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Abstract 
Heavy metals, released by both human activity and natural processes, seep into coastal waters 

and disrupt the balance of seaweed habitats. This review paper investigates the levels of heavy 

metals such as As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, and Zn in wild populations of maritime 

macroalgae and particularly focuses on understanding their impacts, a crucial aspect in mitigating 

environmental threats. It also explores the potential use of macroalgae as bioindicators and for 

bioremediation of heavy-metal contamination, such as phycoremediation. After careful 

evaluation, it was found that Phaeophyceae are more promising for bioaccumulating metals, 

including Cu, Cr, As, Zn, Mn, Pb, and Cd. Some macroalgae tend to localize these metals in 

cellular organelles as part of their metal tolerance. While macroalgae are generally able to 

accumulate and tolerate elevated levels of several elements, the precise levels of phytotoxicity 

remain unclear. This review offers an in-depth analysis of the distinct physiological adaptations 

of various seaweed species to heavy-metal pollution. 

Keywords: Bioaccumulation, Biomonitoring, Bioremediation, Heavy metals, Macroalgae, 
Physodes  
 

1. Introduction 
Human activity is responsible for the major sources of pollutants that enter 

coastal waterways, such as wastewater discharge, atmospheric deposition, and 

surface runoff from river mouths and streams1. The weathering of rocks and 

soil, volcanic eruptions, and a range of human activities involving the mining, 

processing, and using metals and materials containing metal pollutants are some 

ways metals are introduced into aquatic environments. The accumulation of 

heavy metal ions and residual nutrients in residential and agro-industrial 

wastewater exacerbates the contamination of our rivers, lakes, and oceans2, 3. 

The potential for heavy metal ion biosorption and buildup in aquatic food chains 

to significantly impact human health should be a cause for immediate concern 

and action4. The utilization of marine species as bioindicators for trace metal 

contamination is becoming increasingly important; yet, now, the most frequently 

examined taxonomical groupings for this purpose are only molluscs and algae5. 

Since metals linger in the environment longer than organic pollutants and can 

accumulate in tissues or thallus, they pose a threat to algal ecosystems and cause 

biomagnification at higher trophic levels6. Numerous taxonomic groupings of 

marine macroscopic photosynthetic algae are included under the term 

"seaweed"7, 8.  
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Also referred to as macroalgae, they are 

typically divided into three groups: green 

(Chlorophyceae), red (Rhodophyceae), and 

brown (Phaeophyceae) algae. With their 

many uses in both food and non-food uses, 

seaweeds have long played a significant role 

in sustaining livelihoods and global food 

security. Their culinary applications are 

particularly noteworthy in Asia, where people 

have been eating them for over 2,000 years, 

either raw or cooked9, 10. Seaweeds also play a 

valuable role in combating global change and 

can also offer insights into this phenomenon. 

They have been utilized as bioindicators11, 

bio monitors12, 13, and model organisms14 for 

studying marine ecosystems and the 

associated changes15. Marine macrophytes 

have therefore gained more attention in 

recent decades as potential bioindicators of 

metal pollution in coastal waters16, 17. Toxicity 

and health risks occur to ecosystem 

inhabitants, including humans, when 

macroalgae directly accumulate heavy metals 

or indirectly via the food chain18. 

This review evaluated the variations, impact, 

and biomonitoring/bioremediation potential 

of trace metal and heavy metal accumulation 

in marine macrophytes worldwide. We used 

published data to assess metal concentrations 

in three types of macroalgae (Phaeophyta, 

Chlorophyta, and Rhodophyta). 

2. Methodology 

This review article analyzed 90 publications 

that investigated the presence of heavy 

metals in macroalgae and their use as active 

biomonitoring tools in marine environments. 

Most publications were identified using 

Google Scholar, Web of Science and 

SCOPUS by using keywords such as heavy 

metals, trace metals, bioaccumulation, 

bioindicator, macroalgae, seaweeds and 

bioremediation and were published between 

1982 and 2025. Only articles written in 

English and focusing on heavy metal 

bioremediation experiments, pollution 

monitoring and experiments on physiological 

effects were included in the analysis. 

3. Result and Discussion 

3.1 Trend in heavy metal accumulation 

Research emphasis in macroalgae studies 

could be more balanced. The Chlorophyceae 

family, particularly species like Ulva and 

Enteromorpha, receives frequent and often 

disproportionate attention, while the other 

two families are somewhat neglected. Among 

the Phaeophyceae family, genus Sargassum are 

the most studied, while the Rhodophyceae 

family appears to receive the least attention 

in terms of heavy metal assessment or 

accumulation (Fig.1). 
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Figure 1. Graphical representation of major macroalgal genus studied for assessment of heavy 

metals [a: Chlorophyceae, b: Rhodophyceae c: Phaeophyceae] 

All macrophytes have considerable amounts 

of Fe, Mn, and Zn, indicating that these 

elements play a significant role in plant 

metabolism; Cr, Cd, or Hg are less 

accumulated. Based on research, 

Phaeophyceae are thought to have an 

incredible capacity to accumulate As, Fe, Cd, 

Cu, Mn, and Zn19. In contrast, 

Rhodophyceae have the lowest amounts of 

As, Al, Co, Cr, Cd, Ni, Pb and Hg (Fig. 2). 

Moreover, Chlorophyceae can be useful as 

the bioindicator of Cu, Fe, Mn, Pb and Zn. 

We could see that green algae did not 

privilege metals like As, Co, Cd, Cr, Hg, and 

Ni. 

A comparative analysis of macroalgae 

demonstrated that alginic acid present in the 

cell walls of brown macroalgae binds Cd2+ 

more effectively than the polysaccharides 

found in red or green macroalgae20. High 

levels of insoluble polysaccharides in red algal 

cell walls may enhance extracellular binding 

of heavy metals21. Additionally, red algae 

were found to be more effective at 

accumulating zinc compared to other algal 

types22. 

 

 
Figure 2. Heavy metal bioaccumulation trends in macroalgae. [a. Chlorophyceae, b. 

Rhodophyceae, c. Phaeophyceae] 
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3.2 Localization of heavy metals on 

macroalgae 

The impact of metal pollution on seaweeds 

and the delicate ecosystems they support can 

be inferred from measurements of metal 

concentrations in seaweed. It has been 

observed that particles stuck to the seaweed's 

surface significantly influence the amount of 

metal present. This is particularly the case for 

silt particles stuck to the shoot's surface, 

which can persist even after thorough 

washing23-25. Recent research on 

microplastics (MPs) has shown a greater 

affinity for heavy metals, thus enhancing the 

chance of bioaccumulation26. However, 

limited data are available on these types of 

studies in macroalgae. The toxic effects of Cd 

were intensified when C. lentillifera was 

concurrently exposed to both Cd and 

microplastics (MPs), as the presence of MPs 

facilitated greater aggregation of Cd in the 

algae27. In some cases, such as in Gracilaria 

cornea, the cell wall contains soluble and 

insoluble polysaccharides that can 

predominantly bind extracellular Cadmium 

ions21. In addition to being primarily found 

outside of cells, metals have also been found 

fully intracellularly28. The cytoplasm can be 

penetrated by heavy metals like Cd and Pb 

through different pathways, including those 

for crucial metals. Conversely, vital metals 

such as Cu and Zn rely on high-affinity 

metal-specific transporters for entry. Zrt/Irt-

like proteins (ZIPs) are responsible for the 

uptake of iron and zinc and also facilitate the 

entry of cadmium into cells. Previous 

research on microalgae29 demonstrated this 

function and proposed a similar mechanism 

in seaweed, given the presence of ZIP 

transporters30. Metals are frequently detected 

in physodes, which are vacuoles that 

accumulate phenolic substances in brown 

algae31-33; while metal-rich granules are 

observed in the chloroplasts of green algae34. 

After cellular entry, seaweeds can synthesize 

metal chelators to inactivate cations or 

produce antioxidants to prevent reactive 

oxygen species (ROS) from oxidizing cellular 

components, thereby reducing cellular 

damage35,36. The chelates are then gathered in 

brown algal physodes31 or organelles like 

vacuoles and chloroplasts37. 

3.3 Effect of HM on macroalgae 

Plant cells rally a team of defenders like 

ascorbic acid, thiols, proline, phenolic 

metabolites, and aliphatic organic acids, all 

working as antioxidants and chelators to 

shield themselves from excessive metal 

exposures38-41. Oxidative stress, or ROS, is 

one of the primary indicators of metal 

toxicity. Heavy metals have been found to 

have an adverse effect on biomolecules, but 

this effect has only been moderately studied42, 

43. It has been demonstrated that exposure to 

high metal concentrations harms several 

seaweed species. Exposure to metals has 

been found to inhibit the formation of 

chlorophyll, photosynthesis, and growth in 

seaweeds when treated with Cu and Cd. It 

does not affect photosynthesis in these 

species after exposure to Pb44.  Although the 

effects of Cd or Cu alone have been 

investigated in red macroalgae, a decreased 

level of polyunsaturated fatty acids (PUFA), 

the simultaneous influence of many metals 

on physiology has not yet been investigated 

in Chlorophyceae members45. Then, with 

rising metal concentrations, studies in U. 

lactuca showed impaired photosynthetic 

capacity46. When focusing on individual cases 

of heavy metals, Selenium affects 

photosynthesis and antioxidant enzymes in 

the seaweeds (Fig. 3). Se hindered 

photosynthesis in G. lemaneiformis causing 

chlorophyll-a level to decline and seaweed 

growth to be encouraged at quantities below 

750 mg/L. The seaweed's concentration of 

malondialdehyde was considerably lowered 

by antioxidant enzymes such as superoxide 

dismutase activity, which was found to be 

lowered in the cells due to Se enrichment47. 
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On the other hand, cadmium stress 

significantly lowered growth rates and 

decreased dichotomy in G. domingensis's apical 

segments. The effects of changing Cd 

concentrations on chloroplast structure, 

growth rates, photosynthetic pigments, 

photosynthetic performance and 

biochemical parameters in G. domingensis were 

studied by Santos et al.48. Similar results were 

also obtained for C. lentillifera in a recent 

study, where photosynthesis was disrupted, 

leading to an unstable energy supply and 

cellular homeostasis diminished27. The 

growing concentration of Zn reduced 

amounts of malondialdehyde, algal 

respiration rate, net photosynthetic rate, 

effective quantum yield, and relative growth 

rate in Pyropia yezoensis, a red alga49. The 

impact of copper (Cu) on the photosynthetic 

efficiency and daily growth rate of the brown 

macroalga Padina boergesenii proved that 

concentrations of more than 500 mg Cu/l are 

acutely poisonous to P. boergesenii50. Similarly, 

in another brown algae, Ectocarpus, and green 

algae, U. lactuca, an increased Cu 

concentration resulted in a decrease in 

relative growth rate (RGR). At low 

temperature ranges, the photosynthetic rate 

and chlorophyll content of the algae 

significantly reduced with an increase in Cu 

concentration51,52. As the quantity of copper 

increased in Ascophyllum nodosum and Fucus 

vesiculosus, photosynthetic activity was 

severely impacted, leading to chlorosis and 

decreased development of seaweed; 5 mg L−1 

copper inhibited photosynthesis and 

degraded seaweed tips53. Copper also 

inhibited Electron Transport Rate in S. 

cymosum and DNA damage in U. reticulata54, 55. 

The high internalization of Bismuth by C. 

cripsus leads to a hazardous response to 

photosynthetic activity, as shown by the 

quantum efficiency of PSII photochemistry56. 

In all instances of heavy metal toxicity, a 

decrease in metabolic activity was observed. 

However, studies on algae regarding Hg and 

Se have shown inconsistent results in terms 

of relative growth rate47, 57. 

 

 
  Figure 3. Physiological effect of Heavy metals on macroalgae 

[RGR-relative growth rate, ETR- electron transport rate, NPR-net photosynthesis rate, MDA- 

malonaldehyde, PUFA- polyunsaturated fatty acids, Chl. C- chlorophyll content, EQY- Effective 

quantum yield, QE PSII-Quantum efficiency of photosystem II] 
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Exposure to Cu, Cd, and Zn can cause the 

Mg2+ atom in the chlorophyll molecule's core 

to be substituted, which hinders the affected 

chlorophyll molecules from gathering light 

and directly affects photosynthesis. These 

heavy metals can also cause structural 

changes. High zinc levels lead to uneven 

plasmalemma and electron-dense spots in 

cell walls. Copper causes swelling and 

undulation of plastid thylakoids. Cells with 

high cadmium levels show noticeable 

alterations, including the emergence of 

plastoglobuli and disturbance of plastid 

thylakoids58-60. And as cells burst under 

extreme oxidative stress, severe metal 

pollution decreases an alga's capacity to 

absorb metals61. Given that the toxicity of 

heavy metals is generally thought to be dose-

dependent, one may expect that exposure to 

higher quantities or for longer periods of 

time would be more toxic. High metal 

concentrations have been linked to 

productivity losses for Cu and Zn62, 63 and the 

effects of metal exposure varied depending 

on the metal and algae species44. 

Macroalgae typically respond to subsequent 

pollution events following times of metal-

induced toxicity55. Compared to algae from 

pure environments, these adaptations include 

changes in several defence mechanisms, such 

as greater basal antioxidant levels and 

enhanced activity of enzymes64. And, algae 

develop a better intrinsic detoxification 

mechanism, which reduces the potentially 

harmful effects of the metals even when the 

level of accumulation in the cell does not65. 

Several Cladophora species exhibited a hike in 

total sugar content in response to elevated 

concentrations of copper, which in turn 

protected them from surface damages66. 

After being exposed to Cadmium, 

Chondrophycus poiteaui's photosynthetic 

capacity recovered, indicating the awakening 

of internal detoxification systems21. Despite 

the exclusion mechanisms, the development 

of metal-chelator proteins and peptides, and 

successful reactive oxygen metabolism, 

marine macroalgae have ecotypes, which are 

groups of organisms that can manage 

different quantities of metals according to 

their previous exposure36. 

3.4 Macro algae as a tool for 

biomonitoring and bioremediation 

Algae are well suited for targeted removal and 

retention of heavy metals due to their strong 

tolerance, ability to grow autotrophically and 

heterotrophically, large surface area-to-

volume ratio, phototaxis, phytochelatin 

manifestation, and potential for genetic 

modification.67. Phycoremediation has 

emerged as an effective bioremediation 

strategy, employing various naturally 

occurring microalgae and macroalgae to 

reduce heavy metal contamination through a 

range of physicochemical interactions68. 

These seaweed-based techniques tend to be 

more economical, environmentally friendly, 

and widely applicable69. Biosorption, 

bioaccumulation and biotransformation are 

the three primary phyco-remediation 

mechanisms by which macroalgae neutralize 

the contaminated marine environment by 

removing heavy metals. First, metal ions are 

removed through an extracellular process 

called biosorption (extracellular precipitation 

of heavy metals), followed by a gradual 

intracellular process known as 

bioaccumulation (complexation or cellular 

adsorption). Biotransformation involves 

enzymatic and biochemical metabolic 

activities that modify heavy metals for 

detoxification routes (intracellular 

internalization with metabolic processes)70-72. 

In recent years, many regions have been 

using various kinds of green algae, such as 

Enteromorpha sp., Ulva sp., Chaetomorpha sp., 

Cladophora sp., Halimeda sp. and Caulerpa sp. 

and brown algae, such as Cystoseira sp., 

Sargassum sp., Dictyota sp., Padina sp. and 

Ericaria sp. as a biomonitoring model for 

heavy metal toxicity15, 73-88.  
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Environmental conditions impact living 

algae, affecting their ability to absorb metal 

ions during the growth phase. This process is 

more complex than the extracellular 

biosorption in non-living algae89. Dried algal 

biomass demonstrates a greater capacity for 

biosorbing metal ions than living algae, 

particularly at low pH levels (3–5)90. 

Sargassum-packed columns were studied for 

use in flow-through column systems to 

adsorb and detoxify heavy metals in 

industrial wastewater effectively91. In another 

study, U. fasciata and Colpomenia sinuosa, two 

dried maritime macroalgae species, were 

employed in the bioremediation of aqueous 

solutions contaminated with cobalt with pH 

6.0 and 7.0, ideal for biosorption92. Table 1 

discusses the details of heavy metal 

biosorption of different kinds of marine 

macroalgae. Much research has been done on 

brown seaweed, particularly Sargassum sp., for 

metal removal or absorbent techniques. 

Adsorption using iron-coated S. muticum 

qualifies as a promising substitute for 

removing arsenic from water, with 

environmental benefits and ease of use93. 

Sargassum sp. derived carbon (SAC) can be a 

cost-effective adsorbent for removing 

Pb2+from aqueous solutions at optimum 

conditions94. Applying dried S. dentifolium 

algal biomass at optimum pH and 

temperature, can obtain the most excellent 

removal rate of 99.68% for chromium. On 

the other hand, S. muticum achieved 

maximum removal effectiveness of 84% at 

50°C, a metal concentration of 20 mg/L, and 

a sorbent concentration of 2 g/L95, 96. 

Sargassum sp. is considered a reliable heavy 

metal indicator. S. pallidum has a significant 

capacity for As accumulation97, S. muticum, S. 

polycystum, and Fucus spiralis were found to be 

the best options for removing zinc (Zn) and 

cadmium (Cd) in controlled environments98, 

99.  

The application of marine algal biochar as a 

biosorbent for eliminating heavy metal ions 

from water-based solutions is a recently 

emerging field of study that has seen 

significant advancement, particularly in 

recent years100. Therefore, recent research has 

comprehensively examined the efficacy of 

Turbinaria ornata-generated biochar (TOB) in 

eliminating arsenate ions from contaminated 

solutions. Brown kelp Costaria costata also 

showed the best biosorbent activity for Cd, 

Cu and Pb removal101,102. 

It has been discovered that U. lactuca is a 

useful biosorbent for removing cadmium, 

chromium, copper, and mercury from 

artificial solutions103-107. The optimum 

removal efficiency of lead and chromium by 

U. lactuca biomass was 81.71% and 92%, 

respectively, whereas, for mercury, it is 90-98 

%103, 106-108. 

 Although studies on red algae are not 

familiar, species such as Asparagopsis, 

Ceramium, Chondracanthus, Chondrus, Gelidium, 

Gracilaria, Hypnea, Jania and Osmundea are 

excellent biosorbents for removing As, Cd, 

Co, Cr, Hg, Pb, and Zn from solutions109-115 

(Table 1). 
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Table 1. Biosorption capacities of different macroalgae for heavy metals 

Metal Algal species Treatment Optimum 
pH 

Special conditions Temp. 
(C0) 

Time 
(Hour) 

Biomass 
Conc. 
(g) 

Efficiency (%) 
/ 
Max. sorption 
(mg g-1 / mmol 
g-1) 

Reference 

Al Laminaria japonica CaCl2 4.5 Ca-loaded biomass  30 1  75.27mg g-1 [116] 

 As (III) Chondracanthus chamissoi HNO3 7.5   6 2 95.76% 
 

[114] 

Cladophora sp. HNO3 7.5   6 2 95.76% 
 

[114] 

Gracilaria corticata  8  25 1.5 2 90.2% [110] 

 Sargassum wightii  6  25 1.5 2 90.2% [110] 

Turbinaria turbinata Hexane: 
methanol (1:1). 

 Agitation speed 600 
rpm 

 3 2 100 % [117] 

Ulva fasciata  6  25 1.5 2 84.6% [110] 

As(III) 
&As(V)  
 

S. muticum 
 

FeCl3 
 

7 Iron-coated 
 

20   4.2 mg g-1& 
7.3 mg g-1 

 

[93] 

As (V) Turbinaria ornata  4 Biochar   2 83.0% [101] 

Au(III) Fucus vesiculosus HAuCl4 7  23 8 1  74.05 mg g-1 [118] 

Cd(II) Ascophyllum nodosum   
 

   
 

 
 

87.7 mg g-1 

 
[109] 

Asparagopsis armata  6   2 0.5  32.3mg g-1 

 
[109] 

Ceramium virgatum  5.5  20 1 10 96% [119] 

Chondrus crispus       75.2mg g-1 [109] 

Codium vermilara       21.8 mg g-1 
 

[109] 

Costaria costata  4 Agitation speed 100 
rpm 

25 24 1.67 44.77 mg g-1 [100] 
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Fucus spiralis       114.9mg g-1 [109] 

F. spiralis  5  25 1 0.2 42.1mg g-1 [98] 

F. vesiculosus CaCl2 6.1 immobilized in 
alginate xerogels 

 8 1 0.579 mmol g-1 [120] 

L. japonica CaCl2 4.5 Ca-loaded biomass  30 1  136.1mg g-1 [116] 

Macrocystis pyrifera CaCl2 3 Agitation speed 160 
rpm 

20 2 0.1 0.87 mmol g-1 [121] 

S. muticum  5  25 1 0.2 38.4mg g-1 [98] 

S. polycystum,  4.65 Agitation speed 76 
rpm 

30 1 1.8 105.26 mg g-1 [99] 

U. fasciata  4  20 0.5 5 8.353 mg g-1 [122] 

U. intestinalis Calcium 
oxide (CaO) 

6 CaO-modified 
biosorbent 

25 2 0.25 85% / 571.21 mg 
g-1 

[88] 

U. lactuca  7  20 0.5 15 8.804 mg g-1 [122] 

U. lactuca  5  20 1  29.2 mg g-1 [104] 

Ce Gracilaria sp.  8.5 Living macroalgae 20 72 3 90% [123] 

Osmundea pinnatifida  8.5 Living macroalgae 20 72 3 85% [123] 

U. lactuca  8.5 Living macroalgae 20 72 3 75% [123] 

Co (II) Colpomenia sinuosa  7  25 1 1 62.5 mg g-1 [92] 

G. corticata  4.8  32 1 31.7 96.5% [124] 

Hypnea valentiae  6  30 2 2 10.98 mg g-1 [113] 

H. valentiae 10% 
formaldehyde 

6  30 2 2 16.66 mg g-1 [113] 

T. turbinata hexane: 
methanol (1:1). 

 Agitation speed 600 
rpm 

 3 2 83% [117] 

U. fasciata  6  25 1 1 40 mg g-1 [92] 

Cr(II) L. japonica CaCl2 4.5 Ca-loaded biomass  30 1 94.103mg g-1 [116] 

U. lactuca  4 Agitation speed 200 
rpm 

40 1 1 55.00% [107] 

Cr (III) Cystoseira barbata  5 Agitation speed 200 
rpm 

25 2 10 7.30 mg g-1 [125] 

Hydroclathrus clathratus  5 Agitation speed 200 
rpm 

25 2 10 7.19 mg g-1 [125] 

Cr(VI) Gelidium sp. ZnCl2 1-10  30 0.3 0.05 49.8 mg g-1 [115] 

S. dentifolium  7 contact time 
flocculation state 

50 12 15 99.68% [96] 



Purayil et al. (2026) 

(CFTs), shaking-static 
model (1–12 h) 

S. muticum  2  50 2 2 84% [95] 

U. lactuca  1 Dry & Activated 
carbon 

25 2 2 92% &10.61mg 
g-1 

[103] 

Cu(II) A. nodosum  4   2 0.5 58.8 mg g-1 [109] 

A. armata  5   2 0.5 21.3 mg g-1 [109] 

C. crispus  4   2 0.5 40.5 mg g-1 [109] 

C. vermilara  5   2 0.5 16.9 mg g-1 [109] 

C. costata  4 Agitation speed 100 
rpm 

25 24 1.67 45.094 mg g-1 [102] 

F. spiralis  4   2 0.5 70.9 mg g-1 [109] 

L. japonica CaCl2 4.5 Ca-loaded biomass  30 1 101.038 mg g-1 [116] 

Cladophora sp.  5  25 1  13.7 mg g-1 [126] 

C. fascicularis  5  25   1.61 mmol g-1 [127] 

C. crispata  4.5  25 0.5 1 57.5 mg g-1 [128] 

F. vesiculosus  5  23  2 105.48mg g-1 [129] 

Sargassum sp.  5.5  22 3 1 72.5 mg g-1 [130] 

F. vesiculosus CaCl2 5   2 0.25 85.15 mg g-1 [131] 

F. vesiculosus  5.5  25 5.6 0.08 1.85 mmol g-1 [132] 

T. turbinata hexane: 
methanol (1:1). 

 Agitation speed 600 
rpm 

 3 2 95% [117] 

Hg(II) F. spiralis  8.5 Living macroalgae 22 72  85% [108] 

F. vesiculosus  8.5 Living macroalgae 22 72  80% [108] 

Gracilaria sp.  8.5 Living macroalgae 22 72  90% [108] 

Osmundea pinnatifida  8.5 Living macroalgae 22 72  80% [108] 

U. intestinalis  8.5 Living macroalgae 22 72  95% [108] 

U. lactuca H 2 SO 4 7  25 2 0.1 149.25 mg g-1 [133] 

U. lactuca     72 0.5 98% [106] 

U. lactuca  8.5 Living macroalgae 22 72  90% [108] 

Mn Chaetomorpha sp. 
Cystoseira sp. 
Polysiphonia sp. 
Ulva sp. 

 6 Phyco-composite 
biosorbent 

 2 0.1 55.874 mg g-1 [134] 

Enteromorpha prolifera  2-7   10 1 98.17% [135] 

S. fusiforme  2-7   10 1 95.73% [135] 

Ni(II) A. nodosum  6   2 0.5 43.3 mg g-1 [109] 

A. armata  6   2 0.5 17.1 mg g-1 [109] 
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C. crispus  6   2 0.5 37.2 mg g-1 [109] 

C. vermilara  6   2 0.5 13.2 mg g-1 [109] 

Costaria costata  4 Agitation speed 100 
rpm 

25 24 1.67 42.082 mg g-1 [102] 

Cystoseria indica  6  40 2 1 50 mg g-1 [136] 

F. spiralis  6   2 0.5 50 mg g-1 [109] 

F. vesiculosus  5   2 0.25 46.95 mg g-1 [131] 

Nizmuddinia zanardini  6  40 2 1 55.55 mg g-1 [136] 

Padina australis  6  40 2 1 27 mg g-1 [136] 

S. glaucescens  6  40 2 1 55.55 mg g-1 [136] 

U. intestinalis Calcium 
oxide (CaO) 

6 CaO-modified 
biosorbent 

25 2 0.25 90% / 665.51 
mgg-1 

[88] 

Pb(II) A. nodosum  3   2  178.6mg g-1 [109] 

A. armata  4   2 0.5 63.7 mg g-1 [109] 

Bifurcaria bifurcata  5  25 1 0.2 50 mg g-1 [98] 

C. crispus  4   2  204.1 mg g-1 [109] 

C. fascicularis  5  25   0.96 mmol g-1 [127] 

C. vermilara  5   2 0.5 63.3 mg g-1 [109] 

C. costata  4 Agitation speed 100 
rpm 

25 24 1.67 160.99 mg g-1 [102] 

Cystoseira barbata  5 Agitation speed 200 
rpm 

25 2 10 4.61 mg g-1 [125] 

F. spiralis  3   2  204.1 mg g-1 [109] 

F. vesiculosus  5  23 2  211.34 mg g-1 [129] 

 F. vesiculosus CaCl2 5   2 0.5 259 mg g-1 [131] 

Gelidium amansii  4.5  45 1 1 99.69% [111] 

G. amansii CaCl2  Immobilized biomass 
in sodium alginate 
beads 

 3  100% [111] 

Hydroclathrus clathratus  5 Agitation speed 200 
rpm 

25 2 10 4.97 mg g-1 [125] 

Jania rubens  5 Agitation speed 120 
rpm 

25 1 20 91% [112] 

Laminaria hyperborea  5  25 1 0.2 52.7 mg g-1 [98] 

L. japonica  5.3  25 2  250.71 mg g-1 [137] 

L. japonica CaCl2 4.5 Ca-loaded biomass  30 1 348.09 mg g-1 [116] 

L.  japonica C3H5ClO2 5.3  25 2  335.66 mg g-1 [137] 

L.  japonica C3H5ClO 5.3  25 2  346.02 mg g-1 [137] 
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L. japonica KMnO4 5.3  25 2  319.08 mg g-1 [137] 

 Sargassum sp. ZnCl2 5 Sargassum sp. activated 
carbon (SAC) 

40 1 0.1 91.07% / 30.144 
mg g-1 

[94] 

Ulva intestinalis Calcium 
oxide (CaO) 

6 CaO-modified 
biosorbent 

25 2 0.25 95% / 577.9 
mgg-1 

[88] 

U. lactuca  5  20  1 34.7 mg g-1 [104] 

U. lactuca Ca(NO3)2.6H2O 5.5   24 0.1 54.30 mg g-1 [105] 

U. lactuca  4 Agitation speed 200 
rpm 

40 1 1 81.71% [107] 

Se(IV) Cladophora hutchinsiae  5  20 1 8 74.9 mg g-1 [138] 

Zn(II) A. nodosum  6    0.5 42 mg g-1 [109] 

A. armata  6   2 0.5 21.6 mg g-1 [109] 

Caulerpa scalpelliformis  5.7 Agitation 
speed 150 rpm 

40  1.5 83.3 mg g-1 [139] 

C. crispus  6   2 0.5 45.7 mg g-1 [109] 

Cladophora crispata  5 Batch-stirred reactors, 
150 rev 
Min-1 

25 2 1 31.06 mg g-1 [140] 

 C. vermilara  6   2 0.5 23.8 mg g-1 [109] 

F. spiralis  6   2 0.5 53.2 mg g-1 [109] 

F. spiralis  5  25 1 0.2 34.3 mg g-1 [98] 

Gracillaria sp.  5.5 Agitation speed 200 
rpm 

22 6 1 0.4 mmol g-1 [141] 

L. japonica CaCl2 4.5 Ca-loaded biomass  30 1 56.88 mg g-1 [116] 

Macrocystis pyrifera CaCl2 4 Agitation speed160 
rpm 

20 2 0.1 0.67 mmol g-1 [121] 

Padina sp.  5.5 Agitation speed 200 
rpm 

22 6 1 0.81 mmol g-1 [141] 

S. muticum  5  25 1 0.2 34.1 mg g-1 [98] 

S. polycystum  5.7 Agitation speed 125 
rpm 

30 1 1.2 116.2 mg g-1 [99] 

Sargassum sp.  5.5 Agitation speed 200 
rpm 

22 6 1 0.50 mmol g-1 [141] 

T. turbinata hexane: 
methanol (1:1). 

 Agitation speed600 
rpm 

 3 2 90.15% [117] 

Ulva sp.  5.5 Agitation speed 200 
rpm 

22 6 1 0.54 mmol g-1 [141] 
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4. Recommendations 

Based on our present research, we recommend 

the potential research areas to address the current 

gap in macro-algal studies specially in concerning 

heavy metal contamination in various marine 

habitats. 

➢ Studies are needed in areas of the 

bioaccumulation of heavy metals, such as 

Al, Bi, Co, Hg, Ni, Mn, Mo, Se, etc., in 

different macroalgae of coastal lines 

worldwide. 

➢ While some progress has been made in 

bioremediation studies for certain heavy 

metals, there is a pressing need for 

exclusive research on less studied metals 

such as Al, Bi, Hg, Ni, Mo, and Se. These 

studies could uncover new 

bioremediation strategies and solutions. 

➢ Impact of heavy metals on macroalgae 

are studied only for certain elements like 

Cd, Cu, Pb, Se whereas most metals are 

excluded from experiments. 

➢ The mechanisms of metal uptake and 

their accumulation site are yet to be 

discovered in macroalgae-like lower 

forms. 

➢ The bioremediation potential of marine 

macroalgae needs to be studied to create 

cheaper, eco-friendly biosorbents for 

wastewater and polluted water treatment. 

General Conclusion 

Marine macrophytes are considered potential 

species for measuring maritime metal levels and 

heavy metal pollution in coastal locations across 

the globe due to their capacity to store metals in 

their tissues. Our research underscores the 

unique role of Phaeophyceae as the most 

significant marine macrophyte metal 

accumulators. They have the exceptional ability 

to store substantial amounts of heavy metals 

(such as Cd, Cu, Cr, Mn, Pb and Zn) in their 

tissues. In contrast, Rhodophyceae and 

Chlorophyceae show less proficiency in this 

aspect, particularly for As, Cd, Co, Cr, Hg, Ni and 

Pb. Metal-induced toxicity studies and 

physiological adaptation studies are ongoing in 

many areas of the world. However, 

phycoremediation studies have gained 

momentum in recent years. The comprehensive 

records of metal concentrations in marine 

macroalgae discussed in this work could be useful 

for future coastal pollution monitoring programs 

and serve as a foundation for research on the 

bioremediation of marine coastal environments 

to safeguard and regenerate them. 

Acknowledgement  

The authors acknowledge St. Joseph’s College 

(Autonomous), Devagiri, the University of 

Calicut and the University Grants Commission 

for their support in conducting the research. 

Author contributions 

Navya Chettiam Purayil: Conceptualization; 

visualization & writing the original draft. Binu 

Thomas: Supervision, reviewing & editing. 

Renjis T. Tom: Supervision & reviewing.  

Conflict of Interest 

The authors of this paper declare that they have 

no known conflicting financial interests or 

personal ties that would have appeared to impact 

the research they reported in this paper. 

Funding 

Financial support is received from University 

Grants Commission, New Delhi, through Junior 

Research Fellowship. 

Data Availability 

Data will be made available on request. 

Ethical Approval 

Ethical approval was not required for this study. 

References  

1. Oursel B, Garnier C, Pairaud I, Omanović D, 

Durrieu G, Syakti AD, Le Poupon C, Thouvenin 

B, Lucas Y.  Behaviour and fate of urban particles 

in coastal waters: Settling rate, size distribution 

and metals contamination characterization. 

Estuar Coast Shelf Sci. 2014;138: 14–26. 

https://doi.org/10.1016/J.ECSS.2013.12.002 

2. Jain CK. Metal fractionation study on bed 

sediments of River Yamuna, India. Water Res. 

2004; 38(3): 569-578. 

https://doi.org/10.1016/j.watres.2003.10.042 

3. De-Bashan LE, Bashan Y. Immobilized 

microalgae for removing pollutants: review of 

practical aspects. Bioresour Technol. 2010;101(6): 

1611-1627. 

https://doi.org/10.1016/j.biortech.2009.09.043 

https://doi.org/10.1016/J.ECSS.2013.12.002
https://doi.org/10.1016/j.watres.2003.10.042
https://doi.org/10.1016/j.biortech.2009.09.043


Purayil et al. (2026) 

4. Chary NS, Kamala CT, Raj DSS.  Assessing risk 

of heavy metals from consuming food grown on 

sewage irrigated soils and food chain transfer. 

Ecotoxicol Environ Saf. 2008; 69(3): 513-524. 

https://doi.org/10.1016/j.ecoenv.2007.04.013 

5. Conti ME, Lacobucci M. Marine organisms as 

biomonitors. In: Biological Monitoring: Theory & 

Applications, WIT Transactions on State of the 

Art in Science and Engineering, WIT Press. 2008; 

ISSN: 1746-9581. Vol. 30, pp. 81–110. 

6. Rainbow PS. Trace metal bioaccumulation: 

models, metabolic availability and toxicity. 

Environ In. 2007; 33(4): 576-582. 

https://doi.org/10.1016/j.envint.2006.05.007 

7. West J, Calumpong HP, Martin G. 2016. 

www.fao.org/fishery/statistics/software/fishstat

j/en. 

8. Silva A, Silva SA, Carpena M, Garcia-Oliveira P, 

Gullón P, Fátima Barroso M, Prieto MA, Simal-

Gandara J. Macroalgae as a Source of Valuable 

Antimicrobial Compounds: Extraction and 

Applications. Antibiotics. 2020; 9(642): 1–41. 

https://doi.org/10.3390/antibiotics9100642. 

9. Tiwari BK, Troy DJ. Seaweed sustainability – 

food and non-food applications. In: Tiwari BK, 

Troy DJ (eds) Seaweed Sustainability, Academic 

Press, 2015; pp 1–6. 

https://doi.org/10.1016/B978-0-12-418697-

2.00001-5 

10. Cai J, Lovatelli A, Aguilar-Manjarrez J et al. 

Seaweeds and microalgae: an overview for 

unlocking their potential in global aquaculture 

development. FAO Fisheries and Aquaculture 

Circular No. 1229. 2021; Rome, FAO. 

https://doi.org/10.4060/cb5670en 

11. Alquezar R, Glendenning L, Costanzo S. The use 

of the brown macroalgae, Sargassum flavicans, as a 

potential bioindicator of industrial nutrient 

enrichment. Mar Pollut Bull. 2013; 77(1-2): 140-

146. 

https://doi.org/10.1016/j.marpolbul.2013.10.01

3 

12. García-Seoane R, Aboal JR, Boquete MT, 

Fernández JA. Biomonitoring coastal 

environments with transplanted macroalgae: A 

methodological review. Mar Pollut Bull. 2018; 135: 

988-999. 

https://doi.org/10.1016/j.marpolbul.2018.08.02

7 

13. García-Seoane R, Fernández JA, Villares R, Aboal 

JR. Use of macroalgae to biomonitor pollutants in 

coastal waters: Optimization of the methodology. 

Ecol Indic. 2018; 84: 710-726. 

https://doi.org/10.1016/j.ecolind.2017.09.015 

14. Contreras-Porcia L, Meynard A, López-

Cristoffanini C, Latorre N, Kumar M. Marine 

metal pollution and effects on seaweed species. 

Syst Biol Mar Ecosyst. 2017; 35-48. 

https://doi.org/10.1007/978-3-319-62094-7_3 

15. Diop M, Howsam M, Diop C, Goossens JF, 

Diouf A, Amara R. Assessment of trace element 

contamination and bioaccumulation in algae (Ulva 

lactuca), mussels (Perna perna), shrimp (Penaeus 

kerathurus), and fish (Mugil cephalus, Saratherondon 

melanotheron) along the Senegalese coast. Mar Pollut 

Bull. 2016; 103(1-2): 339-343. 

https://doi.org/10.1016/j.marpolbul.2015.12.03

8 

16. Boubonari T, Malea P, Kevrekidis T. The green 

seaweed Ulva rigida as a bioindicator of metals 

(Zn, Cu, Pb and Cd) in a low-salinity coastal 

environment. Bot Mar. 2008; 51: 472–484. 

https://doi.org/10.1515/BOT.2008.059 

17. Govers LL, Lamers LP, Bouma TJ et al. 

Seagrasses as indicators for coastal trace metal 

pollution: a global meta-analysis serving as a 

benchmark, and a Caribbean case study. Environ 

Pollut. 2014; 195: 210-217. 

https://doi.org/10.1016/j.envpol.2014.08.028 

18. Chan SM, Wang WX, Ni IH. The uptake of Cd, 

Cr, and Zn by the macroalga Enteromorpha 

crinita and subsequent transfer to the marine 

herbivorous rabbitfish, Siganus canaliculatus. Arch 

Environ Contamin Toxicol. 2003; 44: 0298-0306. 

https://doi.org/10.1007/s00244-002-2077-3 

19. Sánchez-Quiles D, Marbà N, Tovar-Sánchez A. 

Trace metal accumulation in marine macrophytes: 

Hotspots of coastal contamination worldwide. Sci 

Tot Environ. 2017; 576: 520–527. 

https://doi.org/10.1016/J.SCITOTENV.2016.1

0.144 

20. Hashim MA, Chu KH. Biosorption of cadmium 

by brown, green, and red seaweeds. Chem Eng J. 

2004; 97(2-3): 249-255. 

https://doi.org/10.1016/S1385-8947(03)00216-

X 

21. García-Ríos V, Freile-Pelegrín Y, Robledo D, 

Mendoza-Cózatl D, Moreno-Sánchez R, Gold-

Bouchot G. Cell wall composition affects Cd2+ 

accumulation and intracellular thiol peptides in 

marine red algae. Aquat Toxicol. 2007; 81(1):65-72. 

https://doi.org/10.1016/j.aquatox.2006.11.001 

22. Stengel DB, Macken A, Morrison L, Morley N. 

Zinc concentrations in marine macroalgae and a 

lichen from western Ireland in relation to 

phylogenetic grouping, habitat and morphology. 

Mar Pollut Bull. 2004; 48(9-10):902-909. 

https://doi.org/10.1016/j.marpolbul.2003.11.01

4 

23. Luoma SN, Bryan GW, Langston WJ. Scavenging 

of heavy metals from particulates by brown 

https://doi.org/10.1016/j.ecoenv.2007.04.013
https://doi.org/10.1016/j.envint.2006.05.007
http://www.fao.org/fishery/statistics/software/fishstatj/en
http://www.fao.org/fishery/statistics/software/fishstatj/en
https://doi.org/10.3390/antibiotics9100642
https://doi.org/10.1016/B978-0-12-418697-2.00001-5
https://doi.org/10.1016/B978-0-12-418697-2.00001-5
https://doi.org/10.4060/cb5670en
https://doi.org/10.1016/j.marpolbul.2013.10.013
https://doi.org/10.1016/j.marpolbul.2013.10.013
https://doi.org/10.1016/j.marpolbul.2018.08.027
https://doi.org/10.1016/j.marpolbul.2018.08.027
https://doi.org/10.1016/j.ecolind.2017.09.015
https://doi.org/10.1007/978-3-319-62094-7_3
https://doi.org/10.1016/j.marpolbul.2015.12.038
https://doi.org/10.1016/j.marpolbul.2015.12.038
https://doi.org/10.1515/BOT.2008.059
https://doi.org/10.1016/j.envpol.2014.08.028
https://doi.org/10.1007/s00244-002-2077-3
https://doi.org/10.1016/J.SCITOTENV.2016.10.144
https://doi.org/10.1016/J.SCITOTENV.2016.10.144
https://doi.org/10.1016/S1385-8947(03)00216-X
https://doi.org/10.1016/S1385-8947(03)00216-X
https://doi.org/10.1016/j.aquatox.2006.11.001
https://doi.org/10.1016/j.marpolbul.2003.11.014
https://doi.org/10.1016/j.marpolbul.2003.11.014


 

 
 

845 
Interaction of Heavy Metals with Marine Macroalgae and Their Implications for Bioremediation: A Comprehensive Review 

seaweed. Mar Pollut Bull. 1982; 13(11): 394-396. 

https://doi.org/10.1016/0025-326X(82)90116-3 

24. Villares R, Puente X, Carballeira A. Ulva and 

Enteromorpha as indicators of heavy metal 

pollution. Hydrobiologia. 2001; 462: 221–232. 

https://doi.org/10.1023/A:1013154821531 

25. Villares R, Carral E, Puente X, Carballeira A. 

Metal levels in estuarine macrophytes: differences 

among species. Estuaries. 2005; 28:948-956. 

https://doi.org/10.1007/BF02696022 

26. Purayil NC, Thomas B, Tom RT. Microplastics–

A major contaminant in marine macro algal 

population. Mar Environ Res. 2024; 193:106281. 

https://doi.org/10.1016/j.marenvres.2023.1062

81 

27. Zhou W, Zheng H, Wu Y, Lin J et al. 

Microplastic-Enhanced Cadmium Toxicity: A 

Growing Threat to the Sea Grape, Caulerpa 

lentillifera. Antioxidants. 2024; 13(10): 1268. 

https://doi.org/10.3390/antiox13101268 

28. Vázquez-Arias A, Pacín C, Ares Á, Fernández JÁ, 

Aboal JR. Do we know the cellular location of 

heavy metals in seaweed? An up-to-date review of 

the techniques. Sci Tot Environ. 2023; 856: 159215. 

https://doi.org/10.1016/J.SCITOTENV.2022.1

59215 

29. Blaby-Haas CE, Merchant SS. The ins and outs of 

algal metal transport. Biochim Biophys Acta Mol Cell 

Res. 2012; 1823(9): 1531-1552. 

https://doi.org/10.1016/j.bbamcr.2012.04.010 

30. Clemens S. Toxic metal accumulation, responses 

to exposure and mechanisms of tolerance in 

plants. Biochim. 2006; 88(11): 1707-1719. 

https://doi.org/10.1016/j.biochi.2006.07.003 

31. Lignell Å, Roomans GM, Pedersén M. 

Localization of absorbed cadmium in Fucus 

vesiculosus L. by X-ray microanalysis. Z. 

Pflanzenphysiol. 1982; 105(2):103-109. 

https://doi.org/10.1016/S0044-328X(82)80002-

0 

32. Smith KL, Hann AC, Harwood JL. The 

subcellular localisation of absorbed copper in 

Fucus. Physiol Plant. 1986; 66(4): 692-698. 

https://doi.org/10.1111/j.1399-

3054.1986.tb05601.x 

33. Salgado LT, Andrade LR, Filho GMA. 

Localization of specific monosaccharides in cells 

of the brown alga Padina gymnospora and the 

relation to heavy-metal accumulation. Protoplasma. 

2005; 225: 123-128. 

https://doi.org/10.1007/s00709-004-0066-2 

34. Espinoza D, González A, Pizarro J et al. Ulva 

compressa from copper-polluted sites exhibits 

intracellular copper accumulation, increased 

expression of metallothioneins and copper-

containing nanoparticles in chloroplasts. Int J Mol 

Sci. 2021; 22(19):10531. 

https://doi.org/10.3390/ijms221910531 

35. Pinto E, Sigaud‐kutner TC, Leitao MA, Okamoto 

OK, Morse D, Colepicolo P. Heavy metal–

induced oxidative stress in algae. J Phycol. 2003; 

39(6):1008-1018. 

https://doi.org/10.1111/j.0022-3646.2003.02-

193.x 

36. Moenne A, González A, Sáez C A. Mechanisms 

of metal tolerance in marine macroalgae, with 

emphasis on copper tolerance in Chlorophyta and 

Rhodophyta. Aquat Toxicol. 2016; 176: 30-37. 

https://doi.org/10.1016/j.aquatox.2016.04.015 

37. Andrade LR, Farina M, Amado Filho GM. 

Effects of copper on Enteromorpha flexuosa 

(Chlorophyta) in vitro. Ecotoxicol Environ Saf. 

2004; 58(1): 117-125. 

https://doi.org/10.1016/S0147-6513(03)00106-

4 

38. Kováčik J, Babula P, Klejdus B, Hedbavny J, 

Jarošová M. Unexpected behaviour of some nitric 

oxide modulators under cadmium excess in plant 

tissue. PLoS ONE. 2014; 9(3): e91685. 

https://doi.org/10.1371/journal.pone.0091685 

39. Kováčik J, Babula P, Hedbavny J, Kryštofova O, 

Provaznik I. Physiology and methodology of 

chromium toxicity using alga Scenedesmus 

quadricauda as model object. Chemosphere. 2015; 

120: 23-30. 

https://doi.org/10.1016/j.chemosphere.2014.05

.074 

40. Kováčik J, Klejdus B, Babula P, Hedbavny J. 

Nitric oxide donor modulates cadmium-induced 

physiological and metabolic changes in the green 

alga Coccomyxa subellipsoidea. Algal Res. 2015; 8: 45-

52. https://doi.org/10.1016/j.algal.2015.01.004 

41. Kováčik J, Babula P, Hedbavny J. Comparison of 

vascular and non-vascular aquatic plant as 

indicators of cadmium toxicity. Chemosphere. 2017; 

180:86-92. 

https://doi.org/10.1016/j.chemosphere.2017.04

.002 

42. Kumar M, Kumari P, Gupta V, Anisha PA, Reddy 

CRK, Jha B. Differential responses to cadmium 

induced oxidative stress in marine macroalga Ulva 

lactuca (Ulvales, Chlorophyta). Biomet. 2010; 2: 

315-325. https://doi.org/10.1007/s10534-010-

9290-8 

43. Jiang HP, Gao BB, Li, WH, Zhu M, Zheng CF, 

Zheng QS, Wang CH. Physiological and 

biochemical responses of Ulva prolifera and Ulva 

linza to cadmium stress.  Scient World J. 2013; 

2013(1): 289537. 

https://doi.org/10.1155/2013/289537 

44. Baumann HA, Morrison L, Stengel DB. Metal 

accumulation and toxicity measured by PAM—

https://doi.org/10.1016/0025-326X(82)90116-3
https://doi.org/10.1023/A:1013154821531
https://doi.org/10.1007/BF02696022
https://doi.org/10.1016/j.marenvres.2023.106281
https://doi.org/10.1016/j.marenvres.2023.106281
https://doi.org/10.3390/antiox13101268
https://doi.org/10.1016/J.SCITOTENV.2022.159215
https://doi.org/10.1016/J.SCITOTENV.2022.159215
https://doi.org/10.1016/j.bbamcr.2012.04.010
https://doi.org/10.1016/j.biochi.2006.07.003
https://doi.org/10.1016/S0044-328X(82)80002-0
https://doi.org/10.1016/S0044-328X(82)80002-0
https://doi.org/10.1111/j.1399-3054.1986.tb05601.x
https://doi.org/10.1111/j.1399-3054.1986.tb05601.x
https://doi.org/10.1007/s00709-004-0066-2
https://doi.org/10.3390/ijms221910531
https://doi.org/10.1111/j.0022-3646.2003.02-193.x
https://doi.org/10.1111/j.0022-3646.2003.02-193.x
https://doi.org/10.1016/j.aquatox.2016.04.015
https://doi.org/10.1016/S0147-6513(03)00106-4
https://doi.org/10.1016/S0147-6513(03)00106-4
https://doi.org/10.1371/journal.pone.0091685
https://doi.org/10.1016/j.chemosphere.2014.05.074
https://doi.org/10.1016/j.chemosphere.2014.05.074
https://doi.org/10.1016/j.algal.2015.01.004
https://doi.org/10.1016/j.chemosphere.2017.04.002
https://doi.org/10.1016/j.chemosphere.2017.04.002
https://doi.org/10.1007/s10534-010-9290-8
https://doi.org/10.1007/s10534-010-9290-8
https://doi.org/10.1155/2013/289537


Purayil et al. (2026) 

chlorophyll fluorescence in seven species of 

marine macroalgae. Ecotoxicol Environ Saf. 2009 ; 

72(4): 1063-1075. 

https://doi.org/10.1016/j.ecoenv.2008.10.010 

45. Pinto E, Carvalho AP, Morais Cardozo KH, 

Malcata FX, dos Anjos FM, Colepicolo P. Effects 

of heavy metals and light levels on the 

biosynthesis of carotenoids and fatty acids in the 

macroalgae Gracilaria tenuistipitata (var. liui Zhang 

& Xia). Braz J Pharmacog. 2011; 21: 349-354. 

https://doi.org/10.1590/S0102-

695X2011005000060 

46. Jarvis TA, Bielmyer-Fraser GK. Accumulation 

and effects of metal mixtures in two seaweed 

species. Comp Biochem Physiol Part C: Toxicol 

Pharmacol. 2015; 171:28-33. 

https://doi.org/10.1016/j.cbpc.2015.03.005 

47. Wang Q, Zuo Y, Chen, T, Zheng W, Yang Y. 

Effects of selenium on antioxidant enzymes and 

photosynthesis in the edible seaweed Gracilaria 

lemaneiformis. J Appl Phycol. 2019; 31: 1303-1310. 

https://doi.org/10.1007/s10811-018-1647-3 

48. Santos R, Schmidt É, Martins R, Latini A, 

Maraschin M, Horta P, Bouzon Z. Effects of 

cadmium on growth, photosynthetic pigments, 

photosynthetic performance, biochemical 

parameters and structure of chloroplasts in the 

agarophyte Gracilaria domingensis (Rhodophyta, 

Gracilariales). Amer J Plant Sci. 2012; 3:1077-1084. 

http://dx.doi.org/10.4236/ajps.2012.38129 

49. Ma J, Wang W, Liu X et al. Zinc toxicity alters the 

photosynthetic response of red alga Pyropia 

yezoensis to ocean acidification. Environ Sci Pollut 

Res. 2020; 27(3):3202-3212. 

https://doi.org/10.1007/s11356-019-06872-7 

50. Pratap HB, Mamboya FA, Mtolera MSP, Björk 

M. The effect of copper on the daily growth rate 

and photosynthetic efficiency of the brown 

macroalga Padina boergesenii. Proc Conf Adv Mar Sci 

Tanz. 1999; 185-192. 

http://hdl.handle.net/1834/787 

51. Ma J, Xie Y, Ge W et al. Effect of heavy metal 

copper on the physiological characteristics of Ulva 

lactuca at different temperatures. Sci Rep. 2025; 15; 

9795. https://doi.org/10.1038/s41598-025-

94444-w 

52. Santillán-Sarmiento A, Celis-Plá PS, Moody AJ, 

Saez CA, Brown MT. Copper and temperature 

interactions induce differential physiological and 

metal exclusion responses in the model brown 

macroalga Ectocarpus. Plants. 2025; 14(12);1834. 

https://doi.org/10.3390/plants14121834 

53. Connan S, Stengel DB. Impacts of ambient 

salinity and copper on brown algae: 1. Interactive 

effects on photosynthesis, growth, and copper 

accumulation. Aquat Toxicol. 2011; 104(1-2): 94-

107. 

https://doi.org/10.1016/j.aquatox.2011.03.015 

54. Babu MY, Palanikumar L, Nagarani N, Devi VJ, 

Kumar SR, Ramakritinan CM, Kumaraguru AK. 

Cadmium and copper toxicity in three marine 

macroalgae: evaluation of the biochemical 

responses and DNA damage. Environ Sci Pollut 

Res. 2014; 21: 9604-9616. 

https://doi.org/10.1007/s11356-014-2999-0 

55. Costa GB, de Felix MR, Simioni C et al. Effects 

of copper and lead exposure on the 

ecophysiology of the brown seaweed Sargassum 

cymosum. Protoplasma. 2016; 253: 111-125. 

https://doi.org/10.1007/s00709-015-0795-4 

56. Kearns J, Turner A. An evaluation of the toxicity 

and bioaccumulation of bismuth in the coastal 

environment using three species of macroalga. 

Environ Pollut. 2016; 208:435-441. 

http://dx.doi.org/10.1016/j.envpol.2015.10.011 

57. Henriques B, Lopes CB, Figueira P et al. 

Bioaccumulation of Hg, Cd and Pb by Fucus 

vesiculosus in single and multi-metal 

contamination scenarios and its effect on growth 

rate. Chemosphere. 2017; 171:208-222. 

https://doi.org/10.1016/j.chemosphere.2016.12

.086 

58. Diannelidis BE, Delivopoulos SG. The effects of 

zinc, copper and cadmium on the fine structure 

of Ceramium ciliatum (Rhodophyceae, Ceramiales). 

Mar Environ Res. 1997; 44(2):127-134. 

https://doi.org/10.1016/S0141-1136(96)00106-

7 

59. Küpper H, Küpper F, Spiller M. Environmental 

relevance of heavy metal-substituted chlorophylls 

using the example of water plants. J Exp Bot. 1996; 

47(2):259-266. 

https://doi.org/10.1093/jxb/47.2.259 

60. Küpper H, Küpper F, Spiller M. In situ detection 

of heavy metal substituted chlorophylls in water 

plants. Photosynth Res. 1998; 58:123-133. 

https://doi.org/10.1023/A:1006132608181 

61. Andrade S, Contreras L, Moffett JW, Correa, JA. 

Kinetics of copper accumulation in Lessonia 

nigrescens (Phaeophyceae) under conditions of 

environmental oxidative stress. Aquat Toxicol. 

2006; 78(4): 398-401. 

https://doi.org/10.1016/j.aquatox.2006.04.006 

62. Amado Filho GM, Karez CS, Andrade LR, 

Yoneshigue-Valentin Y, Pfeiffer WC. Effects on 

growth and accumulation of zinc in six seaweed 

species. Ecotoxicol Environ Saf. 1997; 37(3): 223-

228. https://doi.org/10.1006/eesa.1997.1541 

63. Cook CM, Kostidou A, Vardaka E, Lanaras T. 

Effects of copper on the growth, photosynthesis 

and nutrient concentrations of Phaseolus plants. 

https://doi.org/10.1016/j.ecoenv.2008.10.010
https://doi.org/10.1590/S0102-695X2011005000060
https://doi.org/10.1590/S0102-695X2011005000060
https://doi.org/10.1016/j.cbpc.2015.03.005
https://doi.org/10.1007/s10811-018-1647-3
http://dx.doi.org/10.4236/ajps.2012.38129
https://doi.org/10.1007/s11356-019-06872-7
http://hdl.handle.net/1834/787
https://doi.org/10.1038/s41598-025-94444-w
https://doi.org/10.1038/s41598-025-94444-w
https://doi.org/10.3390/plants14121834
https://doi.org/10.1016/j.aquatox.2011.03.015
https://doi.org/10.1007/s11356-014-2999-0
https://doi.org/10.1007/s00709-015-0795-4
http://dx.doi.org/10.1016/j.envpol.2015.10.011
https://doi.org/10.1016/j.chemosphere.2016.12.086
https://doi.org/10.1016/j.chemosphere.2016.12.086
https://doi.org/10.1016/S0141-1136(96)00106-7
https://doi.org/10.1016/S0141-1136(96)00106-7
https://doi.org/10.1093/jxb/47.2.259
https://doi.org/10.1023/A:1006132608181
https://doi.org/10.1016/j.aquatox.2006.04.006
https://doi.org/10.1006/eesa.1997.1541


 

 
 

847 
Interaction of Heavy Metals with Marine Macroalgae and Their Implications for Bioremediation: A Comprehensive Review 

Photosynthetica. 1998; 34: 179-193. 

https://doi.org/10.1023/A:1006832321946 

64. Sáez CA, Roncarati F, Moenne A, Moody AJ, 

Brown MT. Copper-induced intra-specific 

oxidative damage and antioxidant responses in 

strains of the brown alga Ectocarpus siliculosus with 

different pollution histories. Aquat Toxicol. 2015; 

159:81-89. 

https://doi.org/10.1016/j.aquatox.2014.11.019 

65. Reed RH, Moffat L. Copper toxicity and copper 

tolerance in Enteromorpha compressa (L.) Grev. J 

Exp Mar Biol Ecol. 1983; 69(1): 85-103. 

https://doi.org/10.1016/0022-0981(83)90173-9 

66. Cao DJ, Xie PP, Deng JW et al. Effects of Cu 2+ 

and Zn 2+ on growth and physiological 

characteristics of green algae, Cladophora. Environ 

Sci Pollut Res. 2015; 22: 16535-16541. 

https://doi.org/10.1007/s11356-015-4847-2 

67. Cai XH, Traina SJ, Logan TJ, Gustafson T, Sayre 

RT. Applications of eukaryotic algae for the 

removal of heavy metals from water. Mol Mar Biol 

Biotech. 1995; 4: 338. 

68. Olguín EJ.  Phyco-remediation: Key issues for 

cost-effective nutrient removal processes. Biotech 

Advan. 2003; 22(1–2): 81–91. 

https://doi.org/10.1016/s0734-9750(03)00130-

7 

69. Mishra D, Patra S, Kumar SD, Kumar M, Sathish 

R, Dhal NK. A mini-review on heavy metals 

accumulation in seaweed of India: prospects for 

phyco-remediation. Environ Monit Assess. 2025; 

197(6):692. https://doi.org/10.1007/s10661-

025-14142-y 

70. Sun J, Cheng J, Yang Z, Zhou J. Heavy metal 

control in microalgae cultivation with power plant 

flue gas entering into raceway pond. Environ Sci 

Pollut Res. 2020; 27(30): 37357-37362. 

https://doi.org/10.1007/s11356-020-08220-6 

71. Chen, Z, Osman AI, Rooney DW, Oh W, Yap P. 

Remediation of heavy metals in polluted water by 

immobilized algae: Current applications and 

future perspectives. Sustainability. 2023;15(6): 

5128. https://doi.org/10.3390/su150 65128 

72. Bhuyan MS, Kunda M, Bakar MA, Senapathi V, 

Husain SA, Chowdhury E, Ali MM, Pandit D. 

Heavy metal and mineral analysis of cultivated 

seaweeds from Cox’s Bazar Coast, Bay of Bengal, 

Bangladesh: A human health risk implication. 

Discov Oceans. 2024; 1: 11. 

https://doi.org/10.1007/s44289-024-00012-x 

73. Gosavi K, Sammut J, Gifford S, Jankowski J. 

Macroalgal biomonitors of trace metal 

contamination in acid sulfate soil aquaculture 

ponds. Sci Tot Environ. 2004; 324(1-3):25-39. 

https://doi.org/10.1016/j.scitotenv.2003.11.002 

74. Akcali I, Kucuksezgin F. A biomonitoring study: 

Heavy metals in macroalgae from eastern Aegean 

coastal areas. Mar Pollut Bull. 2011; 62(3): 637-645. 

https://doi.org/10.1016/j.marpolbul.2010.12.02

1 

75. Al-Homaidan AA, Al-Ghanayem AA, Alkhalifa 

AH. Green algae as bioindicators of heavy metal 

pollution in Wadi Hanifah Stream, Riyadh, Saudi 

Arabia. Int J Water Resour Arid Environ. 2011; 1(1): 

10-15. 

76. Dadolahi-Sohrab A, Nikvarz A, Nabavi SMB, 

Safahyeh A, Ketal-Mohseni M. Environmental 

monitoring of heavy metals in seaweed and 

associated sediment from the Strait of Hormuz, 

IR Iran. World J Fish Mar Sci. 2011; 3(6): 576-589.  

77. Alkhalifa AH, Al-Homaidan AA, Shehata AI, Al-

Khamis HH, Al-Ghanayem AA, Ibrahim AS. 

Brown macroalgae as bio-indicators for heavy 

metals pollution of Al-Jubail coastal area of Saudi 

Arabia. Afr J Biotechnol. 2012; 11(92): 15888-

15895. https://doi.org/10.5897/AJB12.2509 

78. Chakraborty S, Bhattacharya T, Singh G, Maity 

JP. Benthic macroalgae as biological indicators of 

heavy metal pollution in the marine 

environments: A biomonitoring approach for 

pollution assessment. Ecotoxicol Environ Saf. 2014; 

100: 61-68. 

https://doi.org/10.1016/j.ecoenv.2013.12.003 

79. Billah MM, Mustafa Kamal AH, Idris MH, Ismail 

J. Mangrove macroalgae as biomonitors of heavy 

metal contamination in a tropical estuary, 

Malaysia. Water Air Soil Pollu. 2017; 228(9):347. 

https://doi.org/10.1007/s11270-017-3500-8 

80. Haghshenas V, Kafaei R, Tahmasebi R et al. 

Potential of green/brown algae for monitoring of 

metal (loid) s pollution in the coastal seawater and 

sediments of the Persian Gulf: ecological and 

health risk assessment. Environ Sci Pollut Res. 2020; 

27(7):7463-7475. 

https://doi.org/10.1007/s11356-019-07481-0 

81. Rakib MRJ, Jolly YN, Dioses-Salinas DC et al. 

Macroalgae in biomonitoring of metal pollution 

in the Bay of Bengal coastal waters of Cox’s Bazar 

and surrounding areas. Sci Rep. 2021; 11(1): 20999. 

https://doi.org/10.1038/s41598-021-99750-7 

82. Jeong H, Ra K. Seagrass and green macroalgae 

Halimeda as biomonitoring tools for metal 

contamination in Chuuk, Micronesia: Pollution 

assessment and bioaccumulation. Mar Pollut Bull. 

2022; 178:113625. 

https://doi.org/10.1016/j.marpolbul.2022.1136

25 

83. Alfaifi T, Alhababy AM, Remesh M. Assessment 

of Lead (Pb) Absorption in Selected Macroalgae 

and Seagrasses from the Red Sea, Jazan Region, 

https://doi.org/10.1023/A:1006832321946
https://doi.org/10.1016/j.aquatox.2014.11.019
https://doi.org/10.1016/0022-0981(83)90173-9
https://doi.org/10.1007/s11356-015-4847-2
https://doi.org/10.1016/s0734-9750(03)00130-7
https://doi.org/10.1016/s0734-9750(03)00130-7
https://doi.org/10.1007/s10661-025-14142-y
https://doi.org/10.1007/s10661-025-14142-y
https://doi.org/10.1007/s11356-020-08220-6
https://doi.org/10.3390/su150%2065128
https://doi.org/10.1007/s44289-024-00012-x
https://doi.org/10.1016/j.scitotenv.2003.11.002
https://doi.org/10.1016/j.marpolbul.2010.12.021
https://doi.org/10.1016/j.marpolbul.2010.12.021
https://doi.org/10.5897/AJB12.2509
https://doi.org/10.1016/j.ecoenv.2013.12.003
https://doi.org/10.1007/s11270-017-3500-8
https://doi.org/10.1007/s11356-019-07481-0
https://doi.org/10.1038/s41598-021-99750-7
https://doi.org/10.1016/j.marpolbul.2022.113625
https://doi.org/10.1016/j.marpolbul.2022.113625


Purayil et al. (2026) 

Saudi Arabia. J King Abdulaziz Univ Mar Sci. 2023; 

33(1): 1-10. 

84. 84. Rahhou A, Layachi M, Akodad M et al. The 

Bioremediation Potential of Ulva lactuca 

(Chlorophyta) Causing Green Tide in Marchica 

Lagoon (NE Morocco, Mediterranean Sea): 

Biomass, Heavy Metals, and Health Risk 

Assessment. Water. 2023; 15(7):1310. 

https://doi.org/10.3390/w15071310 

85. Nitopi MA, Baldantoni D, Baldi V, Di Stefano F, 

Bellino A. An Effective Biomonitor of Potentially 

Toxic Elements in Marine Ecosystems: The 

Brown Alga Dictyota spiralis. Environ. 2024; 11(3): 

51. 

https://doi.org/10.3390/environments1103005

1 

86. Pagana I, Nava V, Puglia GD et al. Cystoseira 

compressa and Ericaria mediterranea: Effective 

Bioindicators for Heavy-and Semi-Metal 

Monitoring in Marine Environments with Rocky 

Substrates. Plants. 2024; 13(4): 530. 

https://doi.org/10.3390/plants13040530 

87. Rahhou A, Layachi M, Aknaf A et al. 

Bioaccumulation of heavy metals in the green 

algae Caulerpa prolifera (Chlorophyta) from the 

Marchica lagoon, of Morocco: Spatio-temporal 

variations. In: E3S Web of Conferences. 2024; 

(Vol. 527, p. 02004). EDP Sciences. 

https://doi.org/10.1051/e3sconf/20245270200

4 

88. Younis AM, Almutairi GM. Application of Ulva 

intestinalis Linnaeus Biomass-Derived Biosorbents 

for Eco-Friendly Removal of Metal 

Contaminants from Water. Processes. 2025; 13(6): 

1928. https://doi.org/10.3390/pr13061928 

89. Godlewska-Żyłkiewicz B. Analytical applications 

of living organisms for preconcentration of trace 

metals and their speciation. Crit Rev Anal Chem. 

2001; 31(3):175-189. 

https://doi.org/10.1080/20014091076730 

90. Zeraatkar AK, Ahmadzadeh H, Talebi AF, 

Moheimani NR, McHenry MP. Potential use of 

algae for heavy metal bioremediation, a critical 

review. J Environ Manag. 2016; 181: 817-831. 

https://doi.org/10.1016/j.jenvman.2016.06.059 

91. Bertagnolli C, Uhart A, Dupin JC, Da Silva MGC, 

Guibal E, Desbrieres J. Biosorption of chromium 

by alginate extraction products from Sargassum 

filipendula: investigation of adsorption 

mechanisms using X-ray photoelectron 

spectroscopy analysis. Bioresour Tech. 2014; 

164:264-269. 

https://doi.org/10.1016/j.biortech.2014.04.103 

92. Salem DM, Moawad MN, El-Sayed AA. 

Comparative study for bioremediation of cobalt 

contaminated aqueous solutions by two types of 

marine macroalgae.  Egypt J Aquat Res. 2021; 

47(1): 13-19. 

https://doi.org/10.1016/j.ejar.2021.02.002 

93. Vieira BR, Pintor AM, Boaventura RA, Botelho 

CM, Santos SC. Arsenic removal from water 

using iron-coated seaweeds. J Environ Manag. 

2017; 192:224-233. 

https://doi.org/10.1016/j.jenvman.2017.01.054 

94. Osman NS, Ali UFM, Gopinath SC, Hussin F, 

Aroua MK. Bio-removal of lead (II) ions under 

optimal condition by zinc chloride-impregnated 

activated carbon from brown alga. Biomass Conv 

Bioref. 2024; 1-11. 

https://doi.org/10.1007/s13399-024-05404-9 

95. Bermúdez YG, Rico ILR, Guibal E, de Hoces 

MC, Martín-Lara MÁ. Biosorption of hexavalent 

chromium from aqueous solution by Sargassum 

muticum brown alga. Application of statistical 

design for process optimization. Chem Eng J. 2012; 

183: 68-76. 

https://doi.org/10.1016/j.cej.2011.12.022 

96. Husien S, Labena A, El-Belely EF, Mahmoud 

HM, Hamouda AS. Adsorption studies of 

hexavalent chromium [Cr (VI)] on micro-scale 

biomass of Sargassum dentifolium, Seaweed. J 

Environ Chem Eng. 2019; 7(6):103444. 

https://doi.org/10.1016/j.jece.2019.103444 

97. Miao L, Yan W, Zhong L, Xu W. Effect of heavy 

metals (Cu, Pb, and As) on the ultrastructure of 

Sargassum pallidum in Daya Bay, China. Environ 

Monit Assess. 2014; 186:87-95. 

https://doi.org/10.1007/s10661-013-3358-1 

98. Freitas OM, Martins RJ, Delerue-Matos CM, 

Boaventura RA. Removal of Cd (II), Zn (II) and 

Pb (II) from aqueous solutions by brown marine 

macro algae: kinetic modelling. J Hazard Mater. 

2008; 153(1-2): 493-501. 

https://doi.org/10.1016/j.jhazmat.2007.08.081 

99. Jayakumar V, Govindaradjane S, Rajamohan N, 

Rajasimman M. Biosorption potential of brown 

algae, Sargassum polycystum, for the removal of toxic 

metals, cadmium and zinc. Environ Sci Pollut Res. 

2021; 1-14. https://doi.org/10.1007/s11356-

021-15185-7 

100. Bulgariu L, Bulgariu D. Sustainable Utilization of 

Marine Algae Biomass for Environmental 

Bioremediation. In: Tripathi B, Kumar D (eds.) 

Prospects and Challenges in Algal Biotechnology, 

Springer, Singapore. 2017; pp. 179-217.  

https://doi.org/10.1007/978-981-10-1950-0_6 

101. Saravanakumar K, Senthilkumar R, Prasad DMR, 

Prasad BSN, Manickam S, Gajendiran V. Batch 

and column arsenate sorption using Turbinaria 

ornata seaweed derived biochar: experimental 

studies and mathematical modeling. Chem Select. 

https://doi.org/10.3390/w15071310
https://doi.org/10.3390/environments11030051
https://doi.org/10.3390/environments11030051
https://doi.org/10.3390/plants13040530
https://doi.org/10.1051/e3sconf/202452702004
https://doi.org/10.1051/e3sconf/202452702004
https://doi.org/10.3390/pr13061928
https://doi.org/10.1080/20014091076730
https://doi.org/10.1016/j.jenvman.2016.06.059
https://doi.org/10.1016/j.biortech.2014.04.103
https://doi.org/10.1016/j.ejar.2021.02.002
https://doi.org/10.1016/j.jenvman.2017.01.054
https://doi.org/10.1007/s13399-024-05404-9
https://doi.org/10.1016/j.cej.2011.12.022
https://doi.org/10.1016/j.jece.2019.103444
https://doi.org/10.1007/s10661-013-3358-1
https://doi.org/10.1016/j.jhazmat.2007.08.081
https://doi.org/10.1007/s11356-021-15185-7
https://doi.org/10.1007/s11356-021-15185-7
https://doi.org/10.1007/978-981-10-1950-0_6


 

 
 

849 
Interaction of Heavy Metals with Marine Macroalgae and Their Implications for Bioremediation: A Comprehensive Review 

2020; 5(12):3661-3668. 

https://doi.org/10.1002/slct.202000548 

102. Kang JK, Pham BN, Lee CG, Park SJ. 

Biosorption of Cd2+, Cu2+, Ni2+, Pb2+ by four 

different macroalgae species (Costaria costata, 

Hizikia fusiformis, Gracilaria verrucosa, and Codium 

fragile). Int J Environ Sci Technol. 2023; 

20(9):10113-10122. 

https://doi.org/10.1007/s13762-022-04700-z 

103. El-Sikaily A, El Nemr A, Khaled A, Abdelwehab 

O. Removal of toxic chromium from wastewater 

using green alga Ulva lactuca and its activated 

carbon. J Hazard Mater. 2007; 148(1-2): 216-228. 

https://doi.org/10.1016/j.jhazmat.2007.01.146 

104. Sarı A, Tuzen M. Biosorption of Pb (II) and Cd 

(II) from aqueous solution using green alga (Ulva 

lactuca) biomass. J Hazard Mater. 2008; 152(1):302-

308. 

https://doi.org/10.1016/j.jhazmat.2007.06.097 

105. Areco MM, Hanela S, Duran J, dos Santos 

Afonso M. Biosorption of Cu (II), Zn (II), Cd (II) 

and Pb (II) by dead biomasses of green alga Ulva 

lactuca and the development of a sustainable 

matrix for adsorption implementation. J Hazard 

Mater. 2012; 213:123-132. 

https://doi.org/10.1016/j.jhazmat.2012.01.073 

106. Henriques B, Rocha LS, Lopes CB, Figueira P et 

al. Study on bioaccumulation and biosorption of 

mercury by living marine macroalgae: prospecting 

for a new remediation biotechnology applied to 

saline waters. Chem Eng J. 2015; 281:759-770. 

https://doi.org/10.1016/j.cej.2015.07.013 

107. Taiwo AE, Musonge P, Jegede OD. 

Bioprocessing of Industrial Wastewater for 

Removal of Heavy Metal Ion by Ulva lactuca 

(Seaweed) Biomass. Chem Eng Transact. 2024; 109: 

475-480. 

https://doi.org/10.3303/CET24109080 

108. Fabre E, Dias M, Costa M et al. Negligible effect 

of potentially toxic elements and rare earth 

elements on mercury removal from contaminated 

waters by green, brown and red living marine 

macroalgae. Sci Tot Environ. 2020; 724:  138133. 

https://doi.org/10.1016/j.scitotenv.2020.13813

3 

109. Romera E, González F, Ballester A, Blázquez 

ML, Munoz JA. Comparative study of 

biosorption of heavy metals using different types 

of algae. Bioresour Technol. 2007; 98(17): 3344-3353. 

https://doi.org/10.1016/j.biortech.2006.09.026 

110. Christobel J, Lipton AP. Evaluation of macroalgal 

biomass for removal of heavy metal Arsenic (As) 

from aqueous solution. Int J Appl Innovat Eng 

Manag. 2015; 4(5): 94-104. 

111. El-Naggar NEA, Hamouda RA, Mousa IE, 

Abdel-Hamid MS, Rabei NH. Biosorption 

optimization, characterization, immobilization 

and application of Gelidium amansii biomass for 

complete Pb2+ removal from aqueous solutions. 

Sci Rep. 2018; 8(1):13456. 

https://doi.org/10.1038/s41598-018-31660-7 

112. Ibrahim W M, Abdel Aziz YS, Hamdy SM, Gad 

NS. Comparative study for biosorption of heavy 

metals from synthetic wastewater by different 

types of marine algae. J Bioremed Biodeg. 2018; 9(1): 

425. https://doi.org/10.4172/2155-

6199.1000425 

113. Vafajoo L, Cheraghi R, Dabbagh R, McKay G. 

Removal of cobalt (II) ions from aqueous 

solutions utilizing the pre-treated 2-Hypnea 

valentiae algae: Equilibrium, thermodynamic, and 

dynamic studies. Chem Eng J. 2018; 331:39-47. 

https://doi.org/10.1016/j.cej.2017.08.019 

114. Otiniano NM, De La Cruz-Noriega M, 

Cabanillas-Chirinos L, Rojas-Flores S, Muñoz-

Ríos MA, Rojas-Villacorta W, Robles-Castillo H. 

Arsenic Biosorption by the Macroalgae 

Chondracanthus chamissoi and Cladophora sp. Processes. 

2022; 10(10): 1967. 

https://doi.org/10.3390/pr10101967 

115. Narayanan I, Kumar PS, Franco DS, Georgin J, 

Meili L, Selvasembian R.  Insight into the 

biosorptive removal mechanisms of hexavalent 

chromium using the red macroalgae Gelidium sp. 

Biomass Conv Bioref. 2024; 14(18): 22939–22953. 

https://doi.org/10.1007/s13399-023-04390-8 

116. Lee HS, Suh JH, Kim IB, Yoon T. Effect of 

aluminum in two-metal biosorption by an algal 

biosorbent. Miner Eng. 2004; 17(4): 487-493. 

https://doi.org/10.1016/j.mineng.2004.01.002 

117. Alotaibi AS, Alhumairi AM, Ghabban H, Alenzi 

AM, Hamouda RA. Simultaneous production of 

biofuel, and removal of heavy metals using marine 

alga Turbinaria turbinata as a feedstock in NEOM 

Region, Tabuk. Ecotoxicol Environ Saf. 2024; 275, 

116224. 

https://doi.org/10.1016/j.ecoenv.2024.116224 

118. Mata YN, Torres E, Blazquez ML, Ballester A, 

González FMJA, Munoz JA. Gold (III) 

biosorption and bio reduction with the brown 

alga Fucus vesiculosus. J Hazard Mater. 2009; 

166(2-3): 612-618. 

https://doi.org/10.1016/j.jhazmat.2008.11.064 

119. Sarı A, Tuzen M. Biosorption of cadmium (II) 

from aqueous solution by red algae (Ceramium 

virgatum): equilibrium, kinetic and thermodynamic 

studies. J Hazard Mater. 2008; 157(2-3): 448-454. 

https://doi.org/10.1016/j.jhazmat.2008.01.008 

120. Mata YN, Blázquez ML, Ballester A, González F, 

Munoz JA. Biosorption of cadmium, lead and 

copper with calcium alginate xerogels and 

immobilized Fucus vesiculosus. J Hazard Mater. 2009; 

https://doi.org/10.1002/slct.202000548
https://doi.org/10.1007/s13762-022-04700-z
https://doi.org/10.1016/j.jhazmat.2007.01.146
https://doi.org/10.1016/j.jhazmat.2007.06.097
https://doi.org/10.1016/j.jhazmat.2012.01.073
https://doi.org/10.1016/j.cej.2015.07.013
https://doi.org/10.3303/CET24109080
https://doi.org/10.1016/j.scitotenv.2020.138133
https://doi.org/10.1016/j.scitotenv.2020.138133
https://doi.org/10.1016/j.biortech.2006.09.026
https://doi.org/10.1038/s41598-018-31660-7
https://doi.org/10.4172/2155-6199.1000425
https://doi.org/10.4172/2155-6199.1000425
https://doi.org/10.1016/j.cej.2017.08.019
https://doi.org/10.3390/pr10101967
https://doi.org/10.1007/s13399-023-04390-8
https://doi.org/10.1016/j.mineng.2004.01.002
https://doi.org/10.1016/j.ecoenv.2024.116224
https://doi.org/10.1016/j.jhazmat.2008.11.064
https://doi.org/10.1016/j.jhazmat.2008.01.008


Purayil et al. (2026) 

163(2-3), 555-562. 

https://doi.org/10.1016/j.jhazmat.2008.07.015 

121. Cazón JP, Bernardelli C, Viera M, Donati E, 

Guibal E. Zinc and cadmium biosorption by 

untreated and calcium-treated Macrocystis pyrifera in 

a batch system. Bioresour Technol. 2012; 116: 195-

203. 

https://doi.org/10.1016/j.biortech.2012.04.014 

122. El-Sheekh M, El-Sabagh S, Abou Elsoud G, 

Elbeltagy A. Efficacy of immobilized biomass of 

the seaweeds Ulva lactuca and Ulva fasciata for 

cadmium biosorption. Iranian J Sci Technol Transact 

A: Sci. 2020; 44: 37-49. 

https://doi.org/10.1007/s40995-020-00828-0 

123. Pinto J, Henriques B, Soares J et al. A green 

method based on living macroalgae for the 

removal of rare-earth elements from 

contaminated waters. J Environ Manag. 2020; 263: 

110376. 

https://doi.org/10.1016/j.jenvman.2020.110376 

124. Raju CA, Anitha J, Kalyani RM, Satyanandam K, 

Jagadeesh P. Sorption of cobalt using marine 

macro seaweed Gracilaria corticata red algae 

powder. Mater Today Proc. 2021; 44: 1816-1827. 

https://doi.org/10.1016/j.matpr.2020.12.009 

125. Ali HS, Kandil NFES, Ibraheem IB. Biosorption 

of Pb2+ and Cr3+ ions from aqueous solution by 

two brown marine macroalgae: an equilibrium 

and kinetic study. Desalin Water Treat. 2020; 206: 

250-262. 

https://doi.org/10.5004/dwt.2020.26314 

126. Lee YC, Chang S P. The biosorption of heavy 

metals from aqueous solution by Spirogyra and 

Cladophora filamentous macroalgae. Bioresour 

Technol. 2011; 102(9):5297-5304. 

https://doi.org/10.1016/j.biortech.2010.12.103 

127. Deng L, Su Y, Su H, Wang X, Zhu X. Biosorption 

of copper (II) and lead (II)from aqueous solutions 

by non-living green algae Cladophora fascicularis: 

equilibrium, kinetics and environmental effects. 

Adsorption. 2006; 12 (4): 267e277. 

https://doi.org/10.1007/s10450-006-0503-y 

128. Özer A, Özer D, İbrahim Ekİz H. The 

equilibrium and kinetic modelling of the 

biosorption of copper (II) ions on Cladophora 

crispata. Adsorption. 2005; 10:317-326. 

https://doi.org/10.1007/s10450-005-4817-y 

129. Mata YN, Blazquez ML, Ballester A, Gonzalez F, 

Munoz JA. Characterization of the biosorption of 

cadmium, lead and copper with the brown alga 

Fucus vesiculosus. J Hazard Mater. 2008; 158(2-3): 

316-323. 

https://doi.org/10.1016/j.jhazmat.2008.01.084 

130. Karthikeyan S, Balasubramanian R, Iyer CSP. 

Evaluation of the marine algae Ulva fasciata and 

Sargassum sp. for the biosorption of Cu (II) from 

aqueous solutions. Bioresour. 2007; 98(2): 452-455. 

https://doi.org/10.1016/j.biortech.2006.01.010 

131. Rincon J, Gonzalez F, Ballester A, Blazquez ML, 

Munoz JA. Biosorption of heavy metals by 

chemically‐activated alga Fucus vesiculosus. J Chem 

Technol Biotechnol: Int Res Proc Environ Clean Technol. 

2005; 80(12): 1403-1407. 

https://doi.org/10.1002/jctb.1342 

132. Ahmady-Asbchin S, Mohammadi M. Biosorption 

of copper ions by marine brown alga Fucus 

vesiculosus. J Biol Environ Sci. 2011; 5(15). 

133. Zeroual Y, Moutaouakkil A, Dzairi FZ, Talbi M, 

Chung PU, Lee K, Blaghen M. Biosorption of 

mercury from aqueous solution by Ulva lactuca 

biomass. Bioresour Technol. 2003; 90(3): 349-351. 

https://doi.org/10.1016/S0960-8524(03)00122-

6 

134. Deniz F, Ersanli ET. Application of a novel 

phyco-composite biosorbent for the biotreatment 

of aqueous medium polluted with manganese 

ions. Int J Phytoremed. 2018; 20(2):138-144. 

https://doi.org/10.1080/15226514.2017.133707

4 

135. Diaconu LI, Covaliu-Mierlă CI, Păunescu O, 

Covaliu LD, Iovu H, Paraschiv G. 

Phytoremediation of wastewater containing lead 

and manganese ions using algae. Biology. 2023; 

12(6): 773. 

https://doi.org/10.3390/biology12060773 

136. Pahlavanzadeh H, Keshtkar AR, Safdari J, Abadi 

Z. Biosorption of nickel (II) from aqueous 

solution by brown algae: Equilibrium, dynamic 

and thermodynamic studies. J Hazard Mater. 2010; 

175(1-3): 304-310. 

https://doi.org/10.1016/j.jhazmat.2009.10.004 

137. Luo F, Liu Y, Li X, Xuan Z, Ma J. Biosorption of 

lead ion by chemically modified biomass of 

marine brown algae Laminaria japonica. 

Chemosphere. 2006; 64(7): 1122e1127. 

https://doi.org/10.1016/j.chemosphere.2005.11

.076 

138. Tuzen M, Sarı A. Biosorption of selenium from 

aqueous solution by green algae (Cladophora 

hutchinsiae) biomass: equilibrium, thermodynamic 

and kinetic studies. Chem Eng J. 2010; 158(2): 200-

206. https://doi.org/10.1016/j.cej.2009.12.041 

139. Jayakumar V, Govindaradjane S, Rajasimman M. 

Efficient adsorptive removal of zinc by Green 

marine macro alga Caulerpa scalpelliformis–

characterization, optimization, modeling, 

isotherm, kinetic, thermodynamic, desorption 

and regeneration studies. Surf Interfac. 2021; 22: 

100798. 

https://doi.org/10.1016/j.surfin.2020.100798 

140. Özer D, Özer A, Dursun G. Investigation of zinc 

(II) adsorption on Cladophora crispata in a two‐

https://doi.org/10.1016/j.jhazmat.2008.07.015
https://doi.org/10.1016/j.biortech.2012.04.014
https://doi.org/10.1007/s40995-020-00828-0
https://doi.org/10.1016/j.jenvman.2020.110376
https://doi.org/10.1016/j.matpr.2020.12.009
https://doi.org/10.5004/dwt.2020.26314
https://doi.org/10.1016/j.biortech.2010.12.103
https://doi.org/10.1007/s10450-006-0503-y
https://doi.org/10.1007/s10450-005-4817-y
https://doi.org/10.1016/j.jhazmat.2008.01.084
https://doi.org/10.1016/j.biortech.2006.01.010
https://doi.org/10.1002/jctb.1342
https://doi.org/10.1016/S0960-8524(03)00122-6
https://doi.org/10.1016/S0960-8524(03)00122-6
https://doi.org/10.1080/15226514.2017.1337074
https://doi.org/10.1080/15226514.2017.1337074
https://doi.org/10.3390/biology12060773
https://doi.org/10.1016/j.jhazmat.2009.10.004
https://doi.org/10.1016/j.chemosphere.2005.11.076
https://doi.org/10.1016/j.chemosphere.2005.11.076
https://doi.org/10.1016/j.cej.2009.12.041
https://doi.org/10.1016/j.surfin.2020.100798


 

 
 

851 
Interaction of Heavy Metals with Marine Macroalgae and Their Implications for Bioremediation: A Comprehensive Review 

staged reactor. J Chem Technol Biotechnol: Int Res Proc 

Environ Clean Technol. 2000; 75(5): 410-416. 

https://doi.org/10.1002/(SICI)1097-

4660(200005)75:5%3C410::AID-

JCTB226%3E3.0.CO;2-X 

141. Sheng PX, Ting YP, Chen JP, Hong L. Sorption 

of lead, copper, cadmium, zinc, and nickel by 

marine algal biomass: characterization of 

biosorptive capacity and investigation of 

mechanisms. J Colloid Interface Sci. 2004; 

275(1):131-141. 

https://doi.org/10.1016/j.jcis.2004.01.036 

https://doi.org/10.1002/(SICI)1097-4660(200005)75:5%3C410::AID-JCTB226%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1097-4660(200005)75:5%3C410::AID-JCTB226%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1097-4660(200005)75:5%3C410::AID-JCTB226%3E3.0.CO;2-X
https://doi.org/10.1016/j.jcis.2004.01.036

