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 In recent years, bioremediation has attracted a great deal of attention because of 
environmental pollutants and their implications for public health and environmental 
sustainability. In bioremediation, microalgae play a major role in environmental and 
wastewater treatment techniques. Among environmental contaminants, heavy metals 
(HMs) are significant pollutants due to their persistence in the environment and their 
potential to harm ecosystems and human health. Several conventional techniques are 
available for removing heavy metals, but they are expensive. Microalgae afford an 
environmentally friendly approach for heavy metal remediation. This review examines the 
major sources and health effects of heavy metals, including chromium (Cr), arsenic (As), zinc 
(Zn), cadmium (Cd), Iron (Fe), mercury (Hg), lead (Pb), and Copper (Cu), emphasizing 
microalgae as a potent tool for heavy metal decontamination. The primary analyses 
observed microalgal metallothioneins (MTs) and their potential to improve metal 
sequestration, supported by computational investigations of metal-MT interactions. The 
study revealed that metal ions with MT proteins binding energies of MT ranged between -
16.67 to –3.24 kcal/mol for P. tenue and –5.90 to –3.21 kcal/mol for C. sorokiniana, –2.86 
to –1.41 kcal/mol for S. platensis, indicating variable but significant affinity for different 
metal ions. These results suggest that microalgal MTs play an important role in heavy metal 
uptake and can be further enhanced using computational and biotechnological techniques. 
Based on the evidence reviewed, microalgae-based bioremediation systems with MT-
enhanced strains are recommended as a potential and long-term solution for heavy-metal 
removal. 
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1. Introduction 

Growing industrialization and urbanization have exposed 
ecosystems to a wide range of harmful substances that are 
hazardous to all living creatures. Significant sources of 
contamination to aquatic and soil environments include 
pollutants originating from various industrial processes. 
Heavy metals are emitted in a variety of forms and 
concentrations, both during and after industrial production. 

Heavy metals released from dye companies include 
mercury and chromium. In agriculture, the use of pesticides, 
fertilizers, and herbicides releases contaminants like zinc, 
lead, arsenic, etc. Certain hazardous substances emitted 
into the nearby environment during mining include lead, 
arsenic, cadmium, and copper. The cement industry 
releases cadmium, copper, and zinc and are present in the 
upper soils. The coal industry also releases pollutants into 
the environment: copper, arsenic, mercury, chromium, 
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lead, nickel, cadmium, and zinc. Water is contaminated by 
plastics that contain heavy metals. These heavy metals 
cause liver and cardiovascular diseases, kidney dysfunction, 
changes in the central nervous system in humans, especially 
in children, cancers, neurotoxic and nephrotoxic difficulties, 
reproductive system abnormalities, etc. [1-7]. The 
overproduction of wastes, along with their discharge into 
natural water bodies, has a detrimental impact on aquatic 
ecosystems and the environment. As a result, civilization 
faces significant challenges regarding the sustainability of 
our planet [8]. 
Both conventional and current techniques are employed to 
eliminate heavy metals from wastewater. Conventional 
methods, such as electrochemical treatment, osmosis, 
evaporation, precipitation, and ion exchange, are expensive 
and require more energy to operate. In order to combat 
this, current techniques that are more affordable and 
environmentally friendly, such as biological methods, are 
employed to remove heavy metals [9]. Phycoremediation is 
emerging as a crucial platform for cleaning up contaminated 
systems. Its sustainable features make it far more 
advantageous than other remediation methods available 
[10]. Autotrophic microorganisms, known as microalgae, 
are commonly found in aquatic environments and have 
shown promise in eliminating heavy metals. Due to their 
ability to extract nutrients, metals, and organic pollutants, 
as well as absorb CO2 from the atmosphere, these microbes 
are also regarded as an efficient bioremediation technique 
for cleaning industrial wastewater containing heavy metals 
[11]. Microalgae can grow and develop in the presence of 
environmental contaminants like heavy metals, phosphate, 
pesticides, nitrogen, medicines, and dyes. So, they have 
been proven to be a useful tool for heavy metal treatment 
in industrial uses [12, 13]. Compared to conventional 
treatment techniques, microalgae-based bioremediation is 
the most efficient way to remove harmful substances. This 
is due to the algal biomass produced by the microalgae, 
which has a variety of purposes [14]. The unique biological 
features of microalgae, such as their high photosynthetic 
efficacy and an easily understood structure, allow them to 
survive in a variety of challenging conditions, including high 
salinity, nutritional stress, extreme temperatures, and the 
presence of heavy metals. Microalgae are especially 
effective for phycoremediation of harmful heavy metals 
because of their high binding affinity, huge surface area, 
and abundance of binding sites. The bioremediation 
process employing microalgae may safely eliminate toxic 
metals from the environment. The capacity to generate 
biofuels and fertilizers from their rapid growth offers 
microalgae an edge over higher plants. Microalgal biomass 
can also be exploited to create carbs, proteins, vitamins, 
and lipids. In addition to protein-rich feed, using microalgae 
for bioremediation processes may regenerate resources for 
economic utilization via the biorefinery of 
microalgal/bacterial biomass, yielding a range of low- and 

high-value by-products including microalgal plastics, fibers, 
and fertilizer [15-17]. The objective of the present review is 
to highlight the phycoremediation of heavy metals and to 
provide a detailed understanding of the mechanisms by 
which algae remove heavy metals from wastewater. The 
efficacy of diverse species via extracellular and intracellular 
pathways in the biosorption, bioaccumulation, and 
detoxification of different heavy metals has been 
thoroughly examined in the context of microalgae. This 
study will focus on the unique properties of microalgae, 
such as their ability to absorb and accumulate heavy metals 
across a range of biological processes and environmental 
conditions for bioremediation. The in silico technique has 
the potential to transform bioremediation research through 
rapid discovery, hypothesis development, and process 
optimization. The effectiveness of phycoremediation 
systems in reestablishing environmental health will 
therefore increase. This review highlights potential 
obstacles and opportunities in heavy-metal bioremediation 
techniques utilizing microalgae. 

2. Sources of HMs 

HMs accumulate in aquatic ecosystems as a result of both 
natural and human activities. Natural sources include wet 
and dry atmospheric salt deposition, rock weathering, 
hydrogeochemical interactions between water and soil, 
earthquakes, and aquifer leaching into rivers and oceans 
[18]. The presence of heavy metals in water is affected by 
hydrogeology, geochemistry, and regional geological 
factors. In addition to natural contributions, human 
activities considerably increase heavy metal pollution. 
Urbanization and industrialization contribute to pollution 
through household waste discharge, industrial effluents, 
mining activities, and inappropriate garbage disposal [18]. 
Agricultural activities, including the excessive use of 
chemical fertilizers and pesticides, add metals such as 
cadmium (Cd), arsenic (As), and lead (Pb) to water bodies, 
increasing pollution levels [19]. Airborne pollutants also 
contribute to the deposition of heavy metals in water. The 
combustion of fossil fuels releases carbon dioxide (CO₂), 
which reacts with water to form acidic compounds that 
facilitate metal leaching. Sulfur dioxide (SO₂), emitted from 
coal and petroleum combustion as well as volcanic 
eruptions, combines with water to produce sulfuric acid, 
while nitrogen dioxide (NO₂) forms nitric acid, both of which 
contribute to acid rain and heavy metal mobilization [20]. 
Mining operations are another significant source, releasing 
heavy metals into the environment, where they persist due 
to their non-biodegradable nature and long half-lives. These 
metals bioaccumulate in aquatic organisms and pose severe 
health risks to both ecosystems and human populations 
[21]. The severity of health hazards depends on metal 
concentration and the duration of exposure, with chronic, 
low-level exposure leading to long-term toxic effects, 
including neurotoxicity, carcinogenicity, and organ damage 
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(Figure 1) [22]. Despite extensive research, gaps remain in 
understanding the synergistic effects of multiple heavy 
metals and their long-term ecological impacts, underscoring 
the need for further studies on mitigation and remediation 
strategies. 

2.1. Toxicity of heavy Metals  

2.1.1 Arsenic (As) 

Arsenic is a prominent, poisonous heavy metal that 
contaminates drinking water in many nations, including the 
USA, Bangladesh, Argentina, China, India, Chile, Southeast 
Asia, etc. [23, 24].  
According to [25], as of 2008, drinking water from hand 
tube wells with arsenic had been reported in Uttar Pradesh, 
Jharkhand, Rajnandgaon village in Chhattisgarh, Manipur, 
Bihar, West Bengal, and Assam states of India. It has been 
estimated that 50 million people could be at risk of 
groundwater arsenic pollution. In addition to spreading 
through mobility and groundwater mining, arsenic pollution 
of groundwater has far-reaching effects, such as absorption 
through the food chain, health risks, social disorders, and 
socioeconomic disintegration [26]. The main industrial 
operations that lead to anthropogenic arsenic poisoning of 
water include mining, burning fossil fuels, and smelting non-
ferrous metals [27, 28]. Arsenic used for industrial 
purposes, glass and alloy manufacturing, metal processing, 
pesticides and sheep dips, fertilizers, leather preservatives, 
antifouling paints, pharmaceuticals, poison baits, and 
arsenic-containing pigments are other major sources of 

contamination. The effect of chronic arsenic exposure from 
different sources has been investigated in various countries 
and has been associated with various health effects, such as 
keratosis, various types of cancer, hyperpigmentation, and 
vascular diseases [29, 30]. In the environs, arsenic existed in 
organic and inorganic forms and had various valences [31]. 
In addition to reducing growth and photosynthesis, arsenic 
also disrupts thylakoid membranes (Table 1) [32]. 

2.1.2 Chromium 

Chromium is a toxic heavy metal according to the US 

Environmental Protection Agency. Direct or indirect 

exposure causes adverse health effects. 
It occurs in two valence states, such as trivalent chromium 
Cr (III), hexavalent chromium Cr (VI), and an uncharged 
metallic form (Cr) [33]. 
Chromium is released into the environment through human 
activities and industrial applications: chrome plating, 
electroplating, the steel industry, textile manufacturing, 
alloy making, leather tanning, batteries, dyes, paints, 
welding, catalysts, and wood preservatives [33-35]. On 
exposure to a hexavalent form of chromium Cr (VI), diseases 
such as hemorrhage, epigastric pain, diarrhea, and nausea 
are observed. Ingestion of Cr (VI) can cause severe health 
issues like skin, lung, and stomach cancers, kidney 
problems, tissue neurosis, etc. [35-37]. Of the three existing 
forms, a hexavalent form of chromium Cr (VI) is a suspected 
mutagen and extremely carcinogenic. The contrasting 
trivalent form and metallic form are less harmful [38]. 

 

Fig. 1. Chronic toxic effect, poisoning, and health hazards of heavy metal accumulation impact on human health. 
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Table 1. Heavy Metal Toxicity Mechanisms at the Molecular Level 

Heavy Metal Toxicity Mechanism 

Chromium (Cr) Cr(VI) is a strong oxidizing agent that generates reactive oxygen species (ROS), leading to DNA damage, protein 
oxidation, and mitochondrial dysfunction. 

Arsenic (As) Mimics phosphate ions, interfering with phosphate metabolism, disrupting ATP production, and inhibiting DNA 
synthesis. 

Cadmium (Cd) Replaces essential metals like zinc in enzymes, causing protein misfolding and inhibiting antioxidant enzymes such 
as catalase and superoxide dismutase (SOD). 

Mercury (Hg) Binds to sulfhydryl (-SH) groups in proteins, leading to enzyme inhibition, increased oxidative stress, and 
neurological damage. 

Lead (Pb) Disrupts calcium homeostasis, impairs synaptic transmission, and interferes with neurotransmitter release in the 
nervous system. 

Zinc (Zn) While essential, excessive Zn disrupts iron and copper homeostasis and induces oxidative stress at high 
concentrations. 

Iron (Fe) Catalyzes the Fenton reaction in its free form, producing hydroxyl radicals that cause oxidative DNA and lipid 
damage. 

Copper (Cu) Undergoes redox cycling, generating oxidative stress and causing lipid peroxidation and cellular damage. 

2.1.3 Mercury 

Mercury is one of the highly bioaccumulated HMs and can 
exist in diverse forms. Mercury is ubiquitous and has 
become inevitable. It is available in three forms (organic, 
inorganic, and elemental), each with characteristic noxious 
effects [39, 40]. Mercury can additionally exist as a cation 
with oxidation states of +1 (mercurous) or +2 (mercuric) 
[41]. Methylmercury is the most commonly encountered 
compound in the environment and forms because of the 
methylation of inorganic (mercuric) forms of mercury 
through microorganisms found in soil and water [39, 42]. 
Metallic mercury has been used in instruments such as 
thermometers, barometers, and blood pressure-measuring 
equipment[43]. Industrial emissions, ingested through 
seafood (freshwater and ocean fish), typically contain large 
quantities of mercury; dental amalgam is another source of 
inorganic and mercury vapor. Apart from its advantages and 
usage, it has various adverse effects on human health. 
Prime routes of exposure to mercury include inhalation and 
ingestion [41]. Mercury accumulates in the central nervous 
system (CNS) and is also deposited in body tissues: thyroid, 
breast, sweat glands, pancreas, prostate, kidneys, muscles, 
liver, salivary glands, lungs, myocardium, skin, testes, 
adrenals, and breast milk [44]. Mercury can alter the 
tertiary and quaternary structures of proteins by binding 
with sulfhydryl and selenohydral groups, impairing all 
cellular functions [45]. It also induces lipid peroxidation, 
oxidative stress, mitochondrial dysfunction, and alterations 
in heme metabolism. Furthermore, it causes depolarization 
of the inner mitochondrial membrane, increasing hydrogen 
peroxide (H2O2) formation [44]. 

2.1.4 Cadmium 

Cadmium is a poisonous metal and non-essential element 
and exposure to high concentrations causes severe damage 
to human health [46]. Anthropological sources of cadmium 
vary widely; it is released in industrial refining processes and 
used in alkaline batteries, the galvanoplasty industry, 

semiconductor alloys, the textile industry, etc. [47]. 
Exposure to cadmium at low concentrations damages the 
liver, kidney, and lungs as a consequence of damaged cell 
wall integrity due to bioaccumulation. Also, cadmium 
disrupts the endoplasmic reticulum and mitochondria, 
which leads to the release of calcium within the cell and 
apoptosis in a few cells; sometimes autophagy mechanisms 
are activated and a few elements that are essential 
nutrients in cell metabolism are replaced [48]. In plants and 
microbes, it affects growth, morphology, cellular 
metabolism, and photosynthesis [49]. In addition, cadmium 
exposure has other injurious effects, including damage to 
the brain, reproductive failure, tumor formation, and 
nervous system failure. Meanwhile, exposure to cadmium 
at high concentrations causes skeletal deformation and 
spontaneous fractures [50]. 

2.2. Less toxic Heavy Metals 

2.2.1 Iron  

Nearly all living things depend on iron for growth and 
survival [51]. On the surface of the earth, iron is the second 
abundant metal. It is a crucial component of organisms such 
as algae, alongside enzymes such as cytochromes (10%), 
catalase (10%), and oxygen-transporting proteins like 
hemoglobin (70%) and myoglobin (10%) [52]. The main 
sources of iron in the surface water are mining activities and 
anthropogenic activities. 
Up to 25% of the body’s iron is ferric Fe (III) and is stored in 
the liver, spleen, and bone marrow as hemosiderin, ferritin, 
and transferrin. Ferritin can hold up to 4500 atoms of iron 
per molecule and has a low-capacity protein and high-
affinity activity. Transferrin is an iron molecule that contains 
a high-affinity and low-capacity protein and will transfer 
two atoms of iron per molecule in plasma, which is another 
crucial protein in iron homeostasis [53]. 
Iron can bind to biomolecules as well as molecular oxygen, 
thereby establishing a link between them. Iron-containing 
enzymes are also required for other biochemical activities, 
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such as cellular respiration and drug metabolism. Iron 
deficiency in humans affects nearly half a billion people 
worldwide and can have a variety of adverse impacts, 
ranging from anemia to intellectual disability in children. 
Hemochromatosis is a hereditary illness that requires a 
high-iron diet and blood transfusions [54]. However, as the 
Fenton reaction demonstrates, iron is one of the heavy 
metals that produces hydroxyl radical (OH•) in its free state 
[55]. A broad range of harmful free radicals are created 
when ingested iron miscarries attach to protein, and this 
has a major effect on the amount of iron present in 
mammalian cells and biological fluids. 
 The most frequent free radical produced by iron oxidation 
is the hydroxyl radical (OH•). OH• can damage biological 
molecules such as DNA, lipids, and proteins [55]. When iron 
causes oxidative DNA damage, a broad array of molecules is 
generated from oxidized bases. The oxidized form of 
guanine (8-Hydroxydeoxyguanosine), which can cause 
mutations, is the major result of oxidative DNA damage. 
Bucher and coworkers made the first such observation, 
demonstrating that iron-generated OH• can damage lipid 
membranes via a process known as lipid peroxidation [55, 
56]. Enzymes like catalase, glutathione peroxidase, and 
superoxide dismutase essentially neutralize free radicals; at 
the same time, these superoxide molecules release ferritin 
from the iron molecule and react with various hydrogen 
peroxide and superoxide, forming highly harmful free 
radicals like hydroxyl radical. These hydroxyl radicals are 
hazardous to health, inactivating certain enzymes and 
promoting depolymerization of polysaccharides and lipid 
peroxidation, as well as damaging the DNA strands, which 
leads to cell death [57, 58]. 

2.2.2 Copper  

Copper is classified as an essential element because it is a 
requirement for enzymes involved in human biological 
functions [59]. Mining and milling are the primary 
contributors to copper contamination. The most common 
sources of copper exposure in the general population are 
drinking water and food. Waste dumps, fossil fuels, home 
wastewater, waste combustion, phosphate fertilizer 
manufacturing, wood production, and natural sources can 
all contribute to copper entering the environment. As a 
result, copper is widely distributed in the environment. 
Copper intake in the typical population is estimated to be 
0.15 mg/day from drinking water and around 2 mg/day 
from food. On the other hand, minimal evidence suggests 
that copper biomagnification in the aquatic food chain is 
moderate. Applications of copper include alloys such as 
bronze and brass, copper wires, plating, coins, pipes, 
fertilizer, plates, preservation of wood, maintaining cloth, 
barrier lotion, and chemical analyses to identify sugar in 
Fehling's solution. Copper sulfate is used in agriculture to 
treat mildew and as an algicide in water purification [60, 
61]. A multitude of homeostatic mechanisms maintain the 

body’s concentration of copper at a physiologically 
necessary level. Absorption, cellular efflux, 
sequestration/storage, intracellular transportation, cellular 
uptake, and excretion from the body are all part of copper 
homeostasis [60]. At low levels of consumption, it is a vital 
component for all known living organisms, including 
humans and other animals. Toxic effects can occur at much 
higher concentrations [41]. Copper ions that aid in the 
formation of reactive oxygen species (ROS) include cupric 
(Cu2+) and cuprous (Cu1+), which can take part in oxidation 
and reduction reactions [62]. With the help of biological 
reductants like glutathione or ascorbic acid, which may 
catalyze the breakdown of H2O2 to yield an OH• radical via 
the Fenton reaction, Cu2+ can be reduced to Cu+.  

Cu(I)  + H2𝑂2  ↔  Cu(II)  +  OH • + OH −  (1) 

The generated OH• radicals can react with a variety of 
biomolecules. Copper can also cause DNA strand breakage 
and the oxidation of bases via oxygen-free radicals, 
according to experiments. Although no in vivo evidence of 
copper-induced oxidation of low-density lipoprotein (LDL) 
has been found, in vitro investigations have convincingly 
established copper-induced LDL oxidation [55]. The role of 
copper in oxidative-induced stress in neurodegenerative 
illnesses has been extensively investigated, as copper is an 
essential component of numerous proteins required for 
neurological function. Copper has been linked to several 
neurological diseases, including Alzheimer's, Parkinson's, 
and amyotrophic lateral sclerosis (ALS) [63]. Alzheimer's 
disease (AD) is connected with increased oxidative stress, as 
demonstrated by higher concentrations of Cu, Fe, Al, and Hg 
in the brain, which can cause the production of free radicals; 
increased lipid peroxidation and decreased levels of 
polyunsaturated fatty acids in the AD brain; elevated 4-
hydroxynonenal, an aldehyde product of lipid peroxidation 
in the AD ventricular fluid; and elevated levels of protein 
and DNA oxidase in the AD ventricular fluid [64]. 

2.2.3 Zinc 

According to the International Agency for Research on 
Cancer (IARC), zinc is classified as a Group-IV carcinogenic 
element, which is probably not carcinogenic [44]. Zinc is a 
bluish-white, shiny metal belonging to the transition 
elements, existing in the oxidation state of +2 with the 
atomic number (Z) 30 [21]. Zinc can enter the air, soil, and 
water through several anthropogenic activities, including 
the purification of zinc-lead, mining, steel production, 
burning coal, cadmium ores, and burning wastes. Sludge 
and fertilizers used in agriculture can increase soil levels. 
This trace mineral acts as a helper molecule that aids almost 
300 enzymes in our body, such as DNA polymerases, 
alkaline phosphatase, Zn-superoxide dismutase, RNA 
transcriptase, and also in nucleic acid synthesis and cell 
proliferation [65, 66]. The brain, bones, muscles, prostate, 
liver, kidneys, and eyes all contain high concentrations of 
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zinc. According to in vitro tests, ZnO NPs selectively kill 
cancerous cells. Because ZnO NPs selectively target cancer 
cells, they have 28–35 times the selective toxicity of normal 
cells against malignant cells. This makes them useful in an 
in vivo system [67]. The zinc binds to cysteine and histidine 
residues in particular peptides, forming a tertiary structure 
that binds to specific DNA sequences in promoter gene 
areas [68]. The zinc finger, the most common zinc motif, and 
the zinc thiolate cluster are among the configurations. 
Other biological functions include increasing the affinity of 
growth hormone for its binding receptors, modulating 
synaptic transmissions [69]. Zinc also interacts with specific 
locations on ionotropic neurotransmitter receptor proteins 
and induces the release of neurotransmitters. Zinc is also 
required for immune system function as well as for the 
maintenance and integrity of cellular components 
(molecules and or membrane stability) [21]. Zinc deficiency 
in humans has been implicated in several acute symptoms. 
In humans, it has been linked to male hypogonadism in 
adolescents, poor appetite, cell-mediated immune 
dysfunction, oligospermia, hyperammonemia, and mental 
lethargy, as well as various growth-related effects [70]. 
When zinc is consumed in zinc-fortified foods or water, it 
enters the body through the digestive tract. Zinc can persist 
in the bones for days after exposure and is eliminated via 
urine and feces [71]. Zinc in the lumen can harm the brush 
border membrane, increasing zinc absorption, as it binds to 
cell protein and other ligands non-specifically [61]. Zinc 
cytotoxicity is triggered by the intracellular release of zinc 
ions and the subsequent formation of reactive oxygen 
species (ROS) [21, 66]. In sum, both environmental and 
human-made activities lead to the presence of heavy metals 
in water bodies, yet anthropogenic factors remain the main 
source of contamination. Identifying those reasons is 
important for maintaining targeted assessment, 
maintaining regulation, and establishing mitigation and 
remediation techniques that effectively minimize HM 
contamination. 

3. Role of Microalgae for heavy metal removal  

Microalgae require trace amounts of heavy metals (HMs) 
such as Cu, Co, Mo, Zn, Fe, and Mn for enzymatic and 
cellular metabolism, but they are poisoned by As, Cr, Cd, Pb, 
and Hg [72, 73]. Based on hormesis phenomena, mild toxic 
heavy metals are promoting microalgae growth and 
metabolism [74].  
Because of their reactive groups and active binding sites, 
microalgae can combine with wastewater contaminants to 
produce complexes (Figure 2, Table 2). It affects flocculation 
and eventually diminishes the contents of both the total 
dissolved solids (TDS) and total suspended solids (TSS) [24, 
75].  
Microalgae produce antioxidant enzymes like glutathione 
reductase, superoxide dismutase (SOD), catalase, 
peroxidase, and ascorbate peroxidase, as well as non-
enzymatic antioxidants like ascorbic acid (ASC), glutathione 
(GSH), cysteine, carotenoids, and proline to combat free 
radicals released by heavy metals during adsorption [76]. By 
breaking down the superoxide anion into oxygen molecules 
and hydrogen peroxide, SOD serves as the main line of 
defense against it [77]. Catalase reduces hydrogen peroxide 
to water and oxygen molecules. Glutathione and ascorbic 
acid are significant antioxidants produced by microalgae 
that help to reduce free radicals and reactive oxygen 
species (ROS) [24, 78]. Based on the degree of metabolic 
dependency, metal-aggregated bioprocesses commonly fall 
into two types. It depends on the microorganisms that 
eliminate metals from solutions which comprise (i) 
extracellular accumulation, based on usage of viable 
microorganisms; (ii) cell-surface sorption, which depends 
on both living and dead microorganisms; and (iii) 
intracellular accumulation, influenced by microbial activity 
[79]. The ions of heavy metals are generally captured in the 
cellular structure and then biosorbed to binding sites 
existing in the cell structure. This kind of absorption is 
termed “biosorption” or “passive uptake” and is based on a 
self-regulating biological metabolic cycle [90].
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Fig. 2. Mechanism of heavy metals uptake by live microalgae. 

Table 2. Various Microalgal Species and their Bioremediation Capabilitis for Heavy Metal Removal  

Microalgal Species 
Heavy Metals 
Removed 

Bioremediation Mechanism Refs.  

Chlorella vulgaris Cd, Pb, Cr, Zn, Cu 
Biosorption, bioaccumulation, enzymatic 
detoxification 

[9,80] 

Scenedesmus obliquus Cr, Ni, Cu, Zn Surface adsorption, intracellular accumulation [80] 

Spirulina platensis As, Pb, Hg 
Chelation with proteins, metal sequestration in 
vacuoles 

[81] 

Pseudokirchneriella subcapitata Pb, Cd, Cu Active uptake, intracellular complexation [82] 

Dunaliella salina Cu, Zn, Hg Antioxidant response, enzymatic detoxification [39, 83] 

Chlamydomonas reinhardtii Cr, Ni, Pb, Cu Metal-binding proteins, oxidative stress response [84] 

Porphyridium sp. Hg, Pb, As Extracellular polymeric substance (EPS) production [85] 

Anabaena flos-aquae Cr, Pb, Cd, As Bioaccumulation, extracellular binding [80] 

Synechococcus elongatus Ni, Cu, Zn Active transport, metallothionein expression [85,86]  

Oscillatoria limnetica Cd, Pb, Cr Metal sequestration via protein binding [87] 

Phormidium sp. Zn, Cu, Pb Biosorption through exopolysaccharide production [88] 

Botryococcus braunii Cr, Ni, Pb, Cu Cell wall adsorption, lipid-bound metal detoxification [89] 
Navicula sp. As, Pb, Cd Biosorption through silica-based cell walls [54] 

HMs can enter the cell during the cell metabolic cycle, 
crossing the cell membrane; this method of metal uptake is 
defined as "active uptake." The term "bioaccumulation" 
refers to the metal uptake that occurs in both active and 
passive mechanisms. On the other hand, a few observations 
indicated that dead (otherwise chemically treated) cells can 
accumulate HM ions to the same proportion as developing 
or resting cells. The adsorption that results is quick, 
widespread, and frequency selective [85]. The metal uptake 
by the live microalgae has several strategies. These 
mechanisms include (i) the character of the algal cell wall in 
binding heavy metals due to its intrinsic composition. 
Proteins, polysaccharides, and lipids make up the majority 
of the microalgal cell wall, and each of these functional 

groups (e.g., hydroxyl, phosphate, carboxyl, sulfhydryl, and 
amino) has a strong affinity for binding metal cations 
through counter-ion interactions and transmits a net overall 
negative charge to the cell surface [47]. Chojnacka et al., 
2005 observed that cell wall components of algae—
including polysaccharides, proteins, teichoic acid, 
teichuronic acid, and peptidoglycan—carry charged groups 
such as phosphate, hydroxyl, amine, and carboxyl groups. 
The algal cell wall's amphoteric characteristics are due to 
the presence of anionic and cationic sites. Functional groups 
are vital for HM uptake by both living and non-living 
microalgae. Additionally, these groups are either 
protonated or deprotonated based on pH [85]. (ii) The 
plasma membrane accommodates membrane metal 
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transporters, which play the foremost role as a defense in 
the alteration of the functioning of a biological system by 
environmental factors (cellular perturbations). Metal ions 
are transported into the cytoplasm via Group A transporters 
like ZIP (Zrt-, Irt-like Proteins), NRAMP (Natural Resistance 
Associated Macrophage Proteins), CTR (Cu transporter), 
and FTR (Fe transporter) [91]. These Group A transporters 
originate in the vacuole membrane and play a similar role 
as assimilative transporters, where the metal source is an 
intracellular storage compartment rather than the external 
environment. Heavy metal concentrations in the cytoplasm 
are reduced by FPN (FerroPortiN), P1B-type ATPases, and 
Ca (II)-sensitive Cross-Complementer 1/ Vacuolar Iron 
Transporter 1 families and Group B transporters (Cation 
Diffusion Facilitator) [92]. 
 There are several other methods that microalgae have 
adopted, including ion exchange, adsorption, 
metallothioneins, sequestration, polyphosphate bodies, 
compartmentalization in the vacuole, and sequestration in 
the mitochondria and chloroplasts. However, non-viable 
microalgae have been recognized for their potential to 
remove HM ions promptly through simple biosorption, with 
minimal toxicity issues. Their sorption capability is just 
moderately lower than that of their living [85]. However, 
non-viable microalgae have long been known for their 
potential to remove HM ions promptly through simple 
biosorption, with minimal toxicity issues. Their sorption 
capability is just slightly lower than that of their living 
counterparts.  
It has many advantages: higher efficiency and affinity, eco-
friendliness, no nutrient and growth media requirements, 
being dynamic over a wide range of physiological 
conditions, ease of investment and low operational costs, 
and feasible recovery [85]. During laboratory-scale 
experiments, the effectiveness with which microalgae 
remove HM is determined by the microalgal species, the 
characteristics and concentration of the metal ion, and the 
culture period [93]. For instance, wheat bran, rice husk, 
sugarcane bagasse, fruit/vegetable waste, soybean hulls, 
corncobs, almond shells, eggshells, neem barks, black tea 
waste, papaya seeds, sawdust, and many more have been 
included in HM adsorption. All these agricultural wastes 
have a significant percentage of heavy metal adsorption 
[94]. 

4. Mechanism of toxicity  

Heavy metals such as mercury, arsenic, copper, chromium, 
zinc, cadmium, and lead are among the most toxic and 
essential components of the environment in which we live. 
Heavy metals are persistent environmental contaminants 
that occur naturally in the Earth's crust and have numerous 
detrimental effects on ecosystems. A variety of biological 
processes may be adversely affected by heavy metals, 
which can enter the body through several routes, including 

ingestion of contaminated food or water, inhalation of 
contaminated air, and cutaneous absorption. 

4.1. Mercury  

Microalgae provide an economical way to separate mercury 
ions from diluted solutions by using biosorption processes 
to effectively remediate mercury and other heavy metals. 
The advantages of microalgae-based treatment over 
traditional techniques include their rapid growth, 
remarkable specialization, environmental friendliness, cost-
effectiveness, and high efficiency in removing heavy metals 
without releasing any secondary pollutants [86, 95]. The 
process of biosorption is considered passive. One specific 
application of the sorption process is heavy metal 
biosorption. Biosorption is a feature of biomass that 
involves special biomolecules that may bind and 
concentrate particular ions in aqueous solutions. The 
primary reason for the biosorption process is the affinity 
between the biosorbent and the adsorbate. Heavy metals 
adsorb onto the surface of microalgae via a variety of 
processes, such as ion exchange with the microalgae's cell 
wall ions, covalent bond formation with the ionic cell wall, 
and interaction with positively charged cations found in the 
exopolysaccharides of the organism.  
Furthermore, the biosorption process depends on 
operating parameters like temperature, pH, metal type, and 
concentration. The presence of various binding groups, 
including sulphuryl, hydroxyl,amine, carboxyl, 
carbohydrate, phosphoryl, sulfate, imidazole, phosphate, 
and other functional groups, on the surface of algal cells is 
thought to be responsible for the ability to biosorb heavy 
metal ions. Bioaccumulation is thought to be an active 
process. On the other hand, the accumulation of heavy 
metals inside the cell usually happens significantly more 
slowly. It comprises diffusing and attaching to internal 
binding sites of proteins and peptides, such as glutathione 
(GSH), metal transporters, oxidative stress-reducing 
compounds, and phytochelatins, after active metal 
transport across the cell wall into the cytoplasm [96,97]. 
Before harming the environment, the toxin must be 
detoxified within the permitted limits. Algal cell walls 
contain a variety of biomolecules, including proteins, lipids, 
and carbohydrates, that aid in the interaction with heavy 
metals. The functional groups that make up these 
biomolecules include oxygen, nitrogen of the peptide bond, 
histidine group, phenolic, amino, thiol, sulfhydryl, 
imidazole, ether, phosphate, carboxyl, phosphate, hydroxyl, 
sulfate, phosphoryl, and amide moieties. These groups act 
as catalysts for directing the formation of bonds with 
metallic ions and also facilitate the adsorption of metal ions 
in an algal cell.  
The varying adsorption capacities of different algal strains 
may result from variations in the distribution and amount 
of the polysaccharides and proteins that make up their cell 
walls [87]. Two cyanobacterial strains, Spirulina platensis 
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and Aphanothece flocculosa, have been examined by [98] 
for their ability to absorb mercury. The strains removed 98% 
of the mercury with a primary concentration of 10 ppm at 
pH 6 [91]. The absorption capacity of two brown algae, 
Macrocystis pyrifera and Undaria pinnatifida, which that 
are members of the Phaeophyta class and Laminariales 
order, was investigated by [99]. U. pinnatifida (4.4 L/mmol) 
has shown a higher absorption affinity for mercury uptake 
than M. pyrifera (2.7 L/mmol); however, the uptake of 
mercury was significantly reduced when other opponent 
heavy metals, such as Cd (II), Ni (II), and Zn (II), were 
present. Using Fourier transform infrared spectrometry 
analysis, this study found that Hg (II) can bond with S=O 
(sulfonate) and N–H (amine) functional groups. 
Additionally, M. pyrifera and U. pinnatifida were found to 
be the most effective algae for mercury remediation [99].  

4.2. Arsenic 

The International Agency for Research on Cancer (IARC) has 
identified arsenic (As) as one of the world's leading 
carcinogens. Prolonged exposure to arsenic can result in 
arsenic poisoning.  
Algal sorption of arsenic holds great promise for 
bioremediation due to its high removal efficiency and 
sustainability. Numerous phytoplankton and cyanobacteria 
species can withstand high concentrations of aqueous As 
species, making them potential candidates for As 
environmental cleanup programs. In order to detoxify, 
algae have developed a number of metabolic processes 
[100, 101]. Arsenate (AsV) enters cells by phosphate 
transporters in prokaryotic (like cyanobacteria) and 
eukaryotic (like Chlorella sp.) algae, whereas arsenite (AsIII) 
is absorbed across the plasma membrane by 
aquaglyceroporins and hexose permeases. Because PO4 3− 
and AsO4 3 share molecular similarities, arsenate functions 
as a competitive inhibitor of phosphate. According to 
numerous research studies, the microalgae Chlorella salina, 
Chlamydomonas reinhardtii, and Skeletonema costatum 
dramatically reduced their AsV uptake when phosphate was 
added. Thus, raising the quantity of PO4 3− in the 
environment could decrease the uptake of arsenate and the 
toxicity that results in algae [102]. In the accumulation and 
sequestration of algae in a more efficient manner, it can 
change the As(V) form into As(III) inside the cell; however, 
As(III) conversion to organic As form is extremely slow, 
probably because As(III) exudes to the external culture 
medium so quickly [103].  
Algae have developed a variety of metabolic pathways to 
detoxify As. There may be additional As(V) transport 
mechanisms in algae than As absorption via phosphate 
channels, as previous research (though partial) suggested 
phosphate independent uptake of As(V) by algae [100]. Cell 
surface adsorption, intracellular As(III) oxidation, As(V) 
reduction, thiol (-SH) complexation, and sequestration 
within vacuoles are some of the processes of As 

detoxification by microalgae that have been shown in 
several studies [100]. Huang et al. reported that after 
exposure to the three As(V) concentration gradients of 100 
μg/L, 500 μg/L, and 1000 μg/L, the algae's As contents on 
the tenth day were 19.3 mg/kg, 49.5 mg/kg, and 145.17 
mg/kg, respectively. The As contents were subsequently 
reduced. Therefore, it was possible to promote the 
absorption of As(V) during the first 10 days of exposure, 
regardless of how much As was absorbed in the algae, when 
the arsenic concentration in the exposed medium was 
below 1000 μg/L. However, the algal cells eventually died 
10 days later due to arsenic toxicity. The findings showed 
that exposure duration, rather than the concentration of As 
in the solutions, was the primary determinant of As toxicity 
[101].  
According to Wang et al. (2015), As biotransformation in 
algae can take place by As(V) uptake, which then results in 
As(V) transformation to As(III) through reduction and 
ensuing formation of methylated species [89]. By reducing 
arsenate and complexing with thiol peptides in cells, it is 
commonly believed that many algae may detoxify As(V) to 
As(III) and methylarsenic [104]. However, because minimal 
As(V) was digested by algal cells, As detoxification was less 
likely to occur due to As bioaccumulation and subsequent 
methylation. 

4.3. Zinc 

Zinc is the fourth most common ecotoxic metal that pollutes 
both aquatic and terrestrial environments. The use of 
microalgae to remediate wastewater is increasing 
worldwide. The polysaccharidic matrix in which most 
microalgae species are contained allows metal ions like zinc 
to adhere to them. Ibout et al. reported the entering of zinc 
into microalgae cells and internalization into the cytoplasm 
and cytoplasmic organelles in addition to the extracellular 
uptake mechanism. In actuality, zinc ions may be bound to 
particular intracellular substances, like phytochelatins or 
metallothioneins III, or they may be carried into cellular 
compartments, primarily vacuoles [84, [105]. Certain 
species of microalgae produce metal-binding proteins, such 
as metallothioneins, which facilitate the movement of 
metals across the cell membrane, allowing them to collect 
heavy metal ions. These proteins, commonly referred to as 
phytochelatins, are also essential for metal detoxification 
and metal ion homeostasis. 
In response to the harmful effects of heavy metals, several 
algae species produce phytochelatins, internal metal 
chelators that detoxify metals by chelating excess elements 
into innocuous molecules. Furthermore, in certain algae 
species, such as the blue-green algae Anabaena flos-aquae 
and the green algae Scenedesmus acutus, cellular 
polyphosphate granules function as metal detoxifiers [80]. 
Zhou et al. reported that S. obliquus and C. pyrenoidosa 
demonstrated strong zinc accumulation characteristics, 
with growth being inhibited only at comparatively high 
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concentrations. The high level of resistance to these metals 
raises the prospect of employing these two microalgae in 
freshwater bioremediation procedures for zinc pollution 
[80]. The findings demonstrated that the metals adsorbed 
at the surface of the algae cells were significantly more than 
those accumulated intracellularly after eight days of 
exposure to zinc. This is in accordance with the findings of 
earlier research on the marine alga Dunaliella salina and the 
freshwater alga S. subspicatus [106, 83]. These findings 
show that non-metabolic absorption is crucial to algae's 
ability to remove metals. 

4.4. Copper 

Developing a biotic ligand model for accurately predicting 
Cu toxicity to microalgae requires an understanding of the 
mechanism of action of Cu and how it causes toxicity in algal 
cells. Determining the intracellular key biotic ligand and 
incorporating mechanistic processes, such as toxicokinetic 
and toxicodynamic processes, might enhance the prediction 
of metal toxicity for microalgae [107]. The species-specific 
character of copper internalization and detoxification 
following Cu binding to thiols and phytochelatins has been 
brought to light by mechanistic investigations using marine 
microalgae. The marine diatom Ceratoneis closterium 
(previously Nitzschia closterium) cells exposed to Cu 
showed reduced levels of thiols, and Stauber and Florence 
observed that cell growth was restored after adding 
sulfhydryl compounds to the bioassay test media. In the 
algal cytoplasm, they suggested that Cu attaches to reduced 
glutathione (GSH) and that GSH may reduce Cu(II) to Cu(I) 
and bind as a Cu(I)-sulfur-complex, oxidizing the reduced 
glutathione to oxidized glutathione (GSSG) [108]. When 
Cu(II) exposure caused significant inhibition of cell division 
and an increase in the oxidized pool of glutathione in C. 
closterium, Smith et al. provided evidence in favor of this 
theory. A decrease in the rate of growth of an algal 
population is a common indicator of inhibition of algal cell 
division, which can result from any disturbance of the 
GSH:GSSG ratio that affects mitotic spindle formation [109, 
110]. These mechanisms could be extracellular activities, 
such as metal ion binding to cell exudates or ligands or 
physical exclusion, brought on by decreased membrane 
permeability [106]. Metal-binding proteins, such as 
phytochelatins (which contain many sulfur-rich cysteine 
residues), are also synthesized inside cells. Cell exposure to 
Cu can also change enzymes that can scavenge harmful 
reactive oxygen species, such as catalase and superoxide 
dismutase. Due to their high rate of cell division, cells may 
also efficiently dilute intracellular Cu concentrations or 
remove Cu through efflux processes [111]. Copper 
detoxification mechanisms can include transport into the 
cell and sequestration/storage by proteins and other 
molecules like metallothioneins and phytochelatins, either 
within the cytosol or internal compartments, as well as 
binding to the cell wall and excreted polymers (mucilage). 

There are two types of the redox-active metal copper: Cu2+ 
and Cu1+. Copper can create coordination bonds with 
phosphates and/or various N and S ligands in microalgae 
(such as glutathione, phytochelatins, and plastocyanin). 
Furthermore, too much copper can cause cellular damage 
and functional loss by substituting other necessary metals 
with structural or enzyme cofactor roles [112, 113].  
Compared to green algae Tetraselmis sp. (72-h IC50 47 g Cu 
L−1) and Dunaliella tertiolecta (72-h IC50 530 g Cu L−1), the 
diatom Phaeodactylum tricornutum exhibited greater 
reactivity to copper, with an IC50 of 8.0 g Cu L−1. Compared 
to P. tricornutum (0.23 ± 0.19 × 10−13 g Cu cell−1) and D. 
tertiolecta (0.59 ± 0.05 × 10−13 g Cu cell−1), Tetraselmis sp. 
had significantly higher intracellular copper (1.97 ± 0.01 × 
10−13 g Cu cell−1) at these IC50 concentrations, indicating 
that Tetraselmis sp. efficiently detoxifies copper within the 
cell [114]. When exposed to copper, C. sorokiniana 
"undertakes" a quick external metamorphosis by releasing 
mucilage that contains polymeric phosphate 
accumulations, altering the outer layer of the cell wall's 
mechanical and metal-binding characteristics. Cu 
significantly altered the mechanical characteristics of 
supramolecular lipid structures as well as the general lipid 
profile in C. sorokiniana. Cu2+ coordination to 
polyphosphates in pentacoordinated square-pyramid 
geometry is the primary pathway for copper detoxification 
and buildup; however, reduction to Cu1+ also appears to 
occur. It's possible that the mucilage and cell wall may play 
a significant part in buffering large levels of external copper 
[115]. 

4.5. Cadmium 

Cadmium contamination in aquatic environments is a major 
environmental issue that leads to the deterioration of both 
food and water quality. In response to harmful metals such 
as cadmium, microalgae alter their metabolic composition 
and produce stress proteins, namely metallothioneins and 
phytochelatins [115]. The biosorption process is rapid and 
nonmetabolic. It is primarily controlled by the negative 
charge of the functional groups on the cell surface because 
of the presence of proteins, polysaccharides, and phenolic 
acids that are rich in hydroxyl (−OH), amino (NH2), 
phosphate (PO4), sulfhydryl (−SH), and carboxyl (−COOH). 
The metabolism-dependent process of bioaccumulation is 
only possible in living cells. Transcriptomic analysis can 
identify the genes involved in the bioaccumulation process. 
Group A transporters enable the movement of heavy metals 
from the membrane into the cytosol, while Group B 
transporters help the metal localize [116]. There have been 
reports of several Group A transporters being elevated 
under Cd, including the Cu TRansporter (CTR), Zrt-, Irt-like 
proteins (ZIPs), Fe TRansporter (FTR), and natural 
resistance-associated macrophage proteins (NRAMPs). 
Group B transporters, including the cation diffusion 
facilitator (CDF), P1B-type ATPases, ferroportinN (FPN), and 
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Ca (II)-sensitive cross complementary 1 (ccc1) or vacuolar 
iron transporter 1 (VIT1) families, then aid in the localization 
of the Cd into internal organelles. Glutathione, 
phytochelatins, and metallothioneins have also been shown 
to be increased in microalgae exposed to metals [117].  
Cadmium (Cd) in their surroundings is tolerated and 
detoxified by microalgae through a variety of processes. 
These strategies include the efflux of excess transition 
metal ions from the cytoplasm and the movement of 
cadmium to vacuoles, which is made possible by 
phytochelatins. Furthermore, microalgae can isolate heavy 
metals from the cytoplasm by sequestering them into 
vacuoles or other organelles [118]. Biosorption and 
bioaccumulation are important detoxifying processes used 
by microalgae. Additionally, they have the ability to actively 
detoxify metal ions, sequester them intracellularly, and 
immobilize them extracellularly. Through complexation, 
reduction, ion exchange, surface precipitation, and 
electrostatic interactions, the cell wall and extracellular 
polymeric substances (EPS) contribute to the adsorption of 
harmful metals.  
Amino acids, chelating peptides, and organic acids can 
chelate heavy metals in the cytoplasm, and the cells' 
antioxidant systems can control oxidative damage brought 
on by reactive oxygen species (ROS) [119]. When exposed 
to 15 ppm Cd, the microalga eliminated almost 88% of the 
Cd and managed the Cd stress with an IC50 value of 18.5 
ppm. In addition to chelation by EPS and adsorption on the 
cell wall, Cd accumulation within cells was facilitated by 
absorption via Ca channels. Coccomyxa sp. rewired its redox 
system to withstand the Cd stress by causing the 
accumulation of lipids, carbohydrates, and a swarm of 
enzymatic and non-enzymatic molecules [120]. It was 
demonstrated that Tetratostichococcus sp. P1 could 
eliminate Cd from the medium. Compared to previous 
studies employing living cells under acidic conditions, 
Tetratostichococcus sp. P1 demonstrated a superior Cd2+ 
removal yield, indicating its strong potential as an efficient 
cadmium biosorbent in such environments. Microalgal 
strains cultivated at neutral pH or acidophilic microalgae at 
acidic pH have been shown in the majority of studies to 
collect or remove Cd [121].  

4.6. Chromium 

The primary applications for chromium compounds were 
offset printing and electroplating; these processes are not 
biodegradable and can cause cancer if they are allowed to 
accumulate over time. The issue of chromium 
contamination must be resolved immediately as Cr(VI) 
poses a greater threat to human health and the 
environment [122]. Microalgae, which use processes such 
as adsorption and absorption, have shown promise as 
agents for reducing Cr(VI) infection. Adsorption occurs 
when Cr(VI) ions remain on the surface of microalgal cells, 
whereas absorption occurs when the same ions are taken 

up by the cellular structure. Developing successful 
strategies to utilize the unique capacities of microalgae in 
remediation efforts requires an understanding of the 
importance of these processes. Through biosorption and 
bioaccumulation, microalgal biomass can be employed as a 
bioadsorbent to remove Cr. Both Cr6+ and Cr3+ can be 
eliminated from polluted aquatic environments by algae. 
Consequently, there has been a growing interest in 
removing chromium from algae. Both living (active biomass) 
and dead (inactive biomass) algal cells can undergo metal 
sorption, although the processes are distinct [123, 124].  
Both active biosorption (bioaccumulation) and passive 
biosorption (biosorption) are types of biosorption. Active 
biosorption uses live microalgae, while passive biosorption 
uses dead cells or materials. The cell wall of microalgae is 
mostly composed of polysaccharides, lipids, and proteins. 
These components include a variety of functional groups, 
including amino (-NH2), carboxyl (-COOH), hydroxyl (-OH), 
sulfate (-SO₄2-), sulfhydryl (-SH), phosphate (-PO3), and 
sulfonate (-SO3−), which contribute to the total negative 
charge to the cell surface [125]. Microalgae absorb Cr (VI) 
and convert it to Cr (III) with the help of chromate 
reductases. Through complexation with metallothioneins, 
enzymatic reduction to Cr (III), adsorption on cell walls, and 
ROS detoxification, microalgae can remove Cr (VI). The 
elimination of Cr(VI) utilizing both living and dead 
microalgal cells was studied by Yen et al. (2017). In addition 
to adsorption, they discovered that living microalgae cells 
also removed Cr through biological processes such as the 
enzymatic conversion of Cr(VI) to Cr(III) [126].  
The greatest removal efficacy (100%) of Cr(VI) was 
demonstrated using microalgal biochar [127]. According to 
Pagnanelli et al. (2013), Chlorella vulgaris removed Cr(VI) 
through a biosorption–bioreduction process, in which the 
bulk of the biosorbed Cr(VI) was converted to Cr(III) on the 
microalgae's cell wall [128]. Therefore, by converting Cr(VI) 
into non-toxic Cr, microalgae can lessen its harmful effects. 
In sum, HMs have long-term, cumulative, and multisystemic 
effects on health. These risks can impact several 
physiological systems through complex biological 
mechanisms, rather than being restricted to a single organ. 
Effective solutions to address HMs must be implemented 
collectively in order to maintain the environment and public 
health.  
Environmental regulation must be strengthened, industrial 
emissions of heavy metals (HMs) must be carefully 
monitored, cleaner production technologies must be 
promoted, and the production and release of HMs in 
manufacturing processes must be reduced. However, it is 
crucial to raise public awareness of the risks associated with 
heavy metals (HMs), promote eco-friendly lifestyles, 
minimize the use and disposal of products containing HMs, 
and ensure that waste is properly classified and recycled.  
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5. Removal of heavy metals by microalgae  

Contamination of water bodies by HMs is a major 
environmental issue worldwide. Since HMs are not 
biodegradable, they can accumulate in food chains and 
produce a variety of harmful symptoms in exposed living 
things, including humans. Phycoremediation, or the use of 
microalgae's ecological activities in the treatment of 
wastewater contaminated with heavy metals, is one of the 
most advised methods because of its efficacy, affordability, 
and ecological aspect. 

5.1. Removal of Mercury  

Algae found in contaminated areas are classified as either 
metal-tolerant or metal-resistant, according to Stokes PM 
(1983). Cu2+, Cd2+, Pb2+, and Zn2+ tolerance and resistance 
are found in some green algae species. Even at the minor 
concentrations (5 mg/ml), Hg2+ appeared to be very harmful 
to the three algae species that include Phormidium 
ambiguum (Cyanobacteria), the most sensitive, followed by 
Scenedesmus quadricauda (Chlorophyta) and 
Pseudochlorococcum typicum (Chlorophyta). They achieved 
a removal rate of 70% of the initial metal content in the first 
0.5 hours of contact time. Hg2+ inhibited chlorophyll a 

biosynthesis at moderate concentrations (5-10 mg/ml); the 
destruction of thorough algal cells occurred at values above 
20 mg/ml. When the Hg content in the solution was 40 mg/l, 
Spirogyra hyaline (Microalga) achieved the maximum 
biosorption in 120 minutes. S. hyalina was capable of 
eliminating 39.212 mg/g Hg from the environment. 
Spirulina subspicatus was also evaluated but found to be 
ineffective, removing only 1.4 mg/g, representing 60% of 
the primary metal ion (Table 3)[129, 130]. The algal cell 
contents of phycocolloids, sulphate, phosphorus, and 
nitrogen may be responsible for these biosorption activities. 
However, the acquired outcomes suggested that the 
highest bio-removal capacity (Cd, Pb, and Hg) occurred after 
30 minutes of the trial, and this capacity dropped gradually 
over the next 24 hours of HM interaction. These could be 
attributed to the algal cell's internal and external 
equilibrium. Secondly, it could be due to the breakdown of 
interactions between the algal cells and metals by 
microorganisms, such as fungi and bacteria, that grew 
during the experiment. 
When P. typicum was treated with Hg+, definite observable 
changes occurred. All treated cells had an electron-dense 
layer on their cell surfaces as well as a buildup of starch 
surrounding the pyrenoids.

Table 3. Role of Microalgae for Bioremediation of Heavy Metals 

Heavy Metal 
Properties of heavy 
metal 

Sources of heavy metal Health Hazards 

Bioremediation through Algal species 

Refs. 
Organism 

Metal 
uptake 
(mg/g) 

Chromium (Cr) Density:7.15gm/cm3 
Hard, 
Shiny, 
Steel grey, 
Fairly Active metal, 
Reacts with most 
Acids. 

Chrome plating, 
electroplating, steel 
industry, textile 
manufacturing, alloy 
making, leather tanning, 
batteries, dyes, paints, 
welding, catalysts, wood 
preservative. 

Cancers of skin, 
Lung and stomach, 
kidney problems, 
Tissue neurosis. 

Chlorella spp 
 
 
Chlamydomonas reinhardtii 
 
 
Spirulina spp 
 
 
 

9.62 
 
 
 
25.6 
 
 
143 

[131] 
 
[132] 
 
[133]  
 
[134]  
 

Cadmium 
(Cd) 

Density: 
8.69g/cm3,Found 
frequently in 
combination with 
zinc, Silvery bluish 
tint metal. 

Industrial process, 
alkaline batteries, 
galvanoplasty industry, 
semiconductor alloys, 
textile industry, etc 

Damage to 
brain,Reproductive 
failure, Tumor 
formation,Nervous 
system failure. 

Chlamydomonas reinhardtii 
Chlorella sp. HA-1 
Desmodesmuspleiomorphus 
(L) 
Scenedesmus obliquus 
Planothidiumlanceolatum 
 

5.75 
 
21.6 
 
61.2 
 
11.4 
 
275.51 

[135]  
 
[136]  
 
[137] 
  
[138]  

Arsenic 
(As) 

Density:5.75g/cm3,Fo
und as 3 allotropic 
forms, bright silvery-
grey in color, Brittle. 

Mining, smelting of non-
ferrous metals, burning 
of fossil fuels, Glass and 
alloy manufacturing, 
metal processing, 
pesticides and fertilizers, 
pharmaceuticals, sheep 
dips, leather 
preservatives, arsenic-
containing pigments, 
antifouling paints, and 
poison bait 

Hyperpigmentation, 
Keratosis, 
Cancer,Vascular 
diseases, Brain 
damage. 

Hydrodictiyon reticulum 
Diatoms 
Pithophora sp. 
Phormidium sp. 
Oscillatoria sp. 

 
 
 
0.76 

 
 
[139]  
 
[140]  
 
 
[26] 

Mercury 
(Hg) 

Density: 
13.5336g/cm3, rare 
to find in a natural 

Industrial emission, 
seafood( freshwater, 

Damage to nervous, 
digestive and 
immune system. 

Pseudochlorococcumtypicum 
Scenedesmus acutus IFRPD 
1020 

15.13 
20 
35.71 

[141] 
 
[52]  
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state, at room 
temperature it’s a 
silvery liquid metal. 

ocean fish) plates and 
dental amalgam. 

antibiotic 
resistance,  
mental retardation, 
reproductive 
disturbance. 

Spirogyra hyaline 
Spirulina spp. 
Chlorella vulgaris BCC 15 

1.34 
18 

[89] 
[142] 
 
[143] 
 
[142] 

Zinc(Zn) Density: 7.34g/cm3, 
Silvery-White metal 
with a blue tinge, 
Tarnishes in air, 
Essential element. 

Mining, purifying of zinc-
lead, and cadmium ores, 
steel production, coal 
burning, and burning of 
wastes. Sludge and 
fertilizers 

Nausea and 
vomiting, stomach 
pain, Diarrohea. 

Euglena gracilis 
Pithophoraodeogonia 
Stigeoclonium tenue 
Spirogyra insignis 
Hydrodictyonreticulatum 

 
 
 
 
 
 
7.5 
8.98 
0.77 
21.1 
3.7 

 
 
 
[144] 
 
[145]  
 
[146]  
 [147] 
[148] 
[146] 

Copper 
(Cu) 

Density: 8.96 g/cm3 
Reddish gold color, 
Essential element, 
Good conductor of 
heat and electricity. 

Drinking water and food. 
Waste dumps, home 
wastewater, fossil fuel 
and waste combustion, 
wood production, 
phosphate fertilizer 
manufacturing, and 
windblown dust, native 
soils, volcanoes, 
decaying flora, forest 
fires. 

GI mucosal 
ulcerations and 
bleeding, central-
nervous-system 
(CNS) 
manifestations, 
including dizziness, 
headache, 
convulsions, 
lethargy and coma. 

Chlorella vulgaris 
Spirulina spp. 
Porphyridium purpureum 
Synechocystis spp. 
Hydrodictyonreticulatum 

34.89 
100 
0.27 
23.4 
8.72 

[144] 
[133] 
[149] 
[150]  
[146] 
[151] 

Iron(Fe) Density:7.8g/cm3, it 
is known to exist in 
four distinct 
crystalline forms, 
iron rusts in damp 
air, it dissolves 

Fossil fuel combustion, 
dry coke cooling 

Nausea, vomiting, 
abdominal pain, 
and diarrhea, multi-
organ failure. 

Chlorella vulgaris 
Microcystis sp. 

24.52 
 
0.03 

[144] 
 
 
[24] 
 

Manganese(Mn) Density: 7.3g/cm3 
5th most abundant 
metal, 
Essential trace 
element, 
Versatile, Exists in 3 
oxidation states. 

Alloys, Fertilisers, 
Fireworks, Pesticides, 
Cosmetics. 

Hypotention, 
Dullness, 
Weakness, 
Anxiety. 

Chlorella vulgaris 
Spirogyra spp. 

 [54] 
[152] 
 [61] 

Nickel(Ni) Density:8.9g/cm3 
Sillvery metal, resists 
corrosion at high 
temperature, High 
amount of Ni come 
from meteorites. 
 

Plating, Jewellery, Coins, 
Welding, Rocket 
engines. 

Lung embolisms, 
Asthma, Allergic 
Reactions, 
Respiratory failure, 
Heart disorders. 

Asparagopsis sps 
Chlorella vulgaris 
Spirogyra hyaline 
Sargassum sps 
Scenedesmus 

 [148] 
[153] 
[154]  
[155]  
[156]  
[157]  

Lead Density: 11.3g/cm3 
Dull silver grey metal, 
Soft, Easily worked. 

Hair dyes, Pottery lead 
glazes, insecticides, Lead 
piping. 

Hypotention, 
Miscarriages, Renal 
impairment, Brain 
injury, Abdominal 
pain. 

Asparagopsis sps 
Chlorella vulgaris 
Chlorella vulgaris 
Chlorella kessleri 

 [158] 
[150] 
[144] 
[159]  
[159] 

 

In Hg and Cd-treated cells, a noticeable degradation of cell 
organelles was observed. The starch grain accumulation in 
P. typicum, which was treated with heavy metal, served as 
an energy store for the organelles of the cell, such as the 
pyrenoid, mitochondria, and chloroplast, and matched with 
the report given by Wong and coworkers regarding 
Chlorella fusca [129, 142, 160]. They observed that the 
green algae species Chlorococcum sp, Fischerella sp, 
vulgaris, Scenedesmus sp, and Chlorella vulgaris var. 
removed the most mercury with 97%, 96 %, 94%, and 92%, 
respectively. Tolypothirx tenuis, Phormidium molle, 

Stigonema sp., and Lyngbya spiralis are blue-green algae 
species that removed the most mercury with 96%, 94%, and 
93%, respectively [142]. 
Transgenic approaches are established to develop the 
heavy metal specification and binding capability of 
microalgae. In one such approach, the eukaryotic microalga 
Chlorella sp. DT was found to facilitate the decline of Hg2 to 
volatile elemental Hg° when altered with the Bacillus 
megaterium strain MB1 merA gene codes mercuric 
reductase (MerA). The merA gene was functionally 
expressed and inserted into the genetic composition of 
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transgenic strains to enable Hg2 removal [161]. Chlorella 
fusca var. fusca, Selenastrum minutum, diatom Navicula 
pellicosa, and thermophilic alga Galdiera sulphuraria 
demonstrated the majority of Hg0 volatilization within 20 
min to a few hours. Thiol chelation and bio-methylation to 
methylmercury are two additional possible mechanisms for 
Hg(II) removal [78]. Because of its high efficiency, the 
combination of activated sludge and membrane filtration in 
membrane bioreactor systems for wastewater treatment 
has received much interest. Microalgae dynamic 
membranes made from C. vulgaris powder were used in a 
dynamic membrane bioreactor to bioremediate Hg2+ from 
synthetic dentistry effluent, with the aid of increased 
elimination yield, reduced fouling, and lower membrane 
recovery costs (Table 4) [24, 162]. 

5.2. Zinc removal  

Cyanobacteria Microcystis subspicatus had the maximum 
zinc uptake of 999.50 mg metal ion/ g biomass by 

microalgae. Macro algae Bifurcaria bifurcata, Laminaria 
hyperborean, Sargassum muticum, and Fucus spiralis were 
able to remove not only Pb and Cd but also Zn from the 
solutions. [163] found that another microalgal species, 
Scenedesmus obliquus, had similar effectiveness in 
removing Zn. At pH 6, this freshwater microalga was 
capable of eliminating 112 mg Zn/g biomass content (78%). 
Desmodesmus pleiomorphus was tested in a study 
conducted by [163]. It was able to extract 83.1 mg Zn/g of 
biomass. Low Zn concentrations were also found to be 
favorable to the growth of D. pleimorphus. Chlorella 
vulgaris, which has been extensively studied, can also 
remove specific levels of Zn along with Cu. 
Several investigations found that the best elimination of Zn 
occurred at pH 3.5 and 6.5. The maximum adsorption and 
intracellular uptake occurred with this microalga at 35°C 
and 25°C, respectively [130].

Table 4. Metrics for heavy metal removal for various algae genera. 

Metal Algal Genus / Species 

Uptake 
Capacity (mg 
g⁻¹ dry 
biomass) 

Removal Efficiency (%) 
Initial 
Concentration & 
Contact Time 

Toxicity Threshold / Notes Refs. 

Mercury 
(Hg²⁺) 

Phormidium ambiguum – 70% 5 mg/mL, 0.5 h Highly sensitive at low 
concentrations 

[24,78,129,130,142 
160,161,162] 

 
Pseudochlorococcum 
typicum 

– 70% 5 mg/mL, 0.5 h Cell degradation above 20 
mg/mL 

 

 
Scenedesmus quadricauda – 70% 5 mg/mL, 0.5 h Sensitive at 5–10 mg/mL  

 
Spirogyra hyalina 39.212 mg/g – 40 mg/L, 120 min –  

 
Spirulina subspicatus 1.4 mg/g 60% – Ineffective compared to 

others 
 

 
Chlorella fusca, 
Scenedesmus sp., 
Fischerella sp. 

– 92–97% – –  

 
Transgenic Chlorella sp. 
(merA) 

– Volatilizes Hg⁰ – Enhanced removal via 
reductase 

 

Zinc (Zn²⁺) Microcystis subspicatus 999.5 mg/g – – Extremely high uptake  
 

Scenedesmus obliquus 112 mg/g 78% pH 6 – [85, 130, 163] 
 

Desmodesmus 
pleiomorphus 

83.1 mg/g – – Low Zn enhances growth  

 
Chlorella vulgaris – – Best removal at pH 

3.5–6.5 
Temp-dependent uptake 
(25–35°C) 

 

 
Multiple genera (live & 
dead biomass) 

– 0.3–360%* pH 3–7 Broad variability across 20+ 
species 

 

Copper 
(Cu²⁺) 

Scenedesmus sp. – – 0.5 mg/L inhibits 
growth 

Growth inhibition threshold [93, 164-168] 

 
Cladophora glomerata, 
Oedogonium rivulare 

– Significant – –  

 
Ulva reticulata, Padina 
gymnospora 

– Accumulation increases 
with concentration/time 

– Brown algae > green algae 
in uptake 

 

 
Mixed algal consortia – 71–85% Autoclaved 

effluent 
Dead biomass often more 
effective 

 

 
Tetraselmis marina AC16-
MESO 

– 42.9–92% 1–5 mg/L Stimulatory at low Cu (0.1 
mg/L) 

 

Arsenic (As 
III/V) 

Phaeodactylum 
tricornutum 

– – 1 µM 35% growth inhibition [23,26,29,169-173] 
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Chlorella sp. – – Up to 200 mg/L 

As(V) 
High tolerance  

 
Nannochloropsis sp. – – Up to 100 µM 

As(III) 
Decline above 500 µM  

 
Hydrodictyon reticulatum, 
Phormidium, Pithophora 

– – – Accumulates up to 760 µg/g  

 
Chlorella minutissima, 
Scenedesmus sp. 

– Removal up to 161 µg/g Up to 500 mg/L Reduced proteins & 
chlorophyll 

 

Cadmium 
(Cd²⁺) 

Transgenic 
Chlamydomonas 
reinhardtii 

– Increased uptake – Improved tolerance via gene 
modification 

[48,99, 84, 174-
176] 

 
Parachlorella hussii, P. 
kessleri, C. luteoviridis 

– High tolerance & uptake – –  

 
Chlorella sp. – Good uptake – –  

 
Ankistrodesmus sp., 
Scenedesmus sp. 

– Variable – Scenedesmus more tolerant  

 
Desmodesmus 
pleiomorphus 

– Reliable removal pH-dependent –  

 
Haloferax (Archaea) – High 0.5–1 mM Extreme tolerance  

 
Parachlorella sp. – – – Functional groups improve 

sorption 
 

Chromium 
(Cr VI) 

Phaeodactylum 
tricornutum, Navicula 
pelliculosa 

– – – Cr(VI) biosorption [54, 56, 177] 

 
Chlorella sorokiniana – – 100 ppm, 3 days High tolerance  

 
Rhizogonium hookeri – – – Porous surface aids 

adsorption 
 

 
Navicula subminiscula – Up to 98% 20 mg/L High tolerance  

 

Isochrysis galbana, Planothidium lanceolatum, and 
Scenedesmus subspicatus in their live forms at pH of 5, 7, 
and 6 can uptake Zn at 0.3%, 118.66%, and 72.06%, 
respectively. Other species, including Arthrospira (Spirulina) 
platensis (33.21%), Aulosira fertilissima (19.15%), Chlorella 
homosphaera (15.6%), Cyclotella cryptica (242.9%), 
Desmodesmus pleiomorphus (360.2%), Euglena gracilis 
(7.5%), Hydrodictyon reticulatum (3.7%), Phaeodactylum 
tricornutum (14.52%), Phormidium spp. (9.4%), Pithophora 
odeogonia (8.98%), Porphyridium purpureum (2.01%), 
Scenedesmus obliquus(6.67%), Scenedesmus quadricauda 
(5.03%), Spirogyra insignis (21.1%), Spirogyra neglecta 
(31.51%), Spirulina platensis (7.36%), Spirulina spp.(0.17%), 
and Stigeoclonium tenuecan (0.77%) take up the metal in 
their non-living form of biomass at their respective pH [85]. 

5.3. Copper removal  

Scenedesmus was cultivated in various copper 
concentrations. Cu had a value of 0.5 mg/L that inhibited 
Scenedesmus growth. Cladophora glomerata and 
Oedogonium rivulare also exhibited significant copper 
decontamination [164]. The brown alga P. gymnospora was 
studied for its ability to absorb two metals, Cu and Zn, and 
Cu uptake by Ulva reticulata has been examined. Both 
macroalgae absorb metals in proportion to their 
concentration in the growth medium (p < 0.05); the greater 
the heavy metal exposure concentration in the growth 

medium, the larger the metal accumulation. It was also 
found that the exposure period had a significant impact on 
the deposition. Brown macroalgae have a high 
accumulation capacity when compared to green algae. This 
was observed by the occurrence of polysaccharides with a 
higher affinity for cations in their cell wall material, along 
with the occurrence of physodes – bodies comprising 
phenolic compounds which gather great quantities of heavy 
metals in their cell wall material [165-168]. 
Chan et al., 2014 conducted a few laboratory-scale 
experiments on three microalgal species, viz, Chlorella 
vulgaris (green algae), Spirulina maxima (blue-green algae), 
and a certain growing algal sample, in plant wastewater. 
They found it contained Chlorella sp. (common strain), 
Synechocystis sp. (dominant strain), and Scenedesmus sp. In 
the method implemented, one of the effluents was 
autoclaved while the other was untreated. The results 
revealed that the removal efficiency of the algal species 
used in the autoclaved trial was better than the untreated 
trial. According to Simeonova et al. (2008), dead cells ingest 
metal ions in the same or better proportion as living cells, 
which could explain why the autoclaved trial achieved 
similar or better clearance efficiencies in less time. In the 
autoclaved trial, the Cu removal efficiency ranged from 70-
85%, and there was a rapid decline in its concentration. 
Along with the single strains, they used mixed strains of 
algal species to determine the synergistic effect on metal 
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removal. According to their perceptions, mixed strains were 
much more efficient at metal removal with the following 
percentages: MIX-71.7, CV/MIX−82.8, CV/SM/MIX−76.6, 
SM/MIX−84.4, and CV/SM-79.5  [138]. For Cu2+, the removal 
percentage by Tetraselmis marina AC16-MESO was 42.9% 
at 1.0 mg L−1 and 92% at 5.0 mg L−1. Cu2+ was shown to 
enrich the progress rate of microalgae Scenedesmus 
obliquus and Chlorella pyrenoidosa. Cu2+ had a favorable 
effect on the development of Tetraselmis marina AC16-
MESO at a concentration of 0.1 mg L1, resulting in a 21% 
growth in cell density during the 72 hours associated with 
the control [93]. 

5.4. Arsenic removal  

Microalgae are a potential tool that can reduce toxicity in 
As (III) through oxidation of inorganic arsenic, and also 
complex formation. As(V) is biotransformed into 
arsenolipids/arsenosugars or methylated arsenic species, 
reduced, adsorbed on cells, and excreted from cells into less 
toxic forms [139]. Cellular metabolism of arsenic converts 
inorganic forms of As (V) and As (III) into the less toxic 
organic forms of MMA and DMA [170]. Freshwater 
microalgae and marine water microalgae differ in their 
tolerance to arsenic, which affects the development rate 
and bioaccumulation ability in the presence of arsenic. 
Observations of marine algae Phaeodactylum tricornutum 
in its bioaccumulation experienced concentrated inhibition 
of 35% at 1.0µm arsenic [171]. Yan and Zhao, 2025 found a 
difference in the tolerance capacity between Chlorella Sp 
and Monoraphidium arcuatum, with a more and less 
tolerance capacity to arsenic, respectively [172]. Chlorella 
vulgaris shows a high tolerance to As (V) of up to 200 mg/L, 
as observed by Jiang and co-workers [173]. Upadhyay and 
co-workers observed that Nannochloropsis species grew 
well in As (III) concentrations up to 100µm, but biomass 
considerably decreased with an increase in concentration 
up to 500µm [29].  
Singh and colleagues reported that Hydrodictyon 
reticulatum, Diatoms, Pithophora species, Phormidium 
species, and Oscillatoria species were found in an As-
polluted area, suggesting possible bioremediation of 
arsenic by the accretion of arsenic up to 760 µg/g [26]. 
Arora and co-workers observed that Chlorella minutissima 
and Scenedesmus species can bear up to 500 mg/L arsenic, 
with elimination up to 161 µg/g. Oxidative stress induced by 
arsenic had different effects on different microalgae, with a 
reduction in protein and chlorophyll content in the C. 
minutissimum and Scenedesmus species and cell size 
reduction in C. minutissima [23]. 

5.5. Cadmium removal  

Strategies, such as genetic engineering, microalgae 
immobilization, bio pellets, and bio-immobilization, are 
used for cadmium biosorption. To increase heavy metal 
tolerance, gene manipulation was done in the protein of 

Chlamydomonas reinhardtii, showing a great increase in 
Cd²+ tolerance and uptake [99]. Few microalgal species, like 
Parachlorella hussi, Parachlorella kessleri, and Chlorella 
luteoviridis, showed great metal accumulation and 
tolerance as well [174]. Chlorella sp. had a good capacity for 
Cd (III) biosorption. [48] and his coworkers observed three 
strains of microalgae, Ankistrodesmus sp, Chlorella sp, and 
Scenedesmus sp., for their Cd tolerance and concluded that 
Ankistrodesmus Sp showed less tolerance compared to the 
other two. Monteiro and colleagues investigated two 
strains of Desmodesmus pleomorphic for their potential in 
removing Cd at different pH levels; both strains proved to 
be reliable tools to remove Cd [92]. Das and coworkers gave 
insights on cadmium removal using Haloarchaea, which 
showed efficient metabolism in all extreme conditions. 
They were tolerant to cadmium at high concentrations. 
Haloferax strain BBKZ removed Cd by accumulation and 
showed great heavy metal resistance at a concentration of 
0.5mM-1mM [175]. Work by Dirbaz and Roosta showed 
that the acidic functional groups of carboxylic acid, amide 
functional groups -OH, -NH, C=O, and alcohol functional 
groups C-O possessed by Parachlorella sp. were a better 
biosorbent for cadmium than other species, such as 
Nannochloropsis, Scenedesmus sp., and Spirulina sp. [176]. 

5.6. Chromium removal 

Microalgae adopt several mechanisms in the process of 
decline and elimination of Cr (VI). Biosorption of Cr (VI) was 
one such mechanism adopted by the Phaeodactylum 
Tricornutum and Navicula Pelliculosa microalgal strains 
[54]. Reduction of Cr (VI) to Cr (III) also reduced the toxicity 
of hexavalent chromium. Chlorella sorokiniana, a good 
biosorbent of Cr (VI), showed efficient tolerance on 
exposure, i.e., 100 ppm Cr (VI) for three days [56]. 
Freshwater microalgae Rhizogonium Hookeri is also a good 
adsorbent of Cr (VI) due to the porous nature of its surface. 
Cherifi and coworkers reported that Navicula subminiscula 
species removed heavy metal up to 98% at a concentration 
of 20 mg/L Cr (VI) and had a high tolerance capacity [177]. 
In summary, microalgae use a variety of processes to 
eliminate harmful heavy metals: extracellular biosorption, 
enzymatic reduction, compartmentalization, intracellular 
bioaccumulation, bio-methylation, and volatilization. The 
investigation of mechanisms involved in the 
phycoremediation of heavy metals offers suggestions to 
increase efficiency and selectivity, as well as lowering 
processing costs, even though the process is still at a lab 
scale.  

6. Recovery process 

As valuable industrial products with financial benefits, these 
metals are attractive for recovery from wastewater. 
However, few studies have been carried out on the recovery 
of these precious metals from the soil, as most of the 
remediation techniques, such as chemical precipitation, 
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membrane filtration, adsorption, and ion exchange, focus 
on removing these precious metals [178]. Material cycling 
and safe post-treatment involve the extraction and 
recycling of metals from metal-loaded biomass used in the 
bioaccumulation and phytoremediation processes that 
treat industrial wastewater. By using the proper eluents to 
desorb, the metals adsorbed on the surface of biosorbents 
can be retrieved.  
However, metals that have interacted with the intracellular 
components of microbial and plant cells can be recovered 
by leaching using chemical or biological reagents, or 
through carefully controlled heat processing [179]. 

6.1. Biosorbents 

Current research on renewing biosorbents and recovering 
metals from metal-loaded biosorbents uses chemicals. 
Heavy metal cations can be safely removed from metal-
containing biosorbents by applying diluted acids (such as 
HCl or HNO3).  
The polysaccharides on the biomass surface that served as 
metal binding sites were hydrolyzed, likely causing HCl to 
lose some of its metal adsorption capacity in the 
regenerated algal biosorbents, despite the fact that HCl has 
a considerable capacity for metal desorption [82].  
Because they have a high capacity to eliminate metal 
cations from biosorbents and function as electrolytes in the 
electrolytic method for retrieving the metal, diluted acid 
solutions comprising inorganic salts, like CaCl2 and NH4Cl, 
are also appropriate for this role. Electrolysis can be used to 
remove the metal ions from the eluate produced during the 
desorption process. If the amount of metal cations in the 
eluate is restricted, the use of rotating cathode cells would 
be helpful in retrieving the metals. There are a variety of 
different adsorption-desorption cycles that can be used 
with commercial biosorbents. The silica gel-immobilized 
AlgaSORBTM could be utilized for more than 100 
adsorption-desorption cycles. When HCl or HNO3 is 
employed as the eluent, BioFix biosorbent is suitable for 
more than 120 cycles [180].  
But after five cycles, the regenerated biosorbent's Cd(II) 
adsorption value decreased to 53.4% of the initial value 
[181]. Adsorbed Cd(II) was easily desorbable with distilled 
water on pyrolyzed coffee debris bound with clay, yielding 
a recovery of 88.0-91.9%. Through fermentation, 
composting, and burning, the consumed biosorbents were 
transformed into energy fuels and thermal energy. 

6.2. Leaching 

The elimination of heavy metals from residual biomass in 
the remediation of metal-contaminated industrial waste 
waters can be accomplished by chemical removal or 
bioleaching, which has been extensively studied for its 
application in contaminated wastewater. Similar to 
sediment leaching, bioleaching uses bacteria that oxidize 

iron and sulfur, such as A. thiooxidans and A. ferroxidans, to 
dissolve heavy metals from metal-laden biomass.  
Chelating agents, inorganic salts, and inorganic acids can be 
used in the chemical extraction process as extracting 
agents. Various organic acids have been found to be more 
efficient than other removing agents in the elimination of 
heavy metals from sewage sludge between pH 1.5 and 2; 
however, post-treatment is necessary to neutralize the 
treated sludge. Meanwhile, organic acids, particularly citric 
acid, have been revealed to be effective in recovering heavy 
metals below mild acidic environments (pH 3–4). In order to 
minimize environmental impact and maximize material 
recycling, the leachate metals have to be recovered as well. 
After leaching, metal-contaminated biomass can be 
fermented for the production of energy fuel, thermally 
treated, or composted [179, 182]. 

6.3. Thermal treatment  

Phytoremediation and bioaccumulation of metal-
contaminated biomass can be processed thermally by 
combustion at high temperatures under ambient [aerobic] 
conditions and pyrolysis at moderate temperatures under 
anaerobic conditions. Existing solid waste from municipal 
incinerators can burn biomass that has been enhanced with 
metals. In the combustion process, the biomass is 
decomposed by organic matter, and the metals are released 
as oxides. The released metals are either discharged into 
the flue gas or entrapped in ash. Modern flue gas-cleaning 
technologies, such as dust scrubbers and flue gas 
desulfurization equipment, would guarantee the successful 
capture of metal-containing dusts, with the exception of 
volatile, non-condensable elements such as mercury. 
Metal-containing substances from biomass can also be 
incinerated in furnaces that employ rotary kiln technology 
and can handle various substances to recover metals. 
Combustion produces thermal energy, which can be 
transformed into heat and electricity. A possible drawback 
of burning metal-loaded biomass is the generation of 
secondary pollutants, such as ash-concentrating non-
volatilized heavy metals and worn dust filters from flue gas-
cleaning equipment that have accumulated volatilized 
metals. Nonvolatile heavy metals in the unique biomass will 
be concentrated in the char fraction when biomass is 
pyrolyzed under entirely hermetic and oxygen-free 
circumstances. 
The behaviour of heavy metals in thermal processes 
depends on a number of factors, including the metals' 
characteristics, the physicochemical properties such as 
temperature and oxidation-reduction status, and the 
presence of reactive chemicals in the reactor. [155] stated 
that of the metals present in contaminated wastewater, Cr 
and Ni are non-volatile species, As, Cd, and Hg are volatile, 
while Cu, Pb, Sn, and Zn are intermediate. Since nonvolatile 
salts like oxides and sulfates are easier to form in oxidative 
conditions, volatile gaseous metal compounds like 



 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 155 

hydroxides, chlorides, and sulfides may remain in reductive 
conditions. Trace metals are typically more volatile in 
reductive conditions during pyrolysis than in an oxidative 
atmosphere during combustion [183]. The original 
biomass's moisture, chlorine, and sulfur contents may have 
impacted the volatility of the HMs [179, 184]. 
In order to extract and recover metals from metal-loaded 
biomass, the electrokinetic technique and supercritical fluid 
extraction could be used. The electrokinetic method relies 
on electrophoresis, electro-osmosis, and electrolysis 
processes that occur when the metal-containing substrate 
is charged electrically with a direct current using one or 
more electrode arrays. Essentially a liquid extraction 
method, supercritical fluid extraction uses compressed 
fluids—typically either liquids or gases—under supercritical 
conditions in place of conventional solvents. 

7. Metallothionein (MT) and relevant gene studies  

Metal ions at low concentrations are involved in several 
cellular functions, such as signaling, energy transfer, and 
acid-based chemistry or redox potential, while they are 
detrimental at higher doses.  
Consequently, the cells develop metal-resistance 
mechanisms. It appears in two mechanisms of fundamental 
metal resistance: intracellular chelation and metal 
membrane transport. Phyto-chelatins are intracellular 
chelators that are synthesized in response to metal stress, 

but MT is formed through assorted spurs [85, 121]. MTs are 
predominant in all existing life forms and perform a critical 
part in providing vital metals to the cell, including the 
transport of noxious metals into other organelles, cell cycle 
modulation, metal homeostasis, and regulation of various 
kinds of stress, including metal stress. It has also been 
proposed that they act as defending cells from oxidative 
stress and as free radical scavengers (Figure 3) [117, 185]. 
MTs are a class of low-molecular-weight, cysteine-rich 
proteins that play an essential role in the detoxification and 
homeostasis of heavy metals in living organisms, including 
microalgae. MTs are the small molecular weight proteins 
that are named due to the presence of a number of 
sulfhydryl groups and associated metals [186]. More 
precisely, MTs are proteins rich in cysteine, and they are 
categorized by cysteines structured in motifs. Their 
capability to interact with metals is mainly due to the 
presence of cysteine thiol groups, but it can also be 
attributed to the existence of histidines and a nitrogen 
lateral chain [187, 188]. These proteins are characterized by 
their high affinity for metal ions, particularly cadmium (Cd), 
zinc (Zn), copper (Cu), lead (Pb), mercury (Hg), and arsenic 
(As).  
The presence of numerous cysteine residues allows MTs to 
form stable thiolate bonds with these metal ions, facilitating 
their sequestration and reducing their toxicity within 
biological systems [189].

 

Fig. 3. Probable echanism of metallothionine mechanism in bioremediation of heavy metals. 

They have minimal or even no content of aromatic amino 

acids and can inhibit metals. They are prevalent, 

particularly in Eukaryotes, although they arise in a small 
number of bacteria, including Cyanobacteria [185]. 
Structurally, metallothioneins are unique due to their lack 
of a well-defined secondary or tertiary structure in their 

metal-free state. However, upon binding metal ions, they 
adopt a compact, functional conformation 
The cysteine residues in MTs are organized in specific 
motifs. These motifs are responsible for coordinating metal 
ions in a dynamic, reversible manner. The proteins typically 
fold into two main domains: the α-domain, which binds 
divalent metals such as Zn(II) and Cd(II), and the β-domain, 
which has a higher affinity for monovalent metals such as 
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Cu(I) [190]. Functionally, metallothioneins contribute to 
heavy metal homeostasis by regulating essential metal 
concentrations in cells, mitigating oxidative stress, and 
providing cellular protection from metal-induced toxicity. 
Their metal-binding capacity allows them to act as metal 
reservoirs, ensuring that cells maintain optimal levels of 
essential metals like Zn and Cu while preventing the toxic 
accumulation of heavy metals [191]. Additionally, 
metallothioneins exhibit antioxidant properties by 
neutralizing reactive oxygen species (ROS) generated due to 
metal stress, thereby protecting proteins, lipids, and nucleic 
acids from oxidative damage. 
In plants, MTs are involved in various metabolic activities, 
including embryogenesis, root development, ripening of 
fruit, senescence, and pollen germination. Transcript levels 
of MTs are observed to vary under varied biotic and abiotic 
stress conditions [192]. MTs, also known as metal-binding 
proteins, are involved in metal stress tolerance, metal 
regulation, and protection of the cell from metal toxicity. 
MT expression levels indicate the heavy metal stress 
condition of the environment and, hence, serve as a 
biomarker. During a chronic metal toxicity study, MT acted 
as a multi-functional stress protein [193]. MT are localized 
in the cytosol and predicted in Symbiodinium 
microadriaticum (dinoflagellates; GenBank accession 
number OLP85454) and T. pseudonana (diatom; 
XP_002296843). Genetic modifications in algae for heavy 
metal removal and adsorption were studied. The C. 
reinhardtii plastid genome was cloned with Festuca rubra 
MT genes, resulting in higher cadmium uptake. MTs have 
applications as biosensors and in biomedical science as drug 
transporters and biomarkers due to their high affinity for 
heavy metals [117].  
Homo sapiens metallothionein is coded with 17 genetic 
codes on chromosome 16q13. They are made up of 61-68 
amino acid residues, with cysteine accounting for 25-30% of 
all amino acids and no aromatic amino acids. MTs are 
categorized into four isoforms. The MT-2, MT-3, and MT-4 
genes are all encoded by a single gene, but the MT-1 gene 
has many subtypes (MT-1A,-B,-E,-F,-G,-H,-M,-X) [185, 186, 
188, 193].  
The MTs exist in primary, secondary, and tertiary structures. 
The primary contains conserved cysteine motifs. The Cys 
Motifs are xxCxx, CxC, xCCx, CxCxC, CxCC, CCxC, CCC, 
CxCxCxC, and CCxCC. There are a total of nine different 
motifs, where x is any other amino acid. Without metals, the 
apoprotein employs a compressed orientation with some 
cysteines on the peripheral plane rather than a true 
secondary structure. This confirmation may inhibit cysteine 
oxidation while also allowing peptide metal interaction. At 
acidic pH, the apoprotein lacks this pseudo-organization 
and becomes much looser. When MTs are bound to metals, 
they form a tertiary structure. Divalent metals (Me (II)), 
such as zinc and cadmium, can bind 4 Cys (tetragonal 
coordination), whereas 2–3 Cys can be bound by 

monovalent metals (Me(I)), such as Cu(I) or Ag (diagonal or 
trigonal coordination). Because of this, MTs certainly bind 
to Me (I) instead of Me (II), and the type and quantity of 
bound metals dictate the 3D structure, which can take many 
different forms. There are three molecular types of MTs in 
cells: (i) Thionins (TOs), which are poorly reacting oxidized 
forms; (ii) Reduced forms of thioneins (Ts-) that have the 
ability to attach to reactive chemical species, such as 
reactive metal species (RMS), reactive nitrogen species 
(RNS), and reactive oxygen species (ROS); and (iii) MTs 
attach to a variety of proteins and are extremely active 
metalated versions [185]. 

8. Computational study: a key for phycoremediation 
mechanism insights 

Microalgae exhibit varied mechanisms in reducing heavy 
metal noxiousness, such as adsorption sites and protein 
interactions. MTs are a family of cysteine-rich, low 
molecular weight proteins involved in dual functions, i.e., 
heavy metal removal and antioxidants. MTs have the ability 
to interact with the thiol group of cysteine residues [154]. 
Structurally, MTs contain multiple cysteine (-SH) residues, 
forming thiolate bonds with metal ions. The protein folds 
into two domains (α and β), creating a metal-binding core 
[189]. These thiol clusters effectively bind heavy metals, 
such as cadmium, mercury, and lead, reducing their toxicity 
and facilitating safe sequestration [194]. Functionally, 
metallothioneins contribute to metal sequestration, 
oxidative stress protection, and metal transport and 
storage. By binding toxic metal ions, MTs prevent cellular 
damage while simultaneously regulating essential metal ion 
homeostasis. They act as antioxidants by scavenging 
reactive oxygen species (ROS) generated by metal-induced 
oxidative stress [117]. MTs also facilitate intracellular metal 
transport, ensuring that necessary metals, such as zinc and 
copper, are available for metabolic processes while excess 
toxic metals are neutralized. 
In vascular plants, MT is a prerequisite for metal ion 
homeostasis and sulphur metabolism. In plants, 
metallothionein expression was higher during abiotic stress 
conditions and involved in scavenging reactive oxygen 
species generated during oxidative stress [195-197]. 
Microalgae use metallothioneins for metal detoxification 
through several mechanisms. Biosorption enables MTs to 
adsorb metal ions onto the cell surface, preventing 
intracellular toxicity. Bioaccumulation allows MTs to 
transport metals into vacuoles for long-term storage and 
sequestration. Additionally, MTs regulate antioxidant 
enzyme activity, minimizing oxidative stress resulting from 
metal exposure. They also play a role in redistributing 
essential metals, like zinc and copper, while binding excess 
toxic metals. Studies on Chlorella, Spirulina, and 
Phormidium have shown that MT overexpression enhances 
metal tolerance, reinforcing the suitability of these 

https://en.wikipedia.org/wiki/Cysteine
https://en.wikipedia.org/wiki/Molecular_mass
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microalgae for bioremediation applications [198, 199]. In 
algae, the metallothionein correlated sequence has been 
reported to be up-regulated in copper-induced stress in 
Fucus vesiculosus. The transcript is reported to interact with 
copper and cadmium [200].  
Microalgae unveil vital mechanisms for the exclusion of free 
metal ions from waters, thereby both depolluting and bio-
remediating. Metallothionein peptides are involved in a 
hasty reaction of the cell to impulsive and persistent heavy 
metal stress; it is an energy reliant transference to the cell 
vacuole in addition to mechanisms such as reactive oxygen 
species that converse tolerance to microalgae species 
[201,202]. Upregulation of MT leads to the accumulation of 
misfolded forms, eventually forming unstable proteins; 
hence, the overexpression of MT does not signify metal 
uptake, as it actually decreases the metal uptake. Synergic 
overexpression of certain soluble proteins and MT has 
resulted in higher metal uptake. Bioengineered transgenic 
C. reinhardtii infused with chicken MT expressed 
fluorescent protein to screen the accumulation of heavy 
metal, revealing the biosensor application [122].  
The binding efficiency, adsorption potential, and 
hydrophobic and hydrophilic bonding of various microalgae 
exhibit varied sorption sites and mechanisms towards 
different heavy metals. In-depth studies unravel the 
molecular mechanism of the adsorption of the microalgae. 
Here, an attempt is made to understand the binding affinity 
of three microalgae metallothionein proteins to different 
heavy metals through molecular modelling and a 
computational study with MT as the target site (Figure 4). 

This may help portray the bioremediation efficacy through 
in silico models with simulation studies to generate large-
scale bioremediation models in industries. 
The study focused on three microalgal species, Phormidium 
tenue, Chlorella sorokiniana, and Spirulina platensis, that 
were selected for their heavy metal tolerance and 
bioaccumulation potential. Phormidium tenue is a 
cyanobacterium known for its high metal-binding capacity, 
facilitated by extracellular polymeric substances (EPS). It 
produces exopolysaccharides that enhance heavy metal 
sequestration [88] and is tolerant to arsenic, cadmium, and 
lead. Chlorella sorokiniana is a fast-growing green microalga 
with high bioaccumulation potential, particularly for 
cadmium and chromium It has been extensively used in 
wastewater treatment due to its ability to accumulate and 
transform toxic metals [203]. Spirulina platensis is a 
filamentous cyanobacterium recognized for its high 
biomass productivity and ability to accumulate zinc, copper, 
and lead. It has strong antioxidant properties that mitigate 
oxidative stress induced by heavy metals, making it suitable 
for large-scale detoxification applications [81]. 

8.1. Methodology 

8.1.1.Protein and ligand processing 

Metallothionein protein sequences of Spirulina platensis, 
Phormidium tenue, and Chlorella sorokiniana were 
retrieved from the UniProt database (Table 5) (The UniProt 
Consortium).

 

Fig. 4. Systematic epresentation of heavy metal bioremediation by in silico approach. 

Table 5. Details of Templates used for Modelling MT Proteins 

Organism 
UniProt Accession 
No 

Length 
Template PDB 
ID 

Sequence Identity 
(%) 

Ramachandran Plot 

Favoured region 
(%) 

Allowed Region 
(%) 

S. platensis D4ZYS3 55 1JJD 69.81 87.5 100 
P. tenue A0A1U7J8X1 56 1JJD 58.18 88.0 100 
C. sorokiniana A0A2P6TKK5 56 1DMD 38.46 63.0 81.5 

1IJ5M 53.57 
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The MT sequences of S. platensis and P. tenue were 
modelled using the SWISS-MODEL [204], and the sequence 
of C. sorokiniana was modelled using Modeller10.1 [205].  
The modelled MT sequences were energy minimized using 
GROMACS 2020.1 with the OPLS forcefield [206]. The 
modelled structures were verified by a Ramachandran plot 
[207]. The following metal ions were retrieved from 
PubChem: Hg2+, Cu2+, Cd2+, Pb2+, and Ni2+ for S. platensis; 
As3+, Co2+, and Fe3+ for P. tenue; and Cd2+, Zn2+, and Cu2+ for 
C. sorokiniana [208]. 

8.1.2. Molecular docking  

Molecular modeling and docking techniques were used to 
analyze the interactions between MT proteins and heavy 
metals. The AutoDock 4.2 package was used for docking 
metal ions into MT proteins [209]. The MT proteins were 
prepared by adding hydrogen atoms. Partial charges were 
calculated using the Kollman method. Grid parameter files 
were generated using AutoGrid4. The grid box was set up to 
cover the metal ion binding site. The grid spacing was set to 
0.375Å. Docking simulations were conducted using a grid 
box encompassing the entire metallothionein active site to 
allow for optimal exploration of the binding site. Docking 
simulations were carried out using the Lamarckian genetic 
algorithm. Docking parameter files were generated using 
AutoDock4 with default settings. The bound metal ion and 
coordinating residues were visualized in PyMol (The PyMOL 
Molecular Graphics System, Version 2.0).  

8.2. Results 

This study evaluated the interaction of microalgal 
metallothionein proteins from Phormidium tenue, Chlorella 
sorokiniana, and Spirulina platensis, with a panel of 
ecotoxicologically relevant heavy metal ions using 
molecular docking.  
For each MT, between three and five metal ions were 
docked (total n = 11 protein–metal combinations), and the 
best-ranked pose in the dominant cluster was analyzed in 
terms of binding energy (kcal/mol), size of the lowest-
energy cluster, coordinating residues, and the presence of 
steric clashes.  
The binding energy of MT ranged between –2.86 to –1.41 
kcal/mol for S. platensis, -16.67 to –3.24 kcal/mol for P. 
tenue, and –5.90 to –3.21 kcal/mol for C. Sorokiniana (Table 
6).  

8.2.1 Overall binding energy trends 

The MT from P. tenue showed the strongest overall metal-
binding propensity, with docking-derived binding energies 
ranging from −16.67 to −3.24 kcal/mol, followed by C. 
sorokiniana (−5.90 to −3.21 kcal/mol) and S. platensis (−2.86 
to −1.41 kcal/mol). The strongest binding was observed in 
P. tenue, indicating its superior potential for heavy metal 
detoxification.  

Higher binding energy values (closer to zero) indicate 
weaker interactions, making metals more bioavailable for 
sequestration and detoxification. These results align with 
previous metallothionein studies, where lower binding 
energies correlate with enhanced metal-binding capabilities 
[194, 210].  
The binding site of the MT proteins was enriched with CYS, 
HIS, GLU, and ASP residues, which favors metal ion 
complexation. The binding site residues were conserved in 
all three MT sequences (Figure 5). These values indicate 
that P. tenue MTs form particularly stable complexes with 
Fe, Co, and As, while the MTs of C. sorokiniana and S. 
platensis exhibit moderate but consistent affinities across 
their respective metal panels. In all three species, the 
lowest-energy poses were also represented by the largest 
clusters of docking conformations, supporting the 
robustness of the predicted binding modes. 

8.2.2 Metal coordination by Spirulina platensis MT 

Docking of Hg²⁺, Cu²⁺, Pb²⁺, Cd²⁺, and Ni²⁺ to S. platensis MT 
yielded binding energies between −2.86 and −1.41 
kcal/mol, with Hg²⁺ and Cu²⁺ forming the most favorable 
complexes in this panel (Figure 6).  
The binding pocket is enriched in Cys, His, Glu, and Asp 
residues, and a conserved Glu34 residue repeatedly 
participates in coordination across several metals, acting as 
a key anchoring site within the MT scaffold. Visual 
inspection of the complexes showed predominantly 
compact, well-packed geometries with minimal steric 
clashes, suggesting that S. platensis MT can support multi-
metal binding while maintaining structural compatibility 
with different ionic radii and coordination preferences. 

8.2.3 Metal coordination by Phormidium tenue MT 

Among all systems analyzed, P. tenue MT displayed the 
most negative binding energies, with Fe³⁺, Co²⁺, and As³⁺ 
complexes spanning −16.67 to −3.24 kcal/mol. Fe³⁺ and 
Co²⁺ interacted strongly with Asp12 and neighboring acidic 
residues, forming dense coordination shells consistent with 
high-affinity metal sequestration (Figure 7).  
In contrast, As³⁺ binding was accompanied by steric clashes 
with Glu25, indicating that although the MT can interact 
with arsenic, local geometric strain may reduce complex 
stability relative to Fe and Co.  
These patterns support P. tenue MT as a particularly 
promising candidate for Fe/Co-rich effluents, while also 
highlighting structural constraints that may limit optimal 
arsenic coordination.  

8.2.4 Metal coordination by Chlorella sorokiniana MT 

For C. sorokiniana, docking was performed with Cd²⁺, Zn²⁺, 
and Cu²⁺, yielding binding energies from −5.90 to −3.21 
kcal/mol, intermediate between the strong affinities seen 
for P. tenue and the milder affinities of S. platensis. Zn²⁺ and 
Cu²⁺ formed stable complexes coordinated primarily by 



 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 159 

Asp36, with additional support from neighboring acidic and 
polar residues, while Cd²⁺ binding introduced steric clashes 
with Glu39, suggesting a less optimal fit of Cd²⁺ in the C. 
sorokiniana MT pocket (Figure 8).  

These results are consistent with experimental reports of 
efficient Zn and Cu uptake by Chlorella species, and point to 
a mechanistic basis for differential metal preferences within 
the same MT scaffold. 

Table 6. Binding Energy and Coordination Residues of Docked Complexes 

Organism Metal ion Lowest Binding Energy 
(kcal/mol) 

Coordination residue Distance from residue to metal ions 
(Å) 

S. platensis Cd -2.05 GLU34 Cd-O: 2.06 
Cd-O: 2.01 

Hg -2.43 GLU34 Hg-O: 2.06 

Cu -2.41 GLU34 Cu-O: 2.06 

Pb -1.41 GLU34 Pb-O: 2.85 

Ni -2.86 GLU34 Ni-O: 1.87 
Ni-O: 2.5 

P. tenue As -3.73 GLU25 Steric clashes 

Co -3.24 ASP12 Co-O: 1.95 

Fe -16.67 ASP12 Fe-O: 1.17 

C. sorokiniana Cd -3.53 GLU39 Steric clashes 

Zn -3.21 ASP36 Zn-O: 1.73 

Cu -5.90 ASP36 Cu-O: 1.93 

 

Fig.5. Multiple sequence alignment of MT sequences with Synechococcus elongatus Mt sequence. The conserved residues are represented 
with *. The cysteine-rich motifs are observed in the figure. 

 

Fig. 6. Protein-metal complexation in S. Platensis. Mt protein is shown in cartoon, and the metal ion is represented as a sphere: (a) 
cadmium (cd), (b) copper (Cu), (c) mercury (Hg), (d) nickel (Ni), and (e) lead (Pb). 

(a) (b) (c) 

(d) (e) 
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Fig 7. Protein-metal complexation in P. tenue. Mt protein is shown in cartoon, and the metal ion is represented as sphere: (a) iron (Fe), 
(b) arsenic (As), and (c) cobalt (Co). Yellow dashes indicate metal coordination and orange dashes indicate steric clashes. 

 

Fig. 8. Protein-metal complexation in C. Sorokiniana. Mt protein is shown in cartoon, and the metal ion is represented as a sphere: (a) 
cadmium (Cd), (b) copper (Cu), and (c) zinc (Zn). Yellow dashes indicate metal coordination and orange dashes indicate steric clashes 

8.2.5 Implications for phycoremediation 

Taken together, the docking results indicate that microalgal 
MTs provide a versatile coordination environment based on 
combinations of cysteine thiolates, carboxylate side chains 
(Asp/Glu), and, in some cases, histidine imidazoles, 
providing a versatile and selective coordination 
environment capable of stabilizing a broad range of divalent 
and trivalent metal ions. The markedly stronger affinities 
predicted for P. tenue MT, followed by C. sorokiniana and S. 
platensis, suggested species-specific potential for heavy 
metal sequestration that could be exploited when selecting 
or engineering strains for phycoremediation of metal-
contaminated wastewaters.  

9. Future Research Directions 

This review work concentrated on the technological 
opportunities and limitations of microalgae-based 
wastewater treatment. Traditional (physicochemical and 
biological) methods are widely employed to treat 
wastewater but are not practical from an economic 
standpoint. Additionally, microalgae are cost-effective, 
environmentally friendly, and renewable sources of biofuels 
and bioactive goods. It is also essential to conduct ongoing 
investigations to better understand the underlying 
mechanisms and to develop more thorough equilibrium and 
kinetic models for the biosorption and bioaccumulation of 
heavy metals by microalgae. Due to their potential for 
industrial use, methods for removing and recovering heavy 
metals, including microalgal biofilm, whole-cell 
immobilization, and pelletization, have attracted significant 
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attention [211]. Specifically, microalgal fatty acid 
composition can be altered by heavy metal stress to create 
biodiesel with desired qualities and characteristics. 
However, the downstream processing of these valuable 
products may be hampered by the presence of heavy 
metals. Therefore, in order to achieve adequate 
simultaneous heavy metal bioremediation and value-added 
product production, more studies are needed on upstream 
cultivation and downstream purification processes [212]. 
Future research should focus on developing highly efficient 
methods that lower heavy metal pollution and support 
long-term, sustainable economic growth. Hazardous heavy 
metal ions should be eliminated from water systems using 
a waste-to-resource strategy. The concepts and 
mechanisms of heavy metal complex breakdown and heavy 
metal ion recovery via advanced oxidation processes 
require further study [213]. Selecting environmentally 
acceptable technology that can be scaled up for real-world 
applications at a reasonable cost is crucial for the effective 
and efficient removal of heavy metals.  
Future research in microalgal-based bioremediation should 
focus on enhancing metal tolerance and uptake through 
genetic engineering, optimizing growth conditions, and 
understanding multi-metal interactions in real-world 
environments. Advances in synthetic biology could enable 
the overexpression of metallothioneins, phytochelatins, 
and metal transport proteins, improving the sequestration 
capacity of microalgae. Additionally, most studies focus on 
single-metal removal, while contaminated environments 
often contain complex mixtures of pollutants. Investigating 
synergistic and antagonistic effects among multiple heavy 
metals and emerging contaminants, such as 
pharmaceuticals and nanomaterials, is crucial. Optimizing 
cultivation conditions and designing cost-effective 
bioreactors will also enhance large-scale applications by 
improving biomass productivity and metal removal 
efficiency.  
Furthermore, omics-based approaches, including 

transcriptomics, proteomics, and metabolomics, can 

provide deeper insights into the molecular and biochemical 

pathways underlying metal detoxification in microalgae. 

Integrating bioremediation with circular economy 

principles by repurposing metal-laden biomass for biofuel 

production, biofertilizers, or nanoparticle synthesis could 

add economic value and promote sustainability. Field-scale 

validation remains a major gap, as most research is 

conducted under controlled laboratory conditions. Large-

scale trials in real-world settings are necessary to assess 

long-term stability and practical feasibility. Collaboration 

between academia, industry, and policymakers will be 

essential for the commercialization and regulatory approval 

of microalgal bioremediation technologies, ultimately 

making them viable solutions for mitigating heavy metal 

pollution in aquatic ecosystems. 

10. Conclusion  

Algae are widely studied for their potential, means of metal 
accretion, simulating metal surface assimilation, and 
inherent modification, as well as their ability to accumulate, 
adsorb, and recover HMs. Metal binding by microalgae is 
mediated by a variety of functional groups, including 
macromolecules and polypeptides. Phytoremediation and 
biosorption of heavy metals involve mechanisms such as 
extracellular surface assimilation, reduction, ion exchange, 
intracellular accumulation, chelation, and bio-methylation. 
Several biological and abiotic aspects influence the 
performance of microalgal remediation technologies, 
including tolerance, strain, size, life stages, metal type and 
size, atomic weight, concentration, and other 
environmental factors. Noteworthy technological 
developments are now proposing the improvement of 
biomass management using immobilization techniques, 
algal biosensors in heavy metal identification, along with 
the strategic use of transgenic microalgae. Microalgae are 
acknowledged to execute well at a small intensity of 
defilement, as they don't generate noxious slush; they are 
effortless cultured and sustained, possess a high interacting 
affinity (due to their relatively high specific surface area and 
net negative charge), and are well-suited for both small-
scale and large-scale remediation strategies.  
This review article explores the potential of microalgae as a 
sustainable and cost-effective solution for heavy metal 
bioremediation, offering an alternative to conventional 
treatment methods. It discusses the natural and 
anthropogenic sources of heavy metal contamination and 
their toxic effects on ecosystems and human health. The 
article highlights various microalgal mechanisms for heavy 
metal removal, including biosorption, bioaccumulation, 
enzymatic detoxification, and metal sequestration. 
Additionally, it incorporates computational analyses of 
metallothionein (MT) proteins, revealing insights into their 
metal-binding affinities. A comparative evaluation of 
different microalgal species and their metal-removal 
capabilities is presented, emphasizing their effectiveness in 
remediating pollutants, such as cadmium, lead, chromium, 
zinc, copper, arsenic, and mercury. The review also 
identifies key future research directions, such as genetic 
engineering to enhance metal uptake, large-scale 
bioreactor optimization, omics-based studies, and 
integration with circular-economy strategies for resource 
recovery. In conclusion, the article underscores the 
significance of microalgae in wastewater treatment and 
environmental restoration while calling for field-scale 
validation, industrial collaboration, and regulatory 
frameworks to facilitate widespread adoption of microalgal-
based remediation technologies. 



 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 162 

Abbreviations 

Chromium (Cr), Copper (Cu), Zinc (Zn), Lead (Pb), Mercury 
(Hg), Arsenic (As), Iron (Fe), Cadmium (Cd), Heavy Metals 
(HMs), Central Nervous System (CNS), Total Dissolved Solids 
(TDS), Total Suspended Solids (TSS Reactive Oxygen Species 
(ROS) , Fourier-Transform Infra-Red Spectroscopy (FTIR), X-
ray Photoelectron Spectroscopy (XPS),Metallothionine (MT) 

Acknowledgements 

The authors are grateful to the Sri Padmavati Mahila 
University, Tirupati, for their constant support. We express 
our heartfelt gratitude to the SPMVV University SEED 
money grant. 

Author’s contribution 

Conceptualization, S.M, R.U.; Methodology, S.M, H.H: Paper 
and Literature Review, S.M, B.K; Writing—Original Draft 
Preparation, S.M., B.K., H.H.; Writing—Review and Editing, 
P.E., .H.R., R.B., S.G. Supervision, R.U. 

Conflict of interest 

No potential conflict of interest was reported by the 
authors. 

Data availability 

Not Applicable. 

Funding  

Self-funded. 

References 

[1] Methneni, N., Morales-González, J. A., Jaziri, A., 
Mansour, H. B., & Fernandez-Serrano, M. (2021). 
Persistent organic and inorganic pollutants in the 
effluents from the textile dyeing industries: 
Ecotoxicology appraisal via a battery of biotests. 
Environmental Research, 196, 110956.  
https://doi.org/10.1016/j.envres.2021.110956 

[2]  Prabagar, S., Dharmadasa, R.M., Lintha, A., 
Thuraisingam, S. and Prabagar, J., 2021. Accumulation 
of heavy metals in grape fruit, leaves, soil and water: A 
study of influential factors and evaluating ecological 
risks in Jaffna, Sri Lanka. Environmental and 
Sustainability Indicators, 12, p.100147.  
https://doi.org/10.1016/j.indic.2021.100147 

[3]  Jafari, A., Ghaderpoori, M., Kamarehi, B., & Abdipour, 
H. (2019). Soil pollution evaluation and health risk 
assessment of heavy metals around Douroud cement 
factory, Iran. Environmental Earth Sciences, 78, 1-9.  
https://doi.org/10.1007/s12665-019-8220-5 

[4] Zwolak, A., Sarzyńska, M., Szpyrka, E., & Stawarczyk, K. 
(2019). Sources of soil pollution by heavy metals and 
their accumulation in vegetables: A review. Water, air, 
& soil pollution, 230, 1-9.  
https://doi.org/10.1007/s11270-019-4221-y 

[5] Fashola, M. O., Ngole-Jeme, V. M., & Babalola, O. O. 
(2020). Heavy metal immobilization potential of 
indigenous bacteria isolated from gold mine tailings. 
International Journal of Environmental Research, 14, 
71-86.  
https://doi.org/10.3390/ijerph13111047  

[6] Munawer, M.E., 2018. Human health and 
environmental impacts of coal combustion and post-
combustion wastes. Journal of Sustainable Mining, 
17(2), pp.87-96.  
https://doi.org/10.1016/j.jsm.2017.12.007 

[7] Ayangbenro, A. S., & Babalola, O. O. (2020). Genomic 
analysis of Bacillus cereus NWUAB01 and its heavy 
metal removal from polluted soil. Scientific reports, 
10(1), 19660.  
https://doi.org/10.1038/s41598-020-75170-x  

[8] Vardhan, K. H., Kumar, P. S., & Panda, R. C. (2019). A 
review on heavy metal pollution, toxicity and remedial 
measures: Current trends and future perspectives. 
Journal of Molecular Liquids, 290, 111197.  
https://doi.org/10.1016/j.molliq.2019.111197 

[9] Chugh, M., Kumar, L., Shah, M. P., & Bharadvaja, N. 
(2022). Algal Bioremediation of heavy metals: An 
insight into removal mechanisms, recovery of by-
products, challenges, and future opportunities. Energy 
Nexus, 7, 100129.  
https://doi.org/10.1016/j.nexus.2022.100129 

[10] Dubey, S., Chen, C. W., Haldar, D., Tambat, V. S., 
Kumar, P., Tiwari, A., ... & Patel, A. K. (2023). 
Advancement in algal bioremediation for organic, 
inorganic, and emerging pollutants. Environmental 
Pollution, 317, 120840.  
https://doi.org/10.1016/j.envpol.2022.120840  

[11] Fayaz, T., Rana, S. S., Goyal, E., Ratha, S. K., & Renuka, 
N. (2024). Harnessing the potential of microalgae-
based systems for mitigating pesticide pollution and its 
impact on their metabolism. Journal of Environmental 
Management, 357, 120723.  
https://doi.org/10.1016/j.jenvman.2024.120723  

[12] Kumar, N., Banerjee, C., Chang, J.S. and Shukla, P., 
(2022). Valorization of wastewater through microalgae 
as a prospect for generation of biofuel and high-value 
products. Journal of Cleaner Production, 362, 
p.132114.  
https://doi.org/10.1016/j.jclepro.2022.132114 

[13] Priya, A. K., Jalil, A. A., Vadivel, S., Dutta, K., Rajendran, 
S., Fujii, M., & Soto-Moscoso, M. (2022). Heavy metal 
remediation from wastewater using microalgae: 
Recent advances and future trends. Chemosphere, 
305, 135375.  

https://doi.org/10.1016/j.envres.2021.110956
https://doi.org/10.1016/j.indic.2021.100147
https://doi.org/10.1007/s12665-019-8220-5
https://doi.org/10.1007/s11270-019-4221-y
https://doi.org/10.3390/ijerph13111047
https://doi.org/10.1016/j.jsm.2017.12.007
https://doi.org/10.1038/s41598-020-75170-x
https://doi.org/10.1016/j.molliq.2019.111197
https://doi.org/10.1016/j.nexus.2022.100129
https://doi.org/10.1016/j.envpol.2022.120840
https://doi.org/10.1016/j.jenvman.2024.120723
https://doi.org/10.1016/j.jclepro.2022.132114


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 163 

https://doi.org/10.1016/j.chemosphere.2022.135375  
[14] Ravikumar, Y., Razack, S. A., Yun, J., Zhang, G., Zabed, 

H. M., & Qi, X. (2021). Recent advances in Microalgae-
based distillery wastewater treatment. Environmental 
Technology & Innovation, 24, 101839.  
https://doi.org/10.1016/j.eti.2021.101839 

[15] Chai, W.S., Tan, W.G., Munawaroh, H.S.H., Gupta, V.K., 
Ho, S.H. and Show, P.L., (2021). Multifaceted roles of 
microalgae in the application of wastewater 
biotreatment: a review. Environmental Pollution, 269, 
p.116236.  
https://doi.org/10.1016/j.envpol.2020.116236 

[16] Sutherland, D. L., Heubeck, S., Park, J., Turnbull, M. H., 
& Craggs, R. J. (2018). Seasonal performance of a full-
scale wastewater treatment enhanced pond system. 
Water research, 136, 150-159.  
https://doi.org/10.1016/j.watres.2018.02.046  

[17] Abdelfattah, A., Ali, S.S., Ramadan, H., El-Aswar, E.I., 
Eltawab, R., Ho, S.H., Elsamahy, T., Li, S., El-Sheekh, 
M.M., Schagerl, M. and Kornaros, M., (2023). 
Microalgae-based wastewater treatment: 
Mechanisms, challenges, recent advances, and future 
prospects. Environmental science and ecotechnology, 
13, p.100205.  
https://doi.org/10.1016/j.ese.2022.100205 

[18] Singh, A., Sharma, A., Verma, R.K., Chopade, R.L., 
Pandit, P.P., Nagar, V., Aseri, V., Choudhary, S.K., 
Awasthi, G., Awasthi, K.K. and Sankhla, M.S., 2022. 
Heavy metal contamination of water and their toxic 
effect on living organisms. In The toxicity of 
environmental pollutants. IntechOpen. 

[19] Alengebawy, A., Abdelkhalek, S.T., Qureshi, S.R. and 
Wang, M.Q., 2021. Heavy metals and pesticides 
toxicity in agricultural soil and plants: Ecological risks 
and human health implications. Toxics, 9(3), p.42.  
https://doi.org/10.3390/toxics9030042  

[20] Singh, V., Ahmed, G., Vedika, S., Kumar, P., Chaturvedi, 
S.K., Rai, S.N., Vamanu, E. and Kumar, A., 2024. Toxic 
heavy metal ions contamination in water and their 
sustainable reduction by eco-friendly methods: 
isotherms, thermodynamics and kinetics study. 
Scientific Reports, 14(1), p.7595.  
https://doi.org/10.1038/s41598-024-58061-3  

[21] Ali, A., Phull, A. R., & Zia, M. (2018). Elemental zinc to 
zinc nanoparticles: Is ZnO NPs crucial for life? 
Synthesis, toxicological, and environmental concerns. 
Nanotechnology Reviews, 7(5), 413-441.  
https://doi.org/10.1515/NTREV-2018-0067  

[22] Jomova, K., Alomar, S.Y., Nepovimova, E., Kuca, K. and 
Valko, M., 2025. Heavy metals: toxicity and human 
health effects. Archives of toxicology, 99(1), pp.153-
209. 

[23] Arora, N., Dubey, D., Sharma, M., Patel, A., Guleria, A., 
Pruthi, P.A., Kumar, D., Pruthi, V. and Poluri, K.M., 
2018. NMR-based metabolomic approach to elucidate 
the differential cellular responses during mitigation of 

arsenic (III, V) in a green microalga. ACS omega, 3(9), 
pp.11847-11856.  
https://doi.org/10.1021/acsomega.8b01692  

[24] Leong, Y. K., & Chang, J. S. (2020). Bioremediation of 
heavy metals using microalgae: Recent advances and 
mechanisms. Bioresource technology, 303, 122886.  
https://doi.org/10.1016/j.biortech.2020.122886  

[25] Shaji, E., Santosh, M., Sarath, K. V., Prakash, P., 
Deepchand, V., & Divya, B. V. (2021). Arsenic 
contamination of groundwater: A global synopsis with 
focus on the Indian Peninsula. Geoscience frontiers, 
12(3), 101079.  
https://doi.org/10.1016/j.gsf.2020.08.015 

[26] Marghade, D., Mehta, G., Shelare, S., Jadhav, G. and 
Nikam, K.C., 2023. Arsenic contamination in Indian 
groundwater: from origin to mitigation approaches for 
a sustainable future. Water, 15(23), p.4125.  
https://doi.org/10.3390/w15234125  

[27] Ganie, S.Y., Javaid, D., Hajam, Y.A. and Reshi, M.S., 
2024. Arsenic toxicity: sources, pathophysiology and 
mechanism. Toxicology Research, 13(1), p.tfad111.  
https://doi.org/10.1093/toxres/tfad111  

[28] Garkal, A., Sarode, L., Bangar, P., Mehta, T., Singh, D.P. 
and Rawal, R., 2024. Understanding arsenic toxicity: 
Implications for environmental exposure and human 
health. Journal of Hazardous Materials Letters, 5, 
p.100090. 

[29] Chung, J. Y., Yu, S. D., & Hong, Y. S. (2014). 
Environmental source of arsenic exposure. Journal of 
preventive medicine and public health = Yebang 
Uihakhoe chi, 47(5), 253–257.  
https://doi.org/10.3961/jpmph.14.036 

[30] Argos, M., Kalra, T., Rathouz, P. J., Chen, Y., Pierce, B., 
Parvez, F., Islam, T., Ahmed, A., Rakibuz-Zaman, M., 
Hasan, R., Sarwar, G., Slavkovich, V., van Geen, A., 
Graziano, J., & Ahsan, H. (2010). Arsenic exposure from 
drinking water, and all-cause and chronic-disease 
mortalities in Bangladesh (HEALS): a prospective 
cohort study. Lancet (London, England), 376(9737), 
252–258.  
https://doi.org/10.1016/S0140-6736(10)60481-3 

[31] [31] Hughes, M. F., Beck, B. D., Chen, Y., Lewis, A. S., & 
Thomas, D. J. (2011). Arsenic exposure and toxicology: 
a historical perspective. Toxicological sciences : an 
official journal of the Society of Toxicology, 123(2), 
305–332.  
https://doi.org/10.1093/toxsci/kfr184 

[32] Mohita Chugh, Lakhan Kumar, Deepti Bhardwaj, 
Navneeta Bharadvaja, Chapter 11 - Bioaccumulation 
and detoxification of heavy metals: an insight into the 
mechanism, Development in Wastewater Treatment 
Research and Processes, Elsevier, 2022, Pages 243-
264, ISBN 9780323856577,  
https://doi.org/10.1016/B978-0-323-85657-7.00013-4 

https://doi.org/10.1016/j.chemosphere.2022.135375
https://doi.org/10.1016/j.eti.2021.101839
https://doi.org/10.1016/j.envpol.2020.116236
https://doi.org/10.1016/j.watres.2018.02.046
https://doi.org/10.1016/j.ese.2022.100205
https://doi.org/10.3390/toxics9030042
https://doi.org/10.1038/s41598-024-58061-3
https://doi.org/10.1515/NTREV-2018-0067
https://doi.org/10.1021/acsomega.8b01692
https://doi.org/10.1016/j.biortech.2020.122886
https://doi.org/10.1016/j.gsf.2020.08.015
https://doi.org/10.3390/w15234125
https://doi.org/10.1093/toxres/tfad111
https://doi.org/10.3961/jpmph.14.036
https://doi.org/10.1016/S0140-6736(10)60481-3
https://doi.org/10.1093/toxsci/kfr184
https://doi.org/10.1016/B978-0-323-85657-7.00013-4


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 164 

[33] Hedayatkhah, A., Cretoiu, M. S., Emtiazi, G., Stal, L. J., 
& Bolhuis, H. (2018). Bioremediation of chromium 
contaminated water by diatoms with concomitant lipid 
accumulation for biofuel production. Journal of 
environmental management, 227, 313–320.  
https://doi.org/10.1016/j.jenvman.2018.09.011 

[34] Husien, S., Labena, A., El-Belely, E.F., Mahmoud, H.M., 
& Hamouda, A.S. (2019). Absorption of hexavalent 
chromium by green micro algae Chlorella sorokiniana: 
live planktonic cells. Water Practice and Technology.  
https://doi.org/10.2166/wpt.2019.034 

[35] Kayalvizhi, K., Vijayaraghavan, K., & Velan, M. (2015). 
Biosorption of Cr(VI) using a novel microalga 
Rhizoclonium hookeri: equilibrium, kinetics and 
thermodynamic studies. Desalination and Water 
Treatment, 56, 194-203.  
https://doi.org/10.1080/19443994.2014.932711 

[36] Elahi, A., Arooj, I., Bukhari, D. A., & Rehman, A. (2020). 
Successive use of microorganisms to remove 
chromium from wastewater. Applied microbiology and 
biotechnology, 104(9), 3729–3743.  
https://doi.org/10.1007/s00253-020-10533-y 

[37] Daneshvar, E., Zarrinmehr, M. J., Kousha, M., Hashtjin, 
A. M., Saratale, G. D., Maiti, A., Vithanage, M., & 
Bhatnagar, A. (2019). Hexavalent chromium removal 
from water by microalgal-based materials: Adsorption, 
desorption and recovery studies. Bioresource 
technology, 293, 122064.  
https://doi.org/10.1016/j.biortech.2019.122064 

[38] Xie, S., 2024. Water contamination due to hexavalent 
chromium and its health impacts: exploring green 
technology for Cr (VI) remediation. Green Chemistry 
Letters and Reviews, 17(1), p.2356614. 

[39] Tchounwou, P. B., Yedjou, C. G., Patlolla, A. K., & 
Sutton, D. J. (2012). Heavy metal toxicity and the 
environment. Experientia supplementum (2012), 101, 
133–164.  
https://doi.org/10.1007/978-3-7643-8340-4_6 

[40] Yawei, S., Jianhai, L., Junxiu, Z., Xiaobo, P. and Zewu, 
Q., 2021. Epidemiology, clinical presentation, 
treatment, and follow‐up of chronic mercury poisoning 
in China: a retrospective analysis. BMC Pharmacology 
and Toxicology, 22(1), p.25.  
https://doi.org/10.1186/s40360-021-00493-y  

[41] Guzzi, G., & La Porta, C. A. (2008). Molecular 
mechanisms triggered by mercury. Toxicology, 244(1), 
1–12.  
https://doi.org/10.1016/j.tox.2007.11.002 

[42] Dopp, E., Hartmann, L. M., Florea, A. M., Rettenmeier, 
A. W., & Hirner, A. V. (2004). Environmental 
distribution, analysis, and toxicity of organometal(loid) 
compounds. Critical reviews in toxicology, 34(3), 301–
333.  
https://doi.org/10.1080/10408440490270160 

[43] Abernathy, C., Chakraborti, D., Edmonds, J. S., Gibb, H., 
Hoet, P., Hopenhayn-Rich, C., Howe, P. D., Järup, L., 
Meharg, A. A., Moore, M. R., Ng, J. C., Nishikawa, A., 
Pyy, L., Sim, M., Stauber, J., Vahter, M., Imray, P., 
Tomaska, L., Hughes, D., ... Younes, M. (2001). 
Environmental health criteria for arsenic and arsenic 
compounds. Environmental Health Criteria, (224), i-
xxviii+1-521. 

[44] Masindi, V., & Muedi, K. L. (2018). Environmental 
Contamination by Heavy Metals. IntechOpen.  
https://doi.org/10.5772/INTECHOPEN.76082 

[45] Ynalvez, R.A., Rangel Jr, R.A. and Gutierrez Jr, J.A., 
2025. Mercury toxicity resulting from enzyme 
alterations-minireview. BioMetals, 38(2), pp.357-370.  
https://doi.org/10.1007/s10534-025-00663-z  

[46] Rasin, P., Ashwathi, A.V., Basheer, S.M., Haribabu, J., 
Santibanez, J.F., Garrote, C.A., Arulraj, A. and 
Mangalaraja, R.V., 2025. Exposure to cadmium and its 
impacts on human health: A short review. Journal of 
Hazardous Materials Advances, p.100608.  
https://doi.org/10.1016/j.hazadv.2025.100608  

[47] Ankush, Ritambhara, Lamba, S., Deepika and Prakash, 
R., 2024. Cadmium in environment—an overview. 
Cadmium Toxicity in Water: Challenges and Solutions, 
pp.3-20.  
https://doi.org/10.1007/978-3-031-54005-9_1  

[48] Duque, D., Montoya, C., & Botero, L. R. (2019). 
Cadmium (Cd) tolerance evaluation of three strains of 
microalgae of the genus Ankistrodesmus, C hlorella 
and Scenedesmus. Revista Facultad de Ingeniería 
Universidad de Antioquia, (92), 88-95.  

[49] Xie, Y., Ji, X., Wu, J., Tian, F., Zhu, J., & Liu, Z. (2021). 
Assessment of cadmium (Cd) in paddy soil and ditch 
sediment in polluted watershed and non-polluted 
watershed. International Journal of Environmental 
Research, 15, 527-534.  
https://doi.org/10.1007/s41742-021-00327-z 

[50] Yang, Y., Hassan, M.F., Ali, W., Zou, H., Liu, Z. and Ma, 
Y., 2025. Effects of cadmium pollution on human 
health: A narrative review. Atmosphere, 16(2), p.225. 
https://doi.org/10.3390/atmos16020225  

[51] Abbaspour, N., Hurrell, R., & Kelishadi, R. (2014). 
Review on iron and its importance for human health. 
Journal of research in medical sciences : the official 
journal of Isfahan University of Medical Sciences, 19(2), 
164–174. 

[52] Balali-Mood, M., Naseri, K., Tahergorabi, Z., Khazdair, 
M. R., & Sadeghi, M. (2021). Toxic Mechanisms of Five 
Heavy Metals: Mercury, Lead, Chromium, Cadmium, 
and Arsenic. Frontiers in pharmacology, 12, 643972.  
https://doi.org/10.3389/fphar.2021.643972 

[53] Elbasiouny, H., Darwesh, M., Elbeltagy, H., Abo-
Alhamd, F. G., Amer, A. A., Elsegaiy, M. A., Khattab, I. 
A., Elsharawy, E. A., Ebehiry, F., El-Ramady, H., & 
Brevik, E. C. (2021). Ecofriendly remediation 

https://doi.org/10.1016/j.jenvman.2018.09.011
https://doi.org/10.2166/wpt.2019.034
https://doi.org/10.1080/19443994.2014.932711
https://doi.org/10.1007/s00253-020-10533-y
https://doi.org/10.1016/j.biortech.2019.122064
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1186/s40360-021-00493-y
https://doi.org/10.1016/j.tox.2007.11.002
https://doi.org/10.1080/10408440490270160
https://doi.org/10.5772/INTECHOPEN.76082
https://doi.org/10.1007/s10534-025-00663-z
https://doi.org/10.1016/j.hazadv.2025.100608
https://doi.org/10.1007/978-3-031-54005-9_1
https://doi.org/10.1007/s41742-021-00327-z
https://doi.org/10.3390/atmos16020225
https://doi.org/10.3389/fphar.2021.643972


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 165 

technologies for wastewater contaminated with heavy 
metals with special focus on using water hyacinth and 
black tea wastes: a review. Environmental monitoring 
and assessment, 193(7), 449.  
https://doi.org/10.1007/s10661-021-09236-2 

[54] Wang, L., Liang, D., Huangfu, H., Shi, X., Liu, S., Zhong, 
P., Luo, Z., Ke, C. and Lai, Y., 2024. Iron deficiency: 
global trends and projections from 1990 to 2050. 
Nutrients, 16(20), p.3434. 

[55] Engwa, G. A., Ferdinand, P. U., Nwalo, F. N., & 
Unachukwu, M. N. (2019). Heavy Metal Toxicity in 
Humans. Poisoning in the modern world: new tricks for 
an old dog?, 77.  
https://doi.org/10.5772/intechopen.82511  

[56] Bucher, J. R., Tien, M., & Aust, S. D. (1983). The 
requirement for ferric in the initiation of lipid 
peroxidation by chelated ferrous iron. Biochemical and 
biophysical research communications, 111(3), 777-784.  
https://doi.org/10.1016/0006-291X(83)91366-9 

[57] Hershko, C., Link, G., & Cabantchik, I. (1998). 
Pathophysiology of iron overload a. Annals of the New 
York Academy of Sciences, 850(1), 191-201.  
https://doi.org/10.1111/j.1749-6632.1998.tb10475.x 

[58] Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B. 
B., & Beeregowda, K. N. (2014). Toxicity, mechanism 
and health effects of some heavy metals. 
Interdisciplinary toxicology, 7(2), 60.  
https://doi.org/10.2478/intox-2014-0009 

[59] Pavelková, M., Vysloužil, J., Kubová, K. and Vetchý, D., 
2018. Biological role of copper as an essential trace 
element in the human organism. Biologická role mědi 
jako základního stopového prvku v lidském organismu. 
Ceska Slov Farm, 67(4), pp.143-153. 

[60] Tsafrir, J. (2017). Copper Toxicity: A Common Cause of 
Psychiatric Symptoms. Psychology Today. Sep, 11. 

[61] Briffa, J., Sinagra, E., & Blundell, R. (2020). Heavy metal 
pollution in the environment and their toxicological 
effects on humans. Heliyon, 6(9).  
https://doi.org/10.1016/j.heliyon.2020.e04691 

[62] Murugesan, S., Balasubramanian, S. and Perumal, E., 
2025. Copper oxide nanoparticles induced reactive 
oxygen species generation: A systematic review and 
meta-analysis. Chemico-Biological Interactions, 405, 
p.111311.  
https://doi.org/10.1016/j.cbi.2024.111311 

[63] Genchi, G., Catalano, A., Carocci, A., Sinicropi, M.S. and 
Lauria, G., 2025. Copper, Cuproptosis, and 
Neurodegenerative Diseases. International Journal of 
Molecular Sciences, 26(18), p.9173.  
https://doi.org/10.3390/app12126184  

[64] Dhapola, R., Beura, S.K., Sharma, P., Singh, S.K. and 
HariKrishnaReddy, D., 2024. Oxidative stress in 
Alzheimer’s disease: current knowledge of signaling 
pathways and therapeutics. Molecular biology reports, 
51(1), p.48. 

[65] Osredkar, J., & Sustar, N. (2011). Copper and zinc, 
biological role and significance of copper/zinc 
imbalance. J Clinic Toxicol s, 3(2161), 0495.  
http://dx.doi.org/10.4172/2161-0495.S3-001 

[66] EPA, U. (2005). Toxicological review of zinc and 
compounds. Washington, DC: US Environmental 
Protection Agency. Report, 6, 7440-7466. 

[67] Hanley, C., Layne, J., Punnoose, A., Reddy, K. M., 
Coombs, I., Coombs, A., Feris, K., & Wingett, D. (2008). 
Preferential killing of cancer cells and activated human 
T cells using ZnO nanoparticles. Nanotechnology, 
19(29), 295103.  
https://doi.org/10.1088/0957-4484/19/29/295103 

[68] Prasad A. S. (1993). Essentiality and toxicity of zinc. 
Scandinavian journal of work, environment & health, 
19 Suppl 1, 134–136. 

[69] Walsh, C. T., Sandstead, H. H., Prasad, A. S., Newberne, 
P. M., & Fraker, P. J. (1994). Zinc: health effects and 
research priorities for the 1990s. Environmental health 
perspectives, 102(suppl 2), 5-46.  
https://doi.org/10.1289/ehp.941025 

[70] Prasad A. S. (2013). Discovery of human zinc 
deficiency: its impact on human health and disease. 
Advances in nutrition (Bethesda, Md.), 4(2), 176–190.  
https://doi.org/10.3945/an.112.003210 

[71] Maares, M. and Haase, H., 2020. A guide to human zinc 
absorption: general overview and recent advances of 
in vitro intestinal models. Nutrients, 12(3), p.762.  
https://doi.org/10.3390/nu12030762  

[72] Yan, C., Qu, Z., Wang, J., Cao, L. and Han, Q., 2022. 
Microalgal bioremediation of heavy metal pollution in 
water: Recent advances, challenges, and prospects. 
Chemosphere, 286, p.131870.  
https://doi.org/10.1016/j.chemosphere.2021.131870 

[73] Huarachi-Olivera, R., Mata, M. T., Valdés, J., & 
Riquelme, C. (2021). Biosorption of Zn(II) from 
Seawater Solution by the Microalgal Biomass of 
Tetraselmis marina AC16-MESO. International journal 
of molecular sciences, 22(23), 12799.  
https://doi.org/10.3390/ijms222312799 

[74] Sun, J., Cheng, J., Yang, Z., Li, K., Zhou, J., & Cen, K. 
(2015). Microstructures and functional groups of 
Nannochloropsis sp. cells with arsenic adsorption and 
lipid accumulation. Bioresource Technology, 194, 305-
311.  
https://doi.org/10.1016/j.biortech.2015.07.041 

[75] Balaji, S., Kalaivani, T., Shalini, M., Gopalakrishnan, M., 
Muhammad, M. A. R., & Rajasekaran, C. (2016). 
Sorption sites of microalgae possess metal binding 
ability towards Cr (VI) from tannery effluents—a 
kinetic and characterization study. Desalination and 
Water Treatment, 57(31), 14518-14529.  
https://doi.org/10.1080/19443994.2015.1064032 

[76] Upadhyay, A. K., Mandotra, S. K., Kumar, N., Singh, N. 
K., Singh, L., & Rai, U. N. (2016). Augmentation of 

https://doi.org/10.1007/s10661-021-09236-2
https://doi.org/10.5772/intechopen.82511
https://doi.org/10.1016/0006-291X(83)91366-9
https://doi.org/10.1111/j.1749-6632.1998.tb10475.x
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.1016/j.cbi.2024.111311
https://doi.org/10.3390/app12126184
http://dx.doi.org/10.4172/2161-0495.S3-001
https://doi.org/10.1088/0957-4484/19/29/295103
https://doi.org/10.1289/ehp.941025
https://doi.org/10.3945/an.112.003210
https://doi.org/10.3390/nu12030762
https://doi.org/10.1016/j.chemosphere.2021.131870
https://doi.org/10.3390/ijms222312799
https://doi.org/10.1016/j.biortech.2015.07.041
https://doi.org/10.1080/19443994.2015.1064032


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 166 

arsenic enhances lipid yield and defense responses in 
alga Nannochloropsis sp. Bioresource technology, 221, 
430–437. https://doi.org/10.1016/j.biortech.2016.09.061 

[77] Balaji, S., Kalaivani, T., Sushma, B., Pillai, C. V., Shalini, 
M., & Rajasekaran, C. (2016). Characterization of 
sorption sites and differential stress response of 
microalgae isolates against tannery effluents from 
ranipet industrial area-An application towards 
phycoremediation. International journal of 
phytoremediation, 18(8), 747–753.  
https://doi.org/10.1080/15226514.2015.1115960 

[78] Devars, S., Avilés, C., Cervantes, C., & Moreno-Sánchez, 
R. (2000). Mercury uptake and removal by Euglena 
gracilis. Archives of microbiology, 174(3), 175–180.  
https://doi.org/10.1007/s002030000193 

[79] Priya, A.K., Gnanasekaran, L., Dutta, K., Rajendran, S., 
Balakrishnan, D. and Soto-Moscoso, M., 2022. 
Biosorption of heavy metals by microorganisms: 
Evaluation of different underlying mechanisms. 
Chemosphere, 307, p.135957.  
https://doi.org/10.1016/j.chemosphere.2022.135957 

[80] Zhou, G. J., Peng, F. Q., Zhang, L. J., & Ying, G. G. (2011). 
Biosorption of zinc and copper from aqueous solutions 
by two freshwater green microalgae Chlorella 
pyrenoidosa and Scenedesmus obliquus. 
Environmental science and pollution research 
international, 19(7), 2918–2929.  
https://doi.org/10.1007/s11356-012-0800-9 

[81]  Wang, X., Li, Y., Zhang, X., Chen, X., Wang, X., Yu, D., & 
Ge, B. (2024). The extracellular polymeric substances 
(EPS) accumulation of Spirulina platensis responding to 
Cadmium (Cd2+) exposure. Journal of Hazardous 
Materials, 470, 134244.  
https://doi.org/10.1016/j.jhazmat.2024.134244 

[82] Parmar, K.S. and Patel, K.M., 2025. Biosorption and 
bioremediation of heavy metal ions from wastewater 
using algae: A comprehensive review. World Journal of 
Microbiology and Biotechnology, 41(7), p.262.  
https://doi.org/10.1007/s11274-025-04424-5 

[83] Folgar, S., Torres, E., Pérez-Rama, M., Cid, A., Herrero, 
C., & Abalde, J. (2009). Dunaliella salina as marine 
microalga highly tolerant to but a poor remover of 
cadmium. Journal of Hazardous Materials, 165(1-3), 
486-493.  
https://doi.org/10.1016/j.jhazmat.2008.10.010 

[84] Ibuot, A., Webster, R. E., Williams, L. E., & Pittman, J. K. 
(2020). Increased metal tolerance and 
bioaccumulation of zinc and cadmium in 
Chlamydomonas reinhardtii expressing a AtHMA4 C-
terminal domain protein. Biotechnology and 
bioengineering, 117(10), 2996–3005.  
https://doi.org/10.1002/bit.27476 

[85] Suresh Kumar, K., Dahms, H. U., Won, E. J., Lee, J. S., & 
Shin, K. H. (2015). Microalgae - A promising tool for 

heavy metal remediation. Ecotoxicology and 
environmental safety, 113, 329–352.  
https://doi.org/10.1016/j.ecoenv.2014.12.019 

[86]  Kumar, M., Singh, A. K., & Sikandar, M. (2020). 
Biosorption of Hg (II) from aqueous solution using algal 
biomass: kinetics and isotherm studies. Heliyon, 6(1), 
e03321.  
https://doi.org/10.1016/j.heliyon.2020.e03321 

[87] Singh, S., & Kumar, V. (2020). Mercury detoxification 
by absorption, mercuric ion reductase, and 
exopolysaccharides: a comprehensive study. 
Environmental science and pollution research 
international, 27(22), 27181–27201.  
https://doi.org/10.1007/s11356-019-04974-w 

[88] Abdel-Raouf, N., Sholkamy, E. N., Bukhari, N., Al-Enazi, 
N. M., Alsamhary, K. I., Al-Khiat, S. H. A., & Ibraheem, I. 
B. M. (2022). Bioremoval capacity of Co+2 using 
Phormidium tenue and Chlorella vulgaris as 
biosorbents. Environmental research, 204(Pt B), 
111630.  
https://doi.org/10.1016/j.envres.2021.111630 

[89] Wang, Y., Wang, S., Xu, P., Liu, C., Liu, M., Wang, Y., ... 
& Ge, Y. (2015). Review of arsenic speciation, toxicity 
and metabolism in microalgae. Reviews in 
Environmental Science and Bio/Technology, 14, 427-
451.  
https://doi.org/10.1007/s11157-015-9371-9 

[90] Malik A. (2004). Metal bioremediation through 
growing cells. Environment international, 30(2), 261–
278. 
https://doi.org/10.1016/j.envint.2003.08.001 

[91] Chojnacka, K., Chojnacki, A., & Górecka, H. (2005). 
Biosorption of Cr3+, Cd2+ and Cu2+ ions by blue-green 
algae Spirulina sp.: kinetics, equilibrium and the 
mechanism of the process. Chemosphere, 59(1), 75–
84.  
https://doi.org/10.1016/j.chemosphere.2004.10.005 

[92] Blaby-Haas, C. E., & Merchant, S. S. (2012). The ins and 
outs of algal metal transport. Biochimica et Biophysica 
Acta (BBA)-Molecular Cell Research, 1823(9), 1531-
1552.  
https://doi.org/10.1016/j.bbamcr.2012.04.010 

[93]  Cameron, H., Mata, M. T., & Riquelme, C. (2018). The 
effect of heavy metals on the viability of Tetraselmis 
marina AC16-MESO and an evaluation of the potential 
use of this microalga in bioremediation. PeerJ, 6, 
e5295.  
https://doi.org/10.7717/peerj.5295 

[94] Mathew, B. B., Jaishankar, M., Biju, V. G., & 
Krishnamurthy Nideghatta Beeregowda (2016). Role of 
Bioadsorbents in Reducing Toxic Metals. Journal of 
toxicology, 2016, 4369604.  
https://doi.org/10.1155/2016/4369604 

[95] Peng, Y., Deng, A., Gong, X., Li, X., & Zhang, Y. (2017). 
Coupling process study of lipid production and mercury 

https://doi.org/10.1016/j.biortech.2016.09.061
https://doi.org/10.1080/15226514.2015.1115960
https://doi.org/10.1007/s002030000193
https://doi.org/10.1016/j.chemosphere.2022.135957
https://doi.org/10.1007/s11356-012-0800-9
https://doi.org/10.1016/j.jhazmat.2024.134244
https://doi.org/10.1007/s11274-025-04424-5
https://doi.org/10.1016/j.jhazmat.2008.10.010
https://doi.org/10.1002/bit.27476
https://doi.org/10.1016/j.ecoenv.2014.12.019
https://doi.org/10.1016/j.heliyon.2020.e03321
https://doi.org/10.1007/s11356-019-04974-w
https://doi.org/10.1016/j.envres.2021.111630
https://doi.org/10.1007/s11157-015-9371-9
https://doi.org/10.1016/j.envint.2003.08.001
https://doi.org/10.1016/j.chemosphere.2004.10.005
https://doi.org/10.1016/j.bbamcr.2012.04.010
https://doi.org/10.7717/peerj.5295
https://doi.org/10.1155/2016/4369604


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 167 

bioremediation by biomimetic mineralized microalgae. 
Bioresource Technology, 243, 628-633. 
https://doi.org/10.1016/j. biortech.2017.06.165 

[96] Mustafa, S., Bhatti, H. N., Maqbool, M., & Iqbal, M. 
(2021). Microalgae biosorption, bioaccumulation and 
biodegradation efficiency for the remediation of 
wastewater and carbon dioxide mitigation: Prospects, 
challenges and opportunities. Journal of Water Process 
Engineering, 41, 102009. 
https://doi.org/10.1016/j.jwpe.2021.102009  

[97] Fekry, A. N., Qiblawey, H. A. M., & Almomani, F. (2024). 
Mercury removal by microalgae: Recent 
breakthroughs and prospects. Algal Research, 103547.  
https://ui.adsabs.harvard.edu/link_gateway/2024Alg
Re..8003547F/doi:10.1016/j.algal.2024.103547 

[98] Cain, A., Vannela, R., & Woo, L. K. (2008). 
Cyanobacteria as a biosorbent for mercuric ion. 
Bioresource technology, 99(14), 6578–6586.  
https://doi.org/10.1016/j.biortech.2007.11.034 

[99] Plaza, J., Viera, M., Donati, E., & Guibal, E. (2011). 
Biosorption of mercury by Macrocystis pyrifera and 
Undaria pinnatifida: influence of zinc, cadmium and 
nickel. Journal of environmental sciences (China), 
23(11), 1778–1786.  
https://doi.org/10.1016/s1001-0742(10)60650-x 

[100] Upadhyay, M. K., Yadav, P., Shukla, A., & 
Srivastava, S. (2018). Utilizing the potential of mi 
croorganisms for managing arsenic contamination: a 
feasible and sustainable approach. Frontiers in 
environmental Science, 6, 24.  
https://doi.org/10.3389/fenvs.2018.00024 

[101] Huang, Z., Chen, B., Zhang, J., Yang, C., Wang, J., 
Song, F., & Li, S. (2021). Absorption and speciation of 
arsenic by microalgae under arsenic-copper Co-
exposure. Ecotoxicology and Environmental Safety, 
213, 112024.  
https://doi.org/10.1016/j.ecoenv.2021.112024 

[102] Mitra, A., Chatterjee, S., & Gupta, D. K. (2017). 
Uptake, transport, and remediation of arsenic by algae 
and higher plants. Arsenic contamination in the 
environment: the issues and solutions, 145-169.  
https://doi.org/10.1007/978-3-319-54356-7_7 

[103] Hussain, M. M., Wang, J., Bibi, I., Shahid, M., Niazi, 
N. K., Iqbal, J., Mian, I. A., Shaheen, S. M., Bashir, S., 
Shah, N. S., Hina, K., & Rinklebe, J. (2021). Arsenic 
speciation and biotransformation pathways in the 
aquatic ecosystem: The significance of algae. Journal of 
hazardous materials, 403, 124027.  
https://doi.org/10.1016/j.jhazmat.2020.124027 

[104]  Yang, Y. P., Zhang, H. M., Yuan, H. Y., Duan, G. L., 
Jin, D. C., Zhao, F. J., & Zhu, Y. G. (2018). Microbe 
mediated arsenic release from iron minerals and 
arsenic methylation in rhizosphere controls arsenic 
fate in soil-rice system after straw incorporation. 
Environmental Pollution, 236, 598-608.  

https://doi.org/10.1016/j.envpol.2018.01.099 
[105] Elleuch, J., Ben Amor, F., Chaaben, Z., Frikha, F., 

Michaud, P., Fendri, I., & Abdelkafi, S. (2021). Zinc 
biosorption by Dunaliella sp. AL-1: Mechanism and 
effects on cell metabolism. The Science of the total 
environment, 773, 145024.  
https://doi.org/10.1016/j.scitotenv.2021.145024 

[106] Ordóñez, J.I., Cortés, S., Maluenda, P. and Soto, I., 
2023. Biosorption of heavy metals with algae: critical 
review of its application in real effluents. 
Sustainability, 15(6), p.5521.  
https://doi.org/10.3390/su15065521 

[107] Kong, L., 2022. Copper requirement and 
acquisition by marine microalgae. Microorganisms, 
10(9), p.1853.  
https://doi.org/10.3390/microorganisms10091853 

[108] Gillmore, M.L., Golding, L.A., Angel, B.M., Adams, 
M.S. and Jolley, D.F., 2016. Toxicity of dissolved and 
precipitated aluminium to marine diatoms. Aquatic 
Toxicology, 174, pp.82-91.  
https://doi.org/10.1016/j.aquatox.2016.02.004 

[109] Adams, M. S., Dillon, C. T., Vogt, S., Lai, B., Stauber, 
J., & Jolley, D. F. (2016). Copper Uptake, Intracellular 
Localization, and Speciation in Marine Microalgae 
Measured by Synchrotron Radiation X-ray 
Fluorescence and Absorption Microspectroscopy. 
Environmental science & technology, 50(16), 8827–
8839.  
https://doi.org/10.1021/acs.est.6b00861 

[110] Smith, C. L., Steele, J. E., Stauber, J. L., & Jolley, D. 
F. (2014). Copper-induced changes in intracellular 
thiols in two marine diatoms: Phaeodactylum 
tricornutum and Ceratoneis closterium. Aquatic 
toxicology, 156, 211-220.  
https://doi.org/10.1016/j.aquatox.2014.08.010 

[111] Sharma, R., Bhardwaj, R., Handa, N., Gautam, V., 
Kohli, S.K., Bali, S., Kaur, P., Thukral, A.K., Arora, S., 
Ohri, P. and Vig, A.P., 2016. Responses of 
phytochelatins and metallothioneins in alleviation of 
heavy metal stress in plants: an overview. Plant metal 
interaction, pp.263-283.  
https://doi.org/10.3390/plants9010100 

[112] Vojvodić, S., Stanić, M., Zechmann, B., Dučić, T., 
Žižić, M., Dimitrijević, M., Danilović Luković, J., 
Milenković, M. R., Pittman, J. K., & Spasojević, I. (2020). 
Mechanisms of detoxification of high copper 
concentrations by the microalga Chlorella sorokiniana. 
The Biochemical journal, 477(19), 3729–3741.  
https://doi.org/10.1042/BCJ20200600 

[113] Kropat, J., Gallaher, S. D., Urzica, E. I., Nakamoto, 
S. S., Strenkert, D., Tottey, S., Mason, A. Z., & 
Merchant, S. S. (2015). Copper economy in 
Chlamydomonas: prioritized allocation and 
reallocation of copper to respiration vs. 
photosynthesis. Proceedings of the National Academy 

https://doi.org/10.1016/j.%20biortech.2017.06.165
https://doi.org/10.1016/j.jwpe.2021.102009
https://ui.adsabs.harvard.edu/link_gateway/2024AlgRe..8003547F/doi:10.1016/j.algal.2024.103547
https://ui.adsabs.harvard.edu/link_gateway/2024AlgRe..8003547F/doi:10.1016/j.algal.2024.103547
https://doi.org/10.1016/j.biortech.2007.11.034
https://doi.org/10.1016/s1001-0742(10)60650-x
https://doi.org/10.3389/fenvs.2018.00024
https://doi.org/10.1016/j.ecoenv.2021.112024
https://doi.org/10.1007/978-3-319-54356-7_7
https://doi.org/10.1016/j.jhazmat.2020.124027
https://doi.org/10.1016/j.envpol.2018.01.099
https://doi.org/10.1016/j.scitotenv.2021.145024
https://doi.org/10.3390/su15065521
https://doi.org/10.3390/microorganisms10091853
https://doi.org/10.1016/j.aquatox.2016.02.004
https://doi.org/10.1021/acs.est.6b00861
https://doi.org/10.1016/j.aquatox.2014.08.010
https://doi.org/10.3390/plants9010100
https://doi.org/10.1042/BCJ20200600


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 168 

of Sciences of the United States of America, 112(9), 
2644–2651.  
https://doi.org/10.1073/pnas.1422492112 

[114] Levy, J. L., Angel, B. M., Stauber, J. L., Poon, W. L., 
Simpson, S. L., Cheng, S. H., & Jolley, D. F. (2008). 
Uptake and internalisation of copper by three marine 
microalgae: comparison of copper-sensitive and 
copper-tolerant species. Aquatic toxicology, 89(2), 82-
93.  
https://doi.org/10.1016/j.aquatox.2008.06.003 

[115] Tripathi, S., & Poluri, K. M. (2021). Adaptive and 
tolerance mechanism of microalgae in removal of 
cadmium from wastewater. Algae: Multifarious 
Applications for a Sustainable World, 63-88.  
https://doi.org/10.1007/978-981-15-7518-1_4 

[116] Blaby-Haas, C. E., & Merchant, S. S. (2012). The ins 
and outs of algal metal transport. Biochimica et 
Biophysica Acta (BBA)-Molecular Cell Research, 
1823(9), 1531-1552.  
https://doi.org/10.1016/j.bbamcr.2012.04.010 

[117] Balzano, S., Sardo, A., Blasio, M., Chahine, T. B., 
Dell'Anno, F., Sansone, C., & Brunet, C. (2020). 
Microalgal Metallothioneins and Phytochelatins and 
Their Potential Use in Bioremediation. Frontiers in 
microbiology, 11, 517.  
https://doi.org/10.3389/fmicb.2020.00517 

[118] Sahabudin, E., Kubo, S., Yuzir, M. A. M., Othman, 
N., Nadia Md Akhir, F., Suzuki, K., Yoneda, K., Maeda, 
Y., Suzuki, I., Hara, H., & Iwamoto, K. (2024). The 
cadmium tolerance and bioaccumulation mechanism 
of Tetratostichococcus sp. P1: insight from 
transcriptomics analysis. Bioengineered, 15(1), 
2314888.  
https://doi.org/10.1080/21655979.2024.2314888 

[119] Tripathi, S., & Poluri, K. M. (2021). 
Metallothionein-and phytochelatin-assisted 
mechanism of heavy metal detoxification in 
microalgae. Approaches to the remediation of 
inorganic pollutants, 323-344.  
https://doi.org/10.1007/978-981-15-6221-1_16 

[120] Tripathi, S., Behera, T., & Poluri, K. M. (2022). 
Biochemical insights into cadmium detoxification 
mechanism of Coccomyxa sp. IITRSTKM4. Journal of 
Environmental Chemical Engineering, 10(4), 108102.  
https://doi.org/10.1016/j.jece.2022.108102 

[121] Abinandan, S., Subashchandrabose, S. R., 
Venkateswarlu, K., Perera, I. A., & Megharaj, M. (2019). 
Acid-tolerant microalgae can withstand higher 
concentrations of invasive cadmium and produce 
sustainable biomass and biodiesel at pH 3.5. 
Bioresource technology, 281, 469-473.  
https://doi.org/10.1016/j.biortech.2019.03.001 

[122] Jiang, X., Liu, Y., Yin, X., Deng, Z., Zhang, S., Ma, C., 
& Wang, L. (2023). Efficient removal of chromium by a 
novel biochar-microalga complex: mechanism and 

performance. Environmental Technology & Innovation, 
31, 103156.  
https://doi.org/10.1016/j.eti.2023.103156 

[123] Sanjay, M. S., Sudarsanam, D., Raj, G. A., & Baskar, 
K. (2020). Isolation and identification of chromium 
reducing bacteria from tannery effluent. Journal of 
King Saud University-Science, 32(1), 265-271.  
https://doi.org/10.1016/j.jksus.2018.05.001 

[124] Sarker, S. S., Akter, T., Parveen, S., Uddin, M. T., 
Mondal, A. K., & Sujan, S. A. (2023). Microalgae-based 
green approach for effective chromium removal from 
tannery effluent: A review. Arabian journal of 
chemistry, 16(10), 105085.  
https://doi.org/10.1016/j.arabjc.2023.105085 

[125] Goswami, R. K., Agrawal, K., Shah, M. P., & Verma, 
P. (2022). Bioremediation of heavy metals from 
wastewater: a current perspective on microalgae-
based future. Letters in applied microbiology, 75(4), 
701–717.  
https://doi.org/10.1111/lam.13564 

[126] Yen, H. W., Chen, P. W., Hsu, C. Y., & Lee, L. (2017). 
The use of autotrophic Chlorella vulgaris in chromium 
(VI) reduction under different reduction conditions. 
Journal of the Taiwan Institute of Chemical Engineers, 
74, 1-6.  
https://doi.org/10.1016/j.jtice.2016.08.017 

[127] Daneshvar, E., Zarrinmehr, M. J., Kousha, M., 
Hashtjin, A. M., Saratale, G. D., Maiti, A., Vithanage, M., 
& Bhatnagar, A. (2019). Hexavalent chromium removal 
from water by microalgal-based materials: Adsorption, 
desorption and recovery studies. Bioresource 
technology, 293, 122064.  
https://doi.org/10.1016/j.biortech.2019.122064 

[128] Pagnanelli, F., Jbari, N., Trabucco, F., Martínez, M. 
E., Sánchez, S., & Toro, L. (2013). Biosorption-mediated 
reduction of Cr (VI) using heterotrophically-grown 
Chlorella vulgaris: Active sites and ionic strength effect. 
Chemical engineering journal, 231, 94-102.  
https://doi.org/10.1016/j.cej.2013.07.013 

[129] Shanab, S., Essa, A., & Shalaby, E. (2012). 
Bioremoval capacity of three heavy metals by some 
microalgae species (Egyptian Isolates). Plant signaling 
& behavior, 7(3), 392-399.  
https://doi.org/10.4161/psb.19173 

[130] Hajdu-Rahkama, R. (2014). Bioremediation of 
heavy metals by using the microalga Desmodesmus 
subspicatus.  
https://urn.fi/URN:NBN:fi:amk-2014101914822 

[131] Akhtar, N., Iqbal, M., Zafar, S. I., & Iqbal, J. (2008). 
Biosorption characteristics of unicellular green alga 
Chlorella sorokiniana immobilized in loofa sponge for 
removal of Cr(III). Journal of environmental sciences 
(China), 20(2), 231–239.  
https://doi.org/10.1016/s1001-0742(08)60036-4 

[132] Arıca, M. Y., Tüzün, İ., Yalçın, E., İnce, Ö., & 
Bayramoğlu, G. (2005). Utilisation of native, heat and 

https://doi.org/10.1073/pnas.1422492112
https://doi.org/10.1016/j.aquatox.2008.06.003
https://doi.org/10.1007/978-981-15-7518-1_4
https://doi.org/10.1016/j.bbamcr.2012.04.010
https://doi.org/10.3389/fmicb.2020.00517
https://doi.org/10.1080/21655979.2024.2314888
https://doi.org/10.1007/978-981-15-6221-1_16
https://doi.org/10.1016/j.jece.2022.108102
https://doi.org/10.1016/j.biortech.2019.03.001
https://doi.org/10.1016/j.eti.2023.103156
https://doi.org/10.1016/j.jksus.2018.05.001
https://doi.org/10.1016/j.arabjc.2023.105085
https://doi.org/10.1111/lam.13564
https://doi.org/10.1016/j.jtice.2016.08.017
https://doi.org/10.1016/j.biortech.2019.122064
https://doi.org/10.1016/j.cej.2013.07.013
https://doi.org/10.4161/psb.19173
https://urn.fi/URN:NBN:fi:amk-2014101914822
https://doi.org/10.1016/s1001-0742(08)60036-4


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 169 

acid-treated microalgae Chlamydomonas reinhardtii 
preparations for biosorption of Cr (VI) ions. Process 
Biochemistry, 40(7), 2351-2358  
https://doi.org/10.1016/j.procbio.2004.09.008 

[133] Doshi, H., Ray, A., & Kothari, I. L. (2007). 
Bioremediation potential of live and dead Spirulina: 
spectroscopic, kinetics and SEM studies. Biotechnology 
and bioengineering, 96(6), 1051–1063.  
https://doi.org/10.1002/bit.21190 

[134] Coetzee, J. J., Bansal, N., & Chirwa, E. M. (2020). 
Chromium in environment, its toxic effect from 
chromite-mining and ferrochrome industries, and its 
possible bioremediation. Exposure and health, 12, 51-
62.  
https://doi.org/10.1007/s12403-018-0284-z 

[135] Macfie, S. M., & Welbourn, P. M. (2000). The cell 
wall as a barrier to uptake of metal ions in the 
unicellular green alga Chlamydomonas reinhardtii 
(Chlorophyceae). Archives of environmental 
contamination and toxicology, 39(4), 413–419.  
https://doi.org/10.1007/s002440010122 

[136] Chen, C. Y., Chang, H. W., Kao, P. C., Pan, J. L., & 
Chang, J. S. (2012). Biosorption of cadmium by CO(2)-
fixing microalga Scenedesmus obliquus CNW-N. 
Bioresource technology, 105, 74–80.  
https://doi.org/10.1016/j.biortech.2011.11.124 

[137] Dwivedi, S. (2012). Bioremediation of heavy metal 
by algae: current and future perspective. J Adv Lab Res 
Biol, 3(3), 195-199. 

[138] Mitra, S., Chakraborty, A. J., Tareq, A. M., Emran, T. 
B., Nainu, F., Khusro, A., ... & Simal-Gandara, J. (2022). 
Impact of heavy metals on the environment and 
human health: Novel therapeutic insights to counter 
the toxicity. Journal of King Saud University-Science, 
34(3), 101865.  
https://doi.org/10.1016/j.jksus.2022.101865 

[139] Singh, P., Borthakur, A., Singh, R., Bhadouria, R., 
Singh, V. K., & Devi, P. (2021). A critical review on the 
research trends and emerging technologies for arsenic 
decontamination from water. Groundwater for 
Sustainable Development, 14, 100607.  
https://doi.org/10.1016/j.gsd.2021.100607 

[140] Ahmed, S. F., Kumar, P. S., Rozbu, M. R., 
Chowdhury, A. T., Nuzhat, S., Rafa, N., ... & Mofijur, M. 
(2022). Heavy metal toxicity, sources, and remediation 
techniques for contaminated water and soil. 
Environmental Technology & Innovation, 25, 102114.  
https://doi.org/10.1016/j.eti.2021.102114 

[141] Kumar, S., Yadav, A., Kumar, A., Verma, R., Lal, S., 
Srivastava, S. and Sanyal, I., 2021. Plant 
metallothioneins as regulators of environmental stress 
responses. International Journal of Plant and 
Environment, 7(01), pp.27-38.  
https://doi.org/10.18811/ijpen.v7i01.3 

[142] Inthorn, D., Sidtitoon, N., Silapanuntakul, S., & 
Incharoensakdi, A. (2002). Sorption of mercury, 
cadmium and lead by microalgae. Sci Asia, 28(3), 253-
261.  
http://dx.doi.org/10.2306/scienceasia1513-
1874.2002.28.253 

[143] Chojnacka K. (2010). Biosorption and 
bioaccumulation--the prospects for practical 
applications. Environment international, 36(3), 299–
307.  
https://doi.org/10.1016/j.envint.2009.12.001 

[144] Romera, E., González, F., Ballester, A., Blázquez, M. 
L., & Muñoz, J. A. (2006). Biosorption with algae: a 
statistical review. Critical reviews in biotechnology, 
26(4), 223–235.  
https://doi.org/10.1080/07388550600972153 

[145] de Sousa Oliveira, A. P., Assemany, P., Covell, L., 
Tavares, G. P., & Calijuri, M. L. (2023). Microalgae-
based wastewater treatment for micropollutant 
removal in swine effluent: high-rate algal ponds 
performance under different zinc concentrations. 
Algal Research, 69, 102930.  
https://doi.org/10.1016/j.algal.2022.102930 

[146] Singh, A., Mehta, S. K., & Gaur, J. P. (2007). 
Removal of heavy metals from aqueous solution by 
common freshwater filamentous algae. World Journal 
of Microbiology and Biotechnology, 23, 1115-1120.  
https://doi.org/10.1007/s11274-006-9341-z 

[147] Pawlik-Skowrońska, B. (2003). Resistance, 
accumulation and allocation of zinc in two ecotypes of 
the green alga Stigeoclonium tenue Kütz. coming from 
habitats of different heavy metal concentrations. 
Aquatic Botany, 75(3), 189-198.  
https://doi.org/10.1016/S0304-3770(02)00175-4 

[148] Romera, E., González, F., Ballester, A., Blázquez, M. 
L., & Munoz, J. A. (2007). Comparative study of 
biosorption of heavy metals using different types of 
algae. Bioresource technology, 98(17), 3344-3353.  
https://doi.org/10.1016/j.biortech.2006.09.026 

[149] Schmitt, D., Müller, A., Csögör, Z., Frimmel, F. H., & 
Posten, C. (2001). The adsorption kinetics of metal ions 
onto different microalgae and siliceous earth. Water 
research, 35(3), 779–785.  
https://doi.org/10.1016/s0043-1354(00)00317-1 

[150] Dönmez, G., & Aksu, Z. (2002). Removal of 
chromium (VI) from saline wastewaters by Dunaliella 
species. Process biochemistry, 38(5), 751-762.  
https://doi.org/10.1016/S0032-9592(02)00204-2 

[151] Cavalletti, E., Romano, G., Palma Esposito, F., 
Barra, L., Chiaiese, P., Balzano, S., & Sardo, A. (2022). 
Copper Effect on Microalgae: Toxicity and 
Bioremediation Strategies. Toxics, 10(9), 527.  
https://doi.org/10.3390/toxics10090527 

[152] Rajfur, M., Kłos, A., & Wacławek, M. (2010). 
Sorption properties of algae Spirogyra sp. and their use 

https://doi.org/10.1016/j.procbio.2004.09.008
https://doi.org/10.1002/bit.21190
https://doi.org/10.1007/s12403-018-0284-z
https://doi.org/10.1007/s002440010122
https://doi.org/10.1016/j.biortech.2011.11.124
https://doi.org/10.1016/j.jksus.2022.101865
https://doi.org/10.1016/j.gsd.2021.100607
https://doi.org/10.1016/j.eti.2021.102114
https://doi.org/10.18811/ijpen.v7i01.3
http://dx.doi.org/10.2306/scienceasia1513-1874.2002.28.253
http://dx.doi.org/10.2306/scienceasia1513-1874.2002.28.253
https://doi.org/10.1016/j.envint.2009.12.001
https://doi.org/10.1080/07388550600972153
https://doi.org/10.1016/j.algal.2022.102930
https://doi.org/10.1007/s11274-006-9341-z
https://doi.org/10.1016/S0304-3770(02)00175-4
https://doi.org/10.1016/j.biortech.2006.09.026
https://doi.org/10.1016/s0043-1354(00)00317-1
https://doi.org/10.1016/S0032-9592(02)00204-2
https://doi.org/10.3390/toxics10090527


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 170 

for determination of heavy metal ions concentrations 
in surface water. Bioelectrochemistry (Amsterdam, 
Netherlands), 80(1), 81–86.  
https://doi.org/10.1016/j.bioelechem.2010.03.005 

[153] Emamshoushtari, M.M., Helchi, S., PajoumShariati, 
F., Lotfi, M., & Hemmati, A. (2022). An Investigation 
into the Efficiency of Microalgal Dynamic Membrane 
Photobioreactor in Nickel Removal from Synthesized 
Vegetable Oil Industry Wastewater. SSRN Electronic 
Journal.  
https://doi.org/10.2139/ssrn.3982105 

[154] Sharma, N., Sharma, S.G., Kocher, G.S., Dhir, A. and 
Mamane, H., 2025. Harnessing the heavy metal 
detoxification potential of microalgae: an 
environmental sentinel. Environmental Science and 
Pollution Research, 32(45), pp.25657-25671.  
https://doi.org/10.1007/s11356-025-37146-0 

[155] Oladimeji, T.E., Oyedemi, M., Emetere, M.E., 
Agboola, O., Adeoye, J.B. and Odunlami, O.A., 2024. 
Review on the impact of heavy metals from industrial 
wastewater effluent and removal technologies. 
Heliyon, 10(23).  
https://doi.org/10.1016/j.heliyon.2024.e40370. 

[156] Klimmek, S., Stan, H. J., Wilke, A., Bunke, G., & 
Buchholz, R. (2001). Comparative analysis of the 
biosorption of cadmium, lead, nickel, and zinc by algae. 
Environmental science & technology, 35(21), 4283–
4288.  
https://doi.org/10.1021/es010063x 

[157] Bayramoğlu, G., & Yakup Arica, M. (2009). 
Construction a hybrid biosorbent using Scenedesmus 
quadricauda and Ca-alginate for biosorption of Cu(II), 
Zn(II) and Ni(II): kinetics and equilibrium studies. 
Bioresource technology, 100(1), 186–193.  
https://doi.org/10.1016/j.biortech.2008.05.050 

[158] Sheng, P. X., Ting, Y. P., Chen, J. P., & Hong, L. 
(2004). Sorption of lead, copper, cadmium, zinc, and 
nickel by marine algal biomass: characterization of 
biosorptive capacity and investigation of mechanisms. 
Journal of colloid and interface science, 275(1), 131–
141.  
https://doi.org/10.1016/j.jcis.2004.01.036 

[159] Nateras-Ramírez, O., Martínez-Macias, M. R., 
Sánchez-Machado, D. I., López-Cervantes, J., & Aguilar-
Ruiz, R. J. (2022). An overview of microalgae for Cd2+ 
and Pb2+ biosorption from wastewater. Bioresource 
Technology Reports, 17, 100932.  
https://doi.org/10.1016/j.biteb.2021.100932  

[160] Wong, S. L., Nakamoto, L., & Wainwright, J. F. 
(1994). Identification of toxic metals in affected algal 
cells in assays of wastewaters. Journal of Applied 
phycology, 6, 405-414.  
https://doi.org/10.1007/BF02182157 

[161] Huang, C. C., Chen, M. W., Hsieh, J. L., Lin, W. H., 
Chen, P. C., & Chien, L. F. (2006). Expression of 
mercuric reductase from Bacillus megaterium MB1 in 

eukaryotic microalga Chlorella sp. DT: an approach for 
mercury phytoremediation. Applied microbiology and 
biotechnology, 72(1), 197–205.  
https://doi.org/10.1007/s00253-005-0250-0 

[162] Fard, G. H., & Mehrnia, M. R. (2017). Investigation 
of mercury removal by Micro-Algae dynamic 
membrane bioreactor from simulated dental waste 
water. Journal of environmental chemical engineering, 
5(1), 366-372.  
https://doi.org/10.1016/j.jece.2016.11.031 

[163] Monteiro, C. M., Castro, P. M., & Malcata, F. X. 
(2010). Cadmium removal by two strains of 
Desmodesmus pleiomorphus cells. Water, Air, and Soil 
Pollution, 208, 17-27.  
https://doi.org/10.1007/s11270-009-0146-1 

[164] Salgado, L. T., Andrade, L. R., & Filho, G. M. A. 
(2005). Localization of specific monosaccharides in 
cells of the brown alga Padina gymnospora and the 
relation to heavy-metal accumulation. Protoplasma, 
225, 123-128.  
https://doi.org/10.1007/s00709-004-0066-2 

[165] de Andrade, L. R., Farina, M., & Amado Filho, G. M. 
(2002). Role of Padina gymnospora (Dictyotales, 
Phaeophyceae) cell walls in cadmium accumulation. 
Phycologia, 41(1), 39-48.  
https://doi.org/10.2216/i0031-8884-41-1-39.1 

[166] Gkika, D.A., Tolkou, A.K., Katsoyiannis, I.A. Farina, 
M., Keim, C. N., Corrêa Jr, J. D., & Andrade, L. R. (2003). 
Microanalysis of metal-accumulating biomolecules. 
Microscopy and Microanalysis, 9(S02), 1512-1513.  
https://doi.org/10.1017/S1431927603447569 

[167] Mamboya, F. A. (2007). Heavy metal 
contamination and toxicity: Studies of macroalgae 
from the Tanzanian Coast (Doctoral dissertation, 
Botaniska institutionen). 

[168] Chan, A., Salsali, H., & McBean, E. (2014). Heavy 
metal removal (copper and zinc) in secondary effluent 
from wastewater treatment plants by microalgae. ACS 
Sustainable Chemistry & Engineering, 2(2), 130-137.  
https://doi.org/10.1021/sc400289z 

[169] Papry, R. I., Ishii, K., Mamun, M. A. A., Miah, S., 
Naito, K., Mashio, A. S., ... & Hasegawa, H. (2019). 
Arsenic biotransformation potential of six marine 
diatom species: effect of temperature and salinity. 
Scientific reports, 9(1), 10226.  
https://doi.org/10.1038/s41598-019-46551-8 

[170] Baker, J., & Wallschläger, D. (2016). The role of 
phosphorus in the metabolism of arsenate by a 
freshwater green alga, Chlorella vulgaris. Journal of 
Environmental Sciences, 49, 169-178.  
https://doi.org/10.1016/j.jes.2016.10.002 

[171] Zhang, W., Miao, A.J., Wang, N.X., Li, C., Sha, J., Jia, 
J., Alessi, D.S., Yan, B. and Ok, Y.S., 2022. Arsenic 
bioaccumulation and biotransformation in aquatic 
organisms. Environment international, 163, p.107221.  

https://doi.org/10.1016/j.bioelechem.2010.03.005
https://doi.org/10.2139/ssrn.3982105
https://doi.org/10.1007/s11356-025-37146-0
https://doi.org/10.1016/j.heliyon.2024.e40370
https://doi.org/10.1021/es010063x
https://doi.org/10.1016/j.biortech.2008.05.050
https://doi.org/10.1016/j.jcis.2004.01.036
https://doi.org/10.1016/j.biteb.2021.100932
https://doi.org/10.1007/BF02182157
https://doi.org/10.1007/s00253-005-0250-0
https://doi.org/10.1016/j.jece.2016.11.031
https://doi.org/10.1007/s11270-009-0146-1
https://doi.org/10.1007/s00709-004-0066-2
https://doi.org/10.2216/i0031-8884-41-1-39.1
https://doi.org/10.1017/S1431927603447569
https://doi.org/10.1021/sc400289z
https://doi.org/10.1038/s41598-019-46551-8
https://doi.org/10.1016/j.jes.2016.10.002


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 171 

https://doi.org/10.1016/j.envint.2022.107221 
[172] Yan, M. and Zhao, Q., 2025. Identifying toxicity and 

tolerance mechanisms of Chlorella sp. exposure to 
phenol through growth inhibition and comparative 
transcriptomic analysis. Gene Reports, 39, p.102227.  
https://doi.org/10.1016/j.genrep.2025.102227 

[173] Jiang, Y., Purchase, D., Jones, H., & Garelick, H. 
(2011). Effects of arsenate (AS5+) on growth and 
production of glutathione (GSH) and phytochelatins 
(PCS) in Chlorella vulgaris. International journal of 
phytoremediation, 13(8), 834–844.  
https://doi.org/10.1080/15226514.2010.525560 

[174] Zhang, Z., Yan, K., Zhang, L., Wang, Q., Guo, R., Yan, 
Z., & Chen, J. (2019). A novel cadmium-containing 
wastewater treatment method: Bio-immobilization by 
microalgae cell and their mechanism. Journal of 
Hazardous Materials, 374, 420-427.  
https://doi.org/10.1016/j.jhazmat.2019.04.072 

[175] Das, D., Salgaonkar, B. B., Mani, K., & Braganca, J. 
M. (2014). Cadmium resistance in extremely halophilic 
archaeon Haloferax strain BBK2. Chemosphere, 112, 
385–392.  
https://doi.org/10.1016/j.chemosphere.2014.04.058 

[176] Dirbaz, M., & Roosta, A. (2018). Adsorption, kinetic 
and thermodynamic studies for the biosorption of 
cadmium onto microalgae Parachlorella sp. Journal of 
Environmental Chemical Engineering, 6(2), 2302-2309.  
https://doi.org/10.1016/j.jece.2018.03.039 

[177] Cherifi, O., Sbihi, K., Bertrand, M., & Cherifi, K. 
(2016). The removal of metals (Cd, Cu and Zn) from the 
Tensift river using the diatom Navicula subminuscula 
Manguin: A laboratory study. Int. J. Adv. Res. Biol. Sci, 
3(10), 177-187.  
http://dx.doi.org/10.22192/ijarbs.2016.03.10.024 

[178] Amanze, C., Zheng, X., Man, M., Yu, Z., Ai, C., Wu, 
X., Xiao, S., Xia, M., Yu, R., Wu, X., Shen, L., Liu, Y., Li, J., 
Dolgor, E., & Zeng, W. (2022). Recovery of heavy 
metals from industrial wastewater using 
bioelectrochemical system inoculated with novel 
Castellaniella species. Environmental research, 205, 
112467.  
https://doi.org/10.1016/j.envres.2021.112467 

[179] Kikuchi, T., & Tanaka, S. (2012). Biological removal 
and recovery of toxic heavy metals in water 
environment. Critical Reviews in Environmental 
Science and Technology, 42(10), 1007-1057.  
https://doi.org/10.1080/10643389.2011.651343 

[180] Gkika, D.A., Tolkou, A.K., Katsoyiannis, I.A. and 
Kyzas, G.Z., 2025. The adsorption-desorption-
regeneration pathway to a circular economy: the role 
of waste-derived adsorbents on chromium removal. 
Separation and Purification Technology, p.132996.  
https://doi.org/10.1016/j.seppur.2025.132996 

[181] Roșca, M., Diaconu, M., Hlihor, R.M., Cozma, P., 
Silva, B., Tavares, T. and Gavrilescu, M., 2024. 
Evaluation of microbial biosorbents for efficient Cd (ii) 

removal from aqueous solutions. Water, Ninomiya, Y., 
and Naruse, I., (2006). Mass balance and formation 
mechanism of trace metals in high temperature 
processes. Chem. Ind. (in Japanese), vol. 70, pp. 329–
334. 

[182] Shree, B., Kumari, S., Singh, S., Rani, I., Dhanda, A. 
and Chauhan, R., 2025. Exploring various types of 
biomass as adsorbents for heavy metal remediation: a 
review. Environmental Monitoring and Assessment, 
197(4), p.406.  
https://doi.org/10.1007/s10661-025-13826-9. 

[183] Belevi, H., & Langmeier, M. (2000). Factors 
determining the element behavior in municipal solid 
waste incinerators. 2. Laboratory experiments. 
Environmental Science & Technology, 34(12), 2507-
2512.  
https://doi.org/10.1021/es991079e 

[184] Shree, B., Kumari, S., Singh, S., Rani, I., Dhanda, A. 

and Chauhan, R., 2025. Exploring various types of 

biomass as adsorbents for heavy metal remediation: a 

review. Environmental Monitoring and Assessment, 

197(4), p.406.  

https://doi.org/10.1007/s10661-025-13826-9. 

[185] Ziller, A., & Fraissinet-Tachet, L. (2018). 

Metallothionein diversity and distribution in the tree 

of life: a multifunctional protein. Metallomics, 10(11), 

1549-1559.  

https://doi.org/10.1039/c8mt00165k 

[186] Grill, E., Winnacker, E. L., & Zenk, M. H. (Yang, R., 

Roshani, D., Gao, B., Li, P. and Shang, N., 2024. 

Metallothionein: a comprehensive review of its 

classification, structure, biological functions, and 

applications. Antioxidants, 13(7), p.825.  

https://doi.org/10.3390/antiox13070825 

[187] Blindauer, C. A., & Leszczyszyn, O. I. (2010). 

Metallothioneins: unparalleled diversity in structures 

and functions for metal ion homeostasis and more. 

Natural product reports, 27(5), 720–741.  

https://doi.org/10.1039/b906685n 

[188] Capdevila, M., Bofill, R., Palacios, O., & Atrian, S. 

(2012). State-of-the-art of metallothioneins at the 

beginning of the 21st century. Coordination Chemistry 

Reviews, 256(1-2), 46-62.  

https://doi.org/10.1016/j.ccr.2011.07.006 

[189] Blindauer, C. A. in Binding, Transport and Storage 

of Metal Ions in Biological Cells, ed. W. Maret and A. 

Wedd, The Royal Society of Chemistry, 2014, pp. 606-

665.  

https://doi.org/10.1039/9781849739979-00606 

[190] Cobbett, C., & Goldsbrough, P. (2002). 

Phytochelatins and metallothioneins: roles in heavy 

metal detoxification and homeostasis. Annual review 

of plant biology, 53, 159–182.  

https://doi.org/10.1016/j.envint.2022.107221
https://doi.org/10.1016/j.genrep.2025.102227
https://doi.org/10.1080/15226514.2010.525560
https://doi.org/10.1016/j.jhazmat.2019.04.072
https://doi.org/10.1016/j.chemosphere.2014.04.058
https://doi.org/10.1016/j.jece.2018.03.039
http://dx.doi.org/10.22192/ijarbs.2016.03.10.024
https://doi.org/10.1016/j.envres.2021.112467
https://doi.org/10.1080/10643389.2011.651343
https://doi.org/10.1016/j.seppur.2025.132996
https://doi.org/10.1007/s10661-025-13826-9
https://doi.org/10.1021/es991079e
https://doi.org/10.1007/s10661-025-13826-9
https://doi.org/10.1039/c8mt00165k
https://doi.org/10.3390/antiox13070825
https://doi.org/10.1039/b906685n
https://doi.org/10.1016/j.ccr.2011.07.006
https://doi.org/10.1039/9781849739979-00606


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 172 

https://doi.org/10.1146/annurev.arplant.53.100301.1

35154 
[191] Chatterjee, S., Kumari, S., Rath, S., Priyadarshanee, 

M., & Das, S. (2020). Diversity, structure and regulation 
of microbial metallothionein: metal resistance and 
possible applications in sequestration of toxic metals. 
Metallomics : integrated biometal science, 12(11), 
1637–1655.  
https://doi.org/10.1039/d0mt00140f 

[192] Dabrowska, G., Mierek-Adamska, A., & Goc, A. 
(2013). Characterisation of'Brassica napus' L. 
metallothionein genes ('BnMTs') expression in organs 
and during seed germination. Australian Journal of 
Crop Science, 7(9), 1324-1332. 

[193] Patel, M., Surti, M., Ashraf, S.A. and Adnan, M., 
2021. Physiological and molecular responses to heavy 
metal stresses in plants. In Harsh environment and 
plant resilience: molecular and functional aspects (pp. 
171-202). Cham: Springer International Publishing 

[194] Krężel, A., & Maret, W. (2017). The Functions of 
Metamorphic Metallothioneins in Zinc and Copper 
Metabolism. International journal of molecular 
sciences, 18(6), 1237.  
https://doi.org/10.3390/ijms18061237 

[195] Khalid, M., Nan, H.U.I., Kayani, S.I. and Kexuan, 
T.A.N.G., 2020. Diversity and versatile functions of 
metallothioneins produced by plants: A review. 
Pedosphere, 30(5), pp.577-588.  
https://doi.org/10.1016/S1002-0160(20)60022-4 

[196] Cobbett, C., & Goldsbrough, P. (2002). 
Phytochelatins and metallothioneins: roles in heavy 
metal detoxification and homeostasis. Annual review 
of plant biology, 53, 159–182.  
https://doi.org/10.1146/annurev.arplant.53.100301.1
35154 

[197] Grill, E., Winnacker, E. L., & Zenk, M. H. (1987). 
Phytochelatins, a class of heavy-metal-binding 
peptides from plants, are functionally analogous to 
metallothioneins. Proceedings of the National 
Academy of Sciences of the United States of America, 
84(2), 439–443.  
https://doi.org/10.1073/pnas.84.2.439 

[198]  Barra, L., & Greco, S. (2023). The potential of 
microalgae in phycoremediation. In Microalgae-
Current and Potential Applications. IntechOpen. 

[199] Perales-Vela, H. V., Peña-Castro, J. M., & Canizares-
Villanueva, R. O. (2006). Heavy metal detoxification in 
eukaryotic microalgae. Chemosphere, 64(1), 1-10.  
https://doi.org/10.1016/j.chemosphere.2005.11.024 

[200] Morris, C. A., Nicolaus, B., Sampson, V., Harwood, 
J. L., & Kille, P. (1999). Identification and 
characterization of a recombinant metallothionein 
protein from a marine alga, Fucus vesiculosus. The 
Biochemical journal, 338 ( Pt 2)(Pt 2), 553–560. 

[201] Mahlangu, D., Mphahlele, K., De Paola, F. and 
Mthombeni, N.H., 2024. Microalgae-mediated 

biosorption for effective heavy metals removal from 
wastewater: A review. Water, 16(5), p.718.  
https://doi.org/10.3390/w16050718 

[202] Chakravorty, M., Nanda, M., Bisht, B., Sharma, R., 
Kumar, S., Mishra, A., Vlaskin, M.S., Chauhan, P.K. and 
Kumar, V., 2023. Heavy metal tolerance in microalgae: 
Detoxification mechanisms and applications. Aquatic 
Toxicology, 260, p.106555.  
https://doi.org/10.1016/j.aquatox.2023.106555 

[203] Liu, D., Yang, W., Lv, Y., Li, S., Qv, M., Dai, D., & Zhu, 
L. (2023). Pollutant removal and toxic response 
mechanisms of freshwater microalgae Chlorella 
sorokiniana under exposure of tetrabromobisphenol A 
and cadmium. Chemical Engineering Journal, 461, 
142065.  
https://doi.org/10.1016/j.cej.2023.142065 

[204] Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., 
Tauriello, G., Gumienny, R., Heer, F. T., de Beer, T. A. 
P., Rempfer, C., Bordoli, L., Lepore, R., & Schwede, T. 
(2018). SWISS-MODEL: homology modelling of protein 
structures and complexes. Nucleic acids research, 
46(W1), W296–W303.  
https://doi.org/10.1093/nar/gky427 

[205] Webb, B., & Sali, A. (2021). Protein Structure 
Modeling with MODELLER. Methods in molecular 
biology (Clifton, N.J.), 2199, 239–255.  
https://doi.org/10.1007/978-1-0716-0892-0_14 

[206] Van Der Spoel, D., Lindahl, E., Hess, B., Groenhof, 
G., Mark, A. E., & Berendsen, H. J. (2005). GROMACS: 
fast, flexible, and free. Journal of computational 
chemistry, 26(16), 1701–1718. 
https://doi.org/10.1002/jcc.20291 

[207] Chen, V. B., Arendall, W. B., 3rd, Headd, J. J., Keedy, 
D. A., Immormino, R. M., Kapral, G. J., Murray, L. W., 
Richardson, J. S., & Richardson, D. C. (2010). 
MolProbity: all-atom structure validation for 
macromolecular crystallography. Acta 
crystallographica. Section D, Biological 
crystallography, 66(Pt 1), 12–21.  
https://doi.org/10.1107/S0907444909042073 

[208] Wang, Y., Xiao, J., Suzek, T. O., Zhang, J., Wang, J., 
Zhou, Z., Han, L., Karapetyan, K., Dracheva, S., 
Shoemaker, B. A., Bolton, E., Gindulyte, A., & Bryant, S. 
H. (2012). PubChem's BioAssay Database. Nucleic acids 
research, 40(Database issue), D400–D412.  
https://doi.org/10.1093/nar/gkr1132 

[209] Morris, G. M., Huey, R., Lindstrom, W., Sanner, M. 
F., Belew, R. K., Goodsell, D. S., & Olson, A. J. (2009). 
AutoDock4 and AutoDockTools4: Automated docking 
with selective receptor flexibility. Journal of 
computational chemistry, 30(16), 2785–2791.  
https://doi.org/10.1002/jcc.21256 

[210] Yang, R., Roshani, D., Gao, B., Li, P., & Shang, N. 
(2024). Metallothionein: A Comprehensive Review of 
Its Classification, Structure, Biological Functions, and 

https://doi.org/10.1146/annurev.arplant.53.100301.135154
https://doi.org/10.1146/annurev.arplant.53.100301.135154
https://doi.org/10.1039/d0mt00140f
https://doi.org/10.3390/ijms18061237
https://doi.org/10.1016/S1002-0160(20)60022-4
https://doi.org/10.1146/annurev.arplant.53.100301.135154
https://doi.org/10.1146/annurev.arplant.53.100301.135154
https://doi.org/10.1073/pnas.84.2.439
https://doi.org/10.1016/j.chemosphere.2005.11.024
https://doi.org/10.3390/w16050718
https://doi.org/10.1016/j.aquatox.2023.106555
https://doi.org/10.1016/j.cej.2023.142065
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1007/978-1-0716-0892-0_14
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1093/nar/gkr1132
https://doi.org/10.1002/jcc.21256


 S. Mohan et al./ Advances in Environmental Technology 12(2) 2026, 138-173. 173 

Applications. Antioxidants (Basel, Switzerland), 13(7), 
825.  
https://doi.org/10.3390/antiox13070825 

[211] Leong, Y. K., & Chang, J. S. (2020). Bioremediation 
of heavy metals using microalgae: Recent advances 
and mechanisms. Bioresource technology, 303, 
122886.  
https://doi.org/10.1016/j.biortech.2020.122886 

[212] Miazek, K., Iwanek, W., Remacle, C., Richel, A., & 
Goffin, D. (2015). Effect of metals, metalloids and 

metallic nanoparticles on microalgae growth and 
industrial product biosynthesis: a review. International 
Journal of Molecular Sciences, 16(10), 23929-23969.  
https://doi.org/10.3390/ijms161023929 

[213] Hama Aziz, K. H., Mustafa, F. S., Omer, K. M., Hama, 
S., Hamarawf, R. F., & Rahman, K. O. (2023). Heavy 
metal pollution in the aquatic environment: efficient 
and low-cost removal approaches to eliminate their 
toxicity: a review. RSC advances, 13(26), 17595–17610.  
https://doi.org/10.1039/d3ra00723e 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

How to cite this paper: 

 

Mohan, S. , Kishori, B. , E, R. B. , Hemachandran, H. , Eemani, P. , Rachel, H. , Ganesan, S. & Usha, R. 
(2026). Exploiting microalgae for efficient removal of heavy metals: An in-silico approach. Advances in 
Environmental Technology, 12(2), 138-173. DOI: 10.22104/aet.2026.7223.1991 

 

https://doi.org/10.3390/antiox13070825
https://doi.org/10.1016/j.biortech.2020.122886
https://doi.org/10.3390/ijms161023929
https://doi.org/10.1039/d3ra00723e
https://doi.org/10.22104/aet.2026.7223.1991

	1. Introduction
	2. Sources of HMs
	2.1. Toxicity of heavy Metals
	2.1.1 Arsenic (As)
	2.1.2 Chromium
	2.1.3 Mercury
	2.1.4 Cadmium

	2.2. Less toxic Heavy Metals
	2.2.1 Iron
	2.2.2 Copper
	2.2.3 Zinc


	3. Role of Microalgae for heavy metal removal
	4. Mechanism of toxicity
	4.1. Mercury
	4.2. Arsenic
	4.3. Zinc
	4.4. Copper
	4.5. Cadmium
	4.6. Chromium

	5. Removal of heavy metals by microalgae
	5.1. Removal of Mercury
	5.2. Zinc removal
	5.3. Copper removal
	5.4. Arsenic removal
	5.5. Cadmium removal
	5.6. Chromium removal

	6. Recovery process
	6.1. Biosorbents
	6.2. Leaching
	6.3. Thermal treatment

	7. Metallothionein (MT) and relevant gene studies
	8. Computational study: a key for phycoremediation mechanism insights
	8.1. Methodology
	8.1.1.Protein and ligand processing
	8.1.2. Molecular docking

	8.2. Results
	8.2.1 Overall binding energy trends
	8.2.2 Metal coordination by Spirulina platensis MT
	8.2.3 Metal coordination by Phormidium tenue MT
	8.2.4 Metal coordination by Chlorella sorokiniana MT
	8.2.5 Implications for phycoremediation


	9. Future Research Directions
	10. Conclusion
	Abbreviations
	Acknowledgements
	Author’s contribution
	Conflict of interest
	Data availability
	Funding
	References

