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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 Phaecophyceae 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 streams'. 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 oceans® >,
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 action®. 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 algae’.
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 levels’. Numerous taxonomic groupings of
marine macroscopic photosynthetic algae are included under the term

"seaweed"”®,
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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 cooked” '’. Seaweeds also play a
valuable role in combating global change and
can also offer insights into this phenomenon.
They have been utilized as bioindicators',

1 and model organisms' for

bio monitors
studying marine ecosystems and the
associated changes'. Marine macrophytes
have therefore gained more attention in
recent decades as potential bioindicators of
metal pollution in coastal waters'®". Toxicity
and health risks occur to ecosystem
inhabitants, including humans, when
macroalgae directly accumulate heavy metals
ot indirectly via the food chain'®.

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).

Chlorophyceae
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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 Ula and
Enteromorpha, receives frequent and often
disproportionate attention, while the other
two families are somewhat neglected. Among
the Phacophyceae 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: Phacophyceac]

All macrophytes have considerable amounts
of Fe, Mn, and Zn, indicating that these
elements play a significant role in plant
Cd,

Based on

metabolism; Ct, or Hg are less

accumulated. research,
Phaeophyceae are thought to have an
incredible capacity to accumulate As, Fe, Cd,
Cu, Mn, Zn"”.  In
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

and contrast,

5

Figure 2. Heavy metal bioaccumulation
Rhodophyceae, c. Phaeophyceae]

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 Cd*
more effectively than the polysaccharides
found in red or green macroalgae®. High
levels of insoluble polysaccharides in red algal
cell walls may enhance extracellular binding
of heavy metals”. Additionally, red algae
to be more effective at

were found

accumulating zinc compared to other algal

types™.

trends in macroalgae. [a. Chlorophyceae, b.
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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

washing®>.

Recent research on
microplastics (MPs) has shown a greater
affinity for heavy metals, thus enhancing the
chance of bioaccumulation®. 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
algae”. In some cases, such as in Gracilaria
cornea, the cell wall contains soluble and
insoluble  polysaccharides that  can
predominantly bind extracellular Cadmium
ions®. In addition to being ptrimarily found
outside of cells, metals have also been found
fully intracellularly®. 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 microalgae®” demonstrated this
function and proposed a similar mechanism
in seaweed, given the presence of ZIP
transporters™. Metals are frequently detected
in physodes, which are vacuoles that
accumulate phenolic substances in brown
algae’™; while metal-rich granules are
observed in the chloroplasts of green algae™.
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
damage®. The chelates are then gathered in
brown algal physodes™ or organelles like
vacuoles and chloroplasts”.

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
exposures™*!. 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 studied*
. 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 Pb*. 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 Chlorophyceac members®. Then, with
rising metal concentrations, studies in U.
lactuca  showed impaired photosynthetic
capacity™. 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 enrichment”’.
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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. domzingensis were

1., Similar results were

studied by Santos et a
also obtained for C. lentillifera in a recent
study, where photosynthesis was disrupted,
leading to an unstable energy supply and
cellular  homeostasis ~ diminished”. The
growing concentration of Zn reduced
amounts  of  malondialdehyde,  algal
respiration rate, net photosynthetic rate,
effective quantum yield, and relative growth
rate in Pyropia yezvensis, a red alga®. 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. boergesenii”’. Similarly,
in another brown algae, Ecfocarpus, and green
algae, U. lJactuca, an increased Cu

Heavy Metals

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
concentration’. 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™
copper  inhibited  photosynthesis  and
degraded seaweed tips”. Copper also
inhibited Electron Transport Rate in .
cymosum and DNA damage in U. reticulata™ .
The high internalization of Bismuth by C.
cripsus leads to a hazardous response to
photosynthetic activity, as shown by the
quantum efficiency of PSII photochemistry™.
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 rate*” ¥,

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
Mg** 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
thylakoids™®. And as cells burst under
extreme oxidative stress, severe metal
pollution decreases an alga's capacity to
absorb metals”’. 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 Cuand Zn®* and the
effects of metal exposure varied depending
on the metal and algae species*.

Macroalgae typically respond to subsequent
pollution events following times of metal-
induced toxicity”. Compared to algae from
pure environments, these adaptations include
changes in several defence mechanisms, such
as greater basal antioxidant levels and
enhanced activity of enzymes®. 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 not”.
Several Cladophora species exhibited a hike in
total sugar content in response to elevated
concentrations of copper, which in turn
protected them from surface damages®.
After being exposed to Cadmium,
Chondrophycus
capacity recovered, indicating the awakening

poiteani's  photosynthetic
of internal detoxification systems”. 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 exposure™.

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.”.  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 interactions®.
These seaweed-based techniques tend to be
more economical, environmentally friendly,
and  widely applicable”.  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)™ .
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 Canlerpa sp.
and brown algae, such as Cyswseira sp.,
Sargassum sp., Dictyota sp., Padina sp. and
Ericaria sp. as a biomonitoring model for

heavy metal toxicity'> .
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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 algae®. Dried algal
biomass demonstrates a greater capacity for
biosorbing metal ions than living algae,
particularly at low pH levels (3-5)".
Sargassum-packed columns were studied for
use in flow-through column systems to
adsorb and detoxify heavy metals in
industrial wastewater effectively’’. 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 biosorption™. 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. wmuticum
qualifies as a promising substitute for
removing  arsenic from  water, with
environmental benefits and ease of use”.
Sargassum sp. derived carbon (SAC) can be a
cost-effective  adsorbent for removing
Pb**from aqueous solutions at optimum
conditions™. 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. muticums achieved
maximum removal effectiveness of 84% at
50°C, a metal concentration of 20 mg/L, and

a sorbent concentration of 2 g/1.”> *.

Sargassum sp. 1s considered a reliable heavy
metal indicator. S. pallidum has a significant
capacity for As accumulation”, S. muticum, S.
polyeystum, and Fucus spiralis were found to be
the best options for removing zinc (Zn) and
cadmium (Cd) in controlled environments”
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

1% Therefore, recent research has

recent years
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 removal "'*.

It has been discovered that U. lactuca is a
useful biosorbent for removing cadmium,
chromium, copper, and mercury from
artificial ~ solutions'™"””.  The optimum
removal efficiency of lead and chromium by
U. Jactuca biomass was 81.71% and 92%,
respectively, whereas, for mercury, it is 90-98
()/0103, 106»108'

Although studies on red algaec are not
familiar, species such as _Asparagopsis,
Ceraminm, Chondracanthus, Chondrus, Gelidium,
Gracilaria, Hypnea, Jania and Osmundea are
excellent biosorbents for removing As, Cd,
Co, Cr, Hg, Pb, and Zn from solutions'”'"
(Table 1).
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Table 1. Biosorption capacities of different macroalgae for heavy metals

Metal Algal species Treatment Optimum | Special conditions Temp. Time Biomass | Efficiency (%) Reference
pH (CY (Hour) | Conc.
(2) Max. sorption
(mg g/ mmol
g
Al Laminaria japonica CaCl, 4.5 Ca-loaded biomass 30 1 75.27mg ¢! [116]
As (III) Chondracanthus chamissoi | HNOj3 7.5 6 2 95.76% [114]
Cladophora sp. HNO; 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: Agitation speed 600 3 2 100 % [117]
methanol (1:1). rpm
Ulva fasciata 6 25 1.5 2 84.6% [110]
As(III) S. muticum FeCls 7 Iron-coated 20 42 mgg'& [93]
&As(V) 7.3 mgg!
As (V) Turbinaria ornata 4 Biochar 2 83.0% [101]
Au(III) Fucus vesiculosus HAuCly 7 23 8 1 74.05 mg o°! [118]
Cd{1) Ascophyllum nodosum 87.7 mg g! [109]
Asparagopsis armata 6 2 0.5 32.3mg ¢! [109]
Ceraminm virgatum 5.5 20 1 10 96% [119]
Chondrus crispus 75.2mg ¢! [109]
Codium vermilara 21.8 mg g [109]
Costaria costata 4 Agitation speed 100 | 25 24 1.67 4477 mg ¢! [100]
rpm
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Fucus spiralis 114.9mg g! [109]
F. spiralis 5 25 1 0.2 42.1mg g! [98]
F. vesiculosus CaCly 6.1 immobilized in 8 1 0.579 mmol g [120]
alginate xerogels
L. japonica CaCl, 4.5 Ca-loaded biomass 30 1 136.1mg g! [116]
Macrocystis pyrifera CaCl, 3 Agitation speed 160 | 20 2 0.1 0.87 mmol g'! [121]
rpm
S. muticum 5 25 1 0.2 38.4mg ¢! [98]
S. polycystum, 4.65 Agitation speed 76 | 30 1 1.8 105.26 mg g'! [99]
rpm
U. fasciata 4 20 0.5 5 8.353 mg ¢! [122]
U. intestinalis Calcium 6 CaO-modified 25 2 0.25 85% / 571.21 mg [88]
oxide (CaO) biosorbent g!
U. lactuca 7 20 0.5 15 8.804 mg o' [122]
U. lactnea 5 20 1 29.2 mg o' [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 sinnosa 7 25 1 1 62.5 mg g! [92]
G. corticata 4.8 32 1 31.7 96.5% [124]
Hypnea valentiae 6 30 2 2 10.98 mg ¢! [113]
H. valentiae 10% 6 30 2 2 16.66 mg g'! [113]
formaldehyde
T. turbinata hexane: Agitation speed 600 3 2 83% [117]
methanol (1:1). rpm
U. fasciata 6 25 1 1 40 mg g'! [92]
Cr(II) L. japonica CaCl, 4.5 Ca-loaded biomass 30 1 94.103mg ¢! [116]
U. lactuca 4 Agitation speed 200 | 40 1 1 55.00% [107]
tpm
Cr (III) Cystoseira barbata 5 Agitation speed 200 | 25 2 10 7.30 mg g! [125]
rpm
Hydroclathrus clathratus 5 Agitation speed 200 | 25 2 10 7.19 mg g [125]
rpm
Cr(VI) Gelidinm sp. ZnClp 1-10 30 0.3 0.05 49.8 mg ¢! [115]
S. dentifolinm 7 contact time | 50 12 15 99.68% [906]

flocculation state
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(CFTs), shaking-static
model (1-12 h)

S. muticum 2 50 2 2 84% [95]
U. lactuca 1 Dry &  Activated | 25 2 2 92% &10.61mg [103]
carbon g!

Cu(1I) A. nodosum 4 2 0.5 58.8 mg g! [109]
A. armata 5 2 0.5 21.3 mg g'! [109]
C. crispus 4 2 0.5 40.5 mg ¢! [109]
C. vermilara 5 2 0.5 16.9 mg ¢! [109]
C. costata 4 Agitation speed 100 | 25 24 1.67 45.094 mg g'! [102]

rpm
F. spiralis 4 2 0.5 70.9 mg g! [109]
L. japonica CaCl, 4.5 Ca-loaded biomass 30 1 101.038 mg g! [116]
Cladophora sp. 5 25 1 13.7 mg g’! [126]
C. fascicularis 5 25 1.61 mmol g! [127]
C. crispata 4.5 25 0.5 1 57.5 mg g1 [128]
F. vesiculosus 5 23 2 105.48mg ¢! [129]
Sargassum sp. 5.5 22 3 1 72.5 mg g! [130]
F. vesiculosus CaCl, 5 2 0.25 85.15 mg g'! [131]
F. vesiculosus 5.5 25 5.0 0.08 1.85 mmol g! [132]
T. turbinata hexane: Agitation speed 600 3 2 95% [117]
methanol (1:1). rpm

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,SO 4 7 25 2 0.1 149.25 mg g‘1 [133]
U. lactuca 72 0.5 98% [106]
U. lactnca 8.5 Living macroalgae 22 72 90% [108]

Mn Chaetomorpha sp. 6 Phyco-composite 2 0.1 55.874 mg g-! [134]
Cystoseira sp. biosorbent
Polysiphonia sp.
Ulva sp.
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 o' [109]
A. armata 6 2 0.5 17.1 mg g’! [109]
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C. crispus 6 2 0.5 37.2 mg g! [109]
C. vermilara 6 2 0.5 13.2 mg g’! [109]
Costaria costata 4 Agitation speed 100 | 25 24 1.67 42.082 mg g’! [102]
rpm
Cystoseria indica 6 40 2 1 50 mg g'! [136]
F. spiralis 6 2 0.5 50 mg g! [109]
F. vesiculosus 5 2 0.25 46.95 mg ¢! [131]
Nizmnddinia zanardini 6 40 2 1 55.55 mg ¢! [136]
Padina anstralis 6 40 2 1 27 mg g'! [136]
8. glancescens 6 40 2 1 55.55 mg g'! [136]
U. intestinalis Calcium 6 CaO-modified 25 2 0.25 90% / 665.51 [88]
oxide (CaO) biosorbent mge!

Pb(I) A. nodosum 3 2 178.6mg g! [109]
A. armata 4 2 0.5 63.7 mg ¢! [109]
Bifurcaria bifurcata 5 25 1 0.2 50 mg g! [98]
C. crispus 4 2 204.1 mg ¢! [109]
C. fascicularis 5 25 0.96 mmol g! [127]
C. vermilara 5 2 0.5 63.3 mg g! [109]
C. costata 4 Agitation speed 100 | 25 24 1.67 160.99 mg ¢! [102]

rpm
Cystoseira barbata 5 Agitation speed 200 | 25 2 10 4.61 mg ¢! [125]
tpm
F. spiralis 3 2 204.1 mg ¢! [109]
F. vesiculosus 5 23 2 211.34 mg ¢! [129]
F. vesiculosus CaCl, 5 2 0.5 259 mg g‘1 [131]
Gelidinm amansii 4.5 45 1 1 99.69% [111]
G. amansii CaCl, Immobilized biomass 3 100% [111]
in sodium alginate
beads
Hydroclathrus clathratus 5 Agitation speed 200 | 25 2 10 497 mg g'! [125]
tpm
Jania rubens 5 Agitation speed 120 | 25 1 20 91% [112]
rpm
Laminaria hyperborea 5 25 1 0.2 52.7 mg g! [98]
L. japonica 5.3 25 2 250.71 mg ¢! [137]
L. japonica CaCl 4.5 Ca-loaded biomass 30 1 348.09 mg ¢! [116]
L. japonica C;H5ClO, 5.3 25 2 335.66 mg ¢! [137]
L. japonica C;H5CIO 5.3 25 2 346.02 mg g! [137]
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L. japonica KMnOy4 5.3 25 2 319.08 mg ¢! [137]
Sargassum sp. ZnCly 5 Sargassum sp. activated | 40 1 0.1 91.07% / 30.144 [94]
carbon (SAC) mg ¢!
Ulva intestinalis Calcium 6 CaO-modified 25 2 0.25 95% / 5779 [88]
oxide (CaO) biosorbent mge!
U. lactuca 5 20 1 34.7 mg g! [104]
U. lactuca Ca(NO3),.6HO | 5.5 24 0.1 54.30 mg ! [105]
U. lactnea 4 Agitation speed 200 | 40 1 1 81.71% [107]
rpm
Se(IV) Cladophora hutchinsiae 5 20 1 8 74.9 mg g! [138]
Zn(II) A. nodosum 6 0.5 42 mg ¢! [109]
A. armata 6 2 0.5 21.6 mg g'! [109]
Caulerpa scalpelliformis 5.7 Agitation 40 1.5 83.3 mg g! [139]
speed 150 rpm
C. crispus 6 2 0.5 45.7 mg ! [109]
Cladophora crispata 5 Batch-stirred reactors, | 25 2 1 31.06 mg g! [140]
150 rev
Min-!
C. vermilara 6 2 0.5 23.8 mg g! [109]
F. spiralis 6 2 0.5 53.2 mg g! [109]
F. spiralis 5 25 1 0.2 343 mg g'! [98]
Gracillaria sp. 5.5 Agitation speed 200 | 22 6 1 0.4 mmol g'! [141]
rpm
L. japonica CaCly 4.5 Ca-loaded biomass 30 1 56.88 mg ! [116]
Macrocystis pyrifera CaCl, 4 Agitation  speed160 | 20 2 0.1 0.67 mmol g'!
rpm
Padina sp. 5.5 Agitation speed 200 | 22 6 1 0.81 mmol g! [141]
tpm
S. muticum 5 25 1 0.2 34.1 mg g! [98]
S. polycystum 5.7 Agitation speed 125 | 30 1 1.2 116.2 mg g'! [99]
tpm
Sargassum sp. 5.5 Agitation speed 200 | 22 6 1 0.50 mmol g [141]
rpm
T. turbinata hexane: Agitation  speed600 3 2 90.15% [117]
methanol (1:1). rpm
Ulva sp. 5.5 Agitation speed 200 | 22 6 1 0.54 mmol g'! [141]
rpm
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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 ateas 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, particulatly for As, Cd, Co, Cr, Hg, Niand
Pb.  Metal-induced
physiological adaptation studies are ongoing in

toxicity ~ studies and

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.
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