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The toxic effects of heavy metal bioaccumulation in various biological
systems, including humans, animals, microorganisms, and plants, pose
significant concerns for environmental health and safety. Utilizing different
plant materials for the synthesis of nanoparticles is regarded as an
environmentally friendly approach, as it avoids the use of harmful
chemicals. This review aims to enhance our understanding of the issues
related to heavy metal toxicity in contaminated ecosystems and explores
viable, sustainable, and eco-friendly bioremediation technologies,
particularly focusing on the mechanisms of phytoremediation for heavy
metals. However, it is important not to overlook the challenges, such as
biosafety assessment and genetic pollution, associated with the
implementation of new strategies for cleaning up heavy metal-
contaminated ecosystems, considering both ecological and greener
perspectives.

1. Introduction

Marine algae encompass a diverse array of species, broadly categorized into microalgae and macroalgae. Micr
oalgae, such as phytoplankton, thrive in the water column, while macroalgae, commonly known as seaweed, r
ange in size from a few centimeters to several meters, with massive kelp forming underwater forests. Seawee
ds are highly adaptable, inhabiting various environments where they receive sufficient light for photosynthesi

s, from tidal rock pools near the shore to offshore locations several kilometers away. Algae are further classifi

ed based on their pigmentation, leading to three major groups: brown algae (phaeophytes), green algae (chlo
rophytes), and red algae (rhodophytes) (El-Rafie et al.,, 2013). Brown and red algae are typically found in low-
light areas, while green algae inhabit both marine and freshwater environments.

Throughout history, coastal communities have incorporated seaweed into their diets and traditional medi
cinal practices, and to this day, seaweed remains a staple food and medicinal resource in South-East Asia and
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Japan. Several studies have uncovered the rich source of biologically active compounds in seaweeds, including
carbohydrates, carotenoids, polysaccharides, proteins, vitamins, and various secondary metabolites. These bio
active compounds possess potent medicinal properties suitable for conventional treatments and alternative t
herapies (Smit, 2004). Seaweed extracts have been found to exhibit anti-inflammatory and inhibitory effects
that can be utilized in the treatment of various medical conditions and some forms of cancer(Liu et al., 2012).

Additionally, seaweeds have the ability to accumulate heavy metals (Mohamed et al,, 2012), and certain s
econdary metabolites from seaweeds have demonstrated anti-biological fouling properties (Sethi, 2011).
Recent studies have also demonstrated the capacity of seaweed solutions to biologically reduce metal ions (C
handa et al., 2010). Moreover, many macroalgae can accumulate higher levels of trace metals than those foun
d in water samples from the same site, and they can produce phytochemicals of potential interest (Wada et al
. 2011). Bioremediation, utilizing the remediation capability of living organisms, is a promising option for
addressing water pollution caused by organic and inorganic compounds detrimental to the environment's hea
Ith. It offers a cost-effective and eco-friendly approach, especially for low concentrations of contaminants
where physical or chemical methods may not be feasible. Seaweeds' physiological properties and
active compounds make them excellent candidates for aquaculture-based cleanup of polluted areas,
particularly in the unique marine habitats of the Southwest coast of India. This review explores the
biosynthesis of different metal and metal oxide nanoparticles from marine bioresources and their application
in bioremediation.

2. Seaweeds and their Biomedical Importance

The use of marine plants for medicinal purposes traces back to ancient times, with the Chinese "Material Med
ica" of Shen-Nung in 2007 BC being one of the earliest records. The medicinal role of algae and plankton in
ancient times has been extensively described in literature (Ananthi et al.,, 2012; Schwimmer and Schwimmer,
1955). Marine algae, due to their diverse species, offer a vast source of various bioactive compounds with me
dicinal properties.

3. Nanoparticles Biosynthesised from Seaweeds

Seaweeds, or marine macroalgae, are known for their rich phytochemical composition, including heteropolysa-
-ccharides, alkaloids, steroids, phenols, saponins, and flavonoids. These bioactive compounds have been found
to possess the ability to reduce metal ions to nanoparticles and act as capping agents, contributing to the
stability of the synthesized nanoparticles (Zaneveld, 1995).

The process of biosynthesis of nanoparticles from seaweeds involves the extraction of bioactive
compounds followed by their reduction or stabilization to form nanoparticles. Various methods have been
employed for the biosynthesis of nanoparticles, including the use of seaweed extracts, seaweed-derived
biomolecules, and whole seaweed biomass.

One common approach is the use of aqueous extracts obtained from seaweeds. These extracts contain a
range of bioactive compounds that can act as reducing and capping agents. The seaweed extract is mixed with
metal ion solutions, and the reduction of metal ions to nanoparticles is facilitated by the presence of specific
biomolecules in the extract. This method offers a simple and environmentally friendly approach for
nanoparticle synthesis.

In addition to extracts, specific biomolecules derived from seaweeds have been utilized for nanoparticle
synthesis. Proteins, phenols, flavonoids, and other phytochemicals present in seaweeds have been found to
have reducing properties and can effectively convert metal ions into nanoparticles. These biomolecules can be
isolated from seaweed extracts and used for controlled nanoparticle synthesis.

Furthermore, whole seaweed biomass can also be employed for nanoparticle synthesis. In this
approach, the seaweed biomass acts as both a reducing agent and a stabilizing agent. The biomass is
treated with metal ion solutions, and the interaction between the bioactive = compounds present in the
seaweed and the metal ions leads to the formation of nanoparticles. This method offers the advantage of
utilizing the entire seaweed biomass and its inherent reducing and stabilizing properties.
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Applications of Seaweed-Synthesized Nanoparticles Nanoparticles synthesized from seaweeds have shown
great potential for various applications. The controlled synthesis of nanoparticles with specific sizes and shapes
provides opportunities for tailoring their physical and chemical properties for specific applications.

In the field of medicine, seaweed-
synthesized nanoparticles have been explored for drug delivery systems, imaging agents, and antimicrobial
agents. The small size and large surface area of nanoparticles enable efficient drug loading and targeted deliv
ery to specific cells or tissues. Additionally, the unique optical and magnetic properties of nanoparticles make
them suitable for medical imaging techniques. The antimicrobial properties of some seaweed-derived
nanoparticles offer potential applications in combating drug-resistant pathogens.

Nanoparticles synthesized from seaweeds also find applications in environmental remediation. Their abili
ty to interact with heavy metal ions makes them useful for removing pollutants from water and soil. The nan
oparticles can effectively adsorb or catalytically degrade the contaminants, contributing to the remediation of
polluted environments.

Furthermore, seaweed-synthesized nanoparticles have shown promise in the fields of catalysis,
optoelectronics, and sensing devices. The tunable properties of nanoparticles allow for their utilization as
catalysts in various chemical reactions. In optoelectronics, nanoparticles can be incorporated into devices for
enhanced light absorption and emission properties. Nanoparticles also exhibit unique sensing capabilities, ma
king them valuable in the development of sensors for detecting specific analytes.

4. Therapeutic Potential of Different Nanoparticles Biosynthesised from Seaweeds

Algae, often referred to as bionanofactories, possess unique properties that make them ideal for synthesizing
nanoparticles. These microscopic aquatic plants naturally produce phytochemicals that play a crucial role in t
he formation of metallic nanoparticles. Several studies have reported the synthesis of gold nanoparticles usin
g algae extracts, including Sargassum wightii, Turbinaria conoides, Laminaria japonica, and Stoechospermum
marginatum (Esmaeili and Darvish, 2014; Gupta and Rastogi, 2009; Esmaeili et al., 2010; Mehta and Gaur, 20
01).

One such research study focused on the efficient synthesis of stable gold nanoparticles by utilizing the re
duction properties of aqueous AuCl4 with the extract of Sargassum wightii. This approach proved successful in
producing gold nanoparticles with high stability (Esmaeili and Darvish, 2014).

Additionally, Kumar et al. (2012) demonstrated the synthesis of silver nanoparticles using Sargassum ten
errimum and compared their antibacterial activity with the phytochemicals present in the algae. The results i
ndicated that the silver nanoparticles exhibited higher antibacterial activity compared to the phytochemicals
alone.

The ability of algae to synthesize nanoparticles offers several advantages. Algae can be easily handled an
d do not require complex cell maintenance processes. The nanoparticles synthesized from algae extracts tend
to exhibit high stability, making them suitable for various applications. Moreover, algae provide a sustainable

and environmentally friendly source for nanoparticle synthesis.

In summary, algae serve as natural bionanofactories due to their capability to synthesize nanoparticles w
ith high stability. The use of algae extracts, such as Sargassum species, has been successful in producing gold
and silver nanoparticles, showcasing their potential for various applications including antibacterial activity an
d nanomaterial production.

5. Biosorption Potential of Different Nanoparticles Biosynthesised from Seaweeds

In recent years, the increase in heavy metal pollution has posed a significant threat to the environment, prom
pting the need for effective removal methods (Nurbas et al., 2002). Among various approaches, the biological
uptake of heavy metals has emerged as a promising solution, gaining considerable attention in the past decad
e as a viable alternative to conventional methods (Pinto et al,, 2011).

Biological uptake offers several advantages, including high efficiency, the ability to remove metals even at
low concentrations, cost-effectiveness, and energy independence, making it an attractive option for new
technology (Bai and Abraham, 2002). Previous research has demonstrated the potential of brown algae in re
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moving heavy metals from aqueous solutions. In a fixed bed reactor, brown algae were found to eliminate 80
% of copper, nickel, and cobalt ions (Esmaeili and Sadeghi, 2014). Furthermore, a comparison between the ad
sorption of Cr (VI) by dried brown algae (Sargassum sp.) and activated carbon from brown algae (Sargassum
sp.) revealed that dried brown algae exhibited higher effectiveness than activated carbon (Esmaeili et al., 201
2).

The process of biosorption, where biological materials bind and remove heavy metals, is influenced by va
rious parameters. Pahlavanzadeh et al. (2010) investigated nickel biosorption using different species of Irania
n brown algae and identified pH, temperature, and initial concentration as critical factors. Among these para
meters, pH is particularly crucial as it depends on the functional groups of the adsorbent and the metal ions.

6. Activated Carbon using Brown Algae

The use of activated carbon as an adsorbent for heavy metal removal has attracted the attention of scientists
due to its effectiveness, especially in trace quantities. However, the high cost associated with activated carbon
has limited its extensive use. Consequently, there has been a growing emphasis on exploring low-cost
materials as alternatives for metal sorption from wastewater. Significant efforts have been made to develop n
ew adsorbents and enhance existing ones, such as granular activated carbon, iron oxide coated sand, and por
ous cellulose carrier modified with polyethyleneimine.

Activated carbon has been widely recognized as the most popular adsorbent for wastewater treatment w
orldwide. It has a long history, dating back over 2000 years when it was first used for water treatment. Com
mercial production of activated carbon began in the early 20th century, initially in powder form. Various mat
erials are used in its production, with agricultural waste like coconut shell, sawdust, walnut shell, tropical wo
od, and almond shell being among the commonly utilized sources. Initially, activated carbon was primarily e
mployed for decolorizing sugar and later, from 1930 onwards, for water treatment to remove taste and odor
(Adinata et al., 2007).

Activated carbon exhibits a strong adsorption capacity, typically ranging from 90% to 110% of its declare
d value (Garcia et al., 2001). While activated carbon is economically advantageous due to its relatively low co
st, its overall expense is still not low enough to facilitate extensive consumption of adsorption sites for substa
nces other than the target compound to be removed (Kirubakaran et al., 1991). Its applications in decolorizat
ion often involve the removal of large molecular compounds, necessitating activated carbon with a well-
developed macropore structure. It is widely used as an adsorbent in various industries, including food, pharm
aceuticals, solvent recovery, drinking water treatment, fuel cells, and chemical processes, due to its economic
advantages over other adsorbents (Hameed and Daud, 2008). Activated carbon is a non-specific adsorbent
that not only binds color components but also protein and odor components (Lafi, 2001).

In summary, while activated carbon has been extensively used and recognized for its adsorption capabilit
ies in wastewater treatment, its high cost remains a limiting factor. Efforts are being made to explore alternat
ive low-cost adsorbents, while the development and improvement of existing adsorbents continue. The
diverse applications of activated carbon, primarily in decolorization processes, highlight its economic advent-
-ages but also underscore the need for careful consideration of its specific adsorption properties.

7. Degradation of Dyes and Heavy Metals using TiO:/Activated Carbon

In the quest to treat dyes in wastewater, various techniques and processes, including physical, chemical, and
biological methods, have been extensively studied (Wang et al., 2012). Two effective approaches for dye remo
val are adsorption and photocatalysis. Adsorption involves the transfer of contaminants from wastewater to a
n adsorbent material like activated carbon (AC), offering a nondestructive means of removal. However, the ad
sorption efficiency of regenerated adsorbents is significantly reduced (Zhang et al., 2008).

On the other hand, photocatalysis is a promising advanced oxidation process that utilizes heterogeneous
titanium dioxide (TiO2) as a photocatalyst to degrade contaminants through decomposition and oxidation on
its surface (Zhang et al., 2008). This process involves the generation of highly reactive species, such as hydro
xyl radicals (¢OH), which exhibit fast and nonselective oxidation of a wide range of organic pollutants.
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While the heterogeneous photocatalytic process using TiO; as a catalyst holds great potential, there are some
drawbacks to consider. TiO; exhibits poor adsorption capacity and poses challenges in terms of separation an
d recycling from the solution due to the agglomeration tendency of TiO2 powder. Researchers in many countr
ies are actively seeking suitable treatments to address these pollutants, with a focus on the development and
optimization of advanced oxidation processes, such as heterogeneous photocatalysis using TiO..

Overall, the use of TiO- as a catalyst in the photocatalytic process shows promise in efficiently degrading
organic pollutants by generating highly reactive species. However, further research is needed to address the 1
imitations associated with TiO,, such as its adsorption capacity and recyclability, in order to enhance its pract
ical applicability in wastewater treatment.

8. Conclusion

Future research in the field of nanotechnology should focus on conducting more detailed studies to gain a co
mprehensive understanding of biomolecules and their role in mediating the synthesis of nanoparticles. By elu
cidating the mechanisms and functions of these biomolecules, researchers can effectively control the rate of n
anoparticle synthesis and enhance their stability.

Furthermore, it is crucial to explore methods to improve the reactivity of TiO2 nanoparticles synthesized
through green processes. By enhancing their reactivity, these nanoparticles can be utilized more effectively in

environmental pollution degradation while minimizing any potential ecotoxicological impacts.

Comparative studies between biosynthesized nanoparticles and engineered nanoparticles should be conducte
d to further investigate the toxicity levels associated with each. Preliminary evidence suggests that biosynthe
sized nanoparticles may exhibit lower toxicity compared to their engineered counterparts. A more comprehe
nsive risk assessment should also be carried out for green fabricated TiO2 nanoparticles, taking into account
factors such as fate, transport, aggregation, dissolution, and kinetics during nanoparticle processing.

The green nanotechnology processes described in this paper lay a strong foundation for the production o
f diverse biochemical or functionalized nanoparticles. These nanoparticles can serve as essential building bloc
ks in the development of new products applicable to the field of environmental restoration.

Overall, future research endeavors should aim to advance our understanding of biomolecule-mediated
nanoparticle synthesis, improve the reactivity of green synthesized nanoparticles, assess their toxicity levels,
and explore their application potential in environmental restoration sectors. Such efforts will contribute to th
e development of safer and more sustainable nanotechnology practices.
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