., 2022). Because to its speed, low cost, 
environmental friendliness, and adaptability to vari-
ous experimental settings, this method offers several 
gains over other, more well-known metal removal 
techniques. As a result of biomass’ low cost and ease 
of production, the cost of the treatment as a whole 
is quite low (J. Wang & Chen, 2009). As algae can 
simultaneously eliminate several different types of 
heavy metals, both the biomass and the metals can be 
claimed after the treatment (Fomina & Gadd, 2014). 
However, a major drawback is the rapid saturation 
of active sites on the surface of the biomass and the 
reversible sorption of metals to binding sites (Spain 
et al., 2021).

7  Conclusion

The use of algae for heavy metal removal from waste-
water is a promising approach due to its unique struc-
tural and biochemical characteristics. Due to the 
variable interactions between the heavy metal and the 

algae, many mechanisms, including physical adsorp-
tion, ion exchange, complexation, precipitation, phy-
coremediation, and bioaccumulation, are responsible 
for the removal of heavy metals using algae. Tech-
niques that improve the interaction between the heavy 
metal and the algae can further increase the efficacy 
of these mechanisms. Also, the problem of disposing 
of algae can be resolved sustainably by the regenera-
tion of algal biomass. All things considered, using 
algae to remove heavy metals has a lot of potential 
and should be investigated and improved upon in 
future studies.
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