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Progress in marine derived renewable functional
materials and biochar for sustainable water
purification

Halanur M. Manohara, 2@ Sooraj S. Nayak,? Gregory Franklin, °
Sanna Kotrappanavar Nataraj {2 **< and Dibyendu Mondal (& *2®

Global water scarcity is increasing day-by-day due to population explosion, urbanization and rapid indus-
trialization. Inevitably, surface water is widely contaminated by various hazardous geogenic, organic and
inorganic contaminants, also by untreated industrial effluents and unscientific human activities. On the
other hand, the rapid worldwide increase in consumption of petroleum products has inspired researchers
to develop renewable and sustainable materials for water purification applications. Significantly, biomass-
derived materials are promising substitutes for depleting resources. Specifically, marine-based biomater-
ials, for instance, chitin/chitosan, seaweeds and seaweed-based polysacharides (agarose, alginate, cell-
ulose, carrageenan) are abundant, environmentally friendly, and renewable biomaterials that are con-
sidered an appropriate solution for environmental contamination. Over past few decades various studies
have focused on marine-based and seaweed-polysaccharide-based composites because of their renew-
ability and sustainability for water purification. A number of reviews exist for biopolymer-based material
applications in water purification; but to promote marine-derived biomaterials for water purification, a
critical review between conventional materials and emerging approaches using seaweed-derived
materials is needed. Hence, the present review study is the first of its kind, shedding light on the selection
of diverse marine-derived biomaterials, as well as their important physical and chemical properties, in
order to design functional materials for water purification applications. Further, the present review criti-
cally assesses the high-performance marine-derived functional materials exploited for existing state-of-
the-art water purification technologies. Marine-derived materials with unique properties, such as inbuilt
functionality, high mechanical strength, and prominent surface area and their prominence in developing
high-performance sustainable materials for water purifications are reviewed. Furthermore, the review also
discusses the various methodologies developed for the preparation of multifunctional carbonaceous
materials using marine-derived biomaterials. Such biochar compete with commercial activated carbon
and graphene owing to their unique properties. Also, the challenges in implementing the developed func-
tional biomaterials in state-of-the-art water purification technologies and future prospects are discussed.

materials® as well as functional composites for various
applications.””® With diminishing resources for synthetic poly-

Over the past few decades, biomass valorisation as a green
renewable resource has received a lot of attention globally
from research sectors and industries."”® With the rapid
deterioration in renewable fossil fuel resources and growing
environmental problems, many researchers are attempting to
produce biofuels,” value-added chemicals,” carbonaceous
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mers, such as petroleum and non-renewable carbon sources,
there has been growing interest in biomass-derived macro-
molecules because of their unique characteristics and because
they are potential substitutes for synthetic polymers.>"°
Importantly, they are abundant, biodegradable, economic,
non-toxic and also it is easy to manipulate their physico-
chemical properties for desired applications. About 70% of the
Earth’s surface is covered by ocean which represents a vast
resource of biodiversity. Moreover, marine organisms have
adapted to extreme environments, such as high salinity, pH,
high pressure and temperature and, hence, their biochemical
composition provides an exceptional reservoir to explore and
design functional materials."""'*> Seaweed-based materials

Green Chem., 2021, 23, 8305-8331 | 8305


www.rsc.li/greenchem
http://orcid.org/0000-0001-9270-0108
http://orcid.org/0000-0002-6745-3528
http://orcid.org/0000-0002-1489-8312
http://orcid.org/0000-0002-1715-5514
http://crossmark.crossref.org/dialog/?doi=10.1039/d1gc03054j&domain=pdf&date_stamp=2021-10-27
https://doi.org/10.1039/d1gc03054j
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC023021

Published on 06 Oktober 2021. Downloaded on 31.10.2025 11:28:13.

Critical Review

from the oceans, produced in copious quantities of over
19 million tonnes and either harvested from the oceans or cul-
tured annually, are promising feedstocks for the production of
sustainable functional materials.">'* Seaweeds are found
throughout the world’s oceans and are mainly classified as
brown seaweed (Phaeophyta) and red seaweed (Rhodophyta),
which are exclusively marine, and green seaweed (Chlorophyta)
which are freshwater and terrestrial, based on their colour
appearance.'>'® Seaweed contains a huge amount of bioactive
components, such as pigments, phenols, proteins, polysacchar-
ides, and bioactive peptides. A vast amount of research has
explored marine-derived biomaterials as food sources and their
health benefits have been demonstrated. Further, various value-
added chemicals, biopolymers, carbohydrates and macro-
molecules have been successfully extracted and employed for
various applications, such as biofuel production,” catalysis,"®*’
energy storage and conversion,””** biological applications and
environmental applications (Fig. 1).>> Consequently, there is an
increase in attention towards developing a marine bioprocess
industry to valorise biomaterials into valuable functional
materials through facile chemical processes.

On the other hand, with the increase in global water scar-
city, the supply of affordable potable water is a massively chal-
lenging proposition throughout the world. Rapid industrializ-
ation and rising environmental contamination of natural water
sources need to be tackled on a priority basis. Unfortunately,
current water purification technologies are noneconomic and
inefficient for meeting existing demands.”»** Besides this,
most existing materials are non-biodegradable and difficult to
recycle, and disposal of these materials can cause secondary
pollution that has led to rising concerns by occupational and
environmental health experts that they are more harmful
materials than previously encountered ones in causing serious
threat to life forms.>>® Therefore, there is a growing concern
to develop low-cost, sustainable efficient functional materials
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Fig. 1 Flow chart representing the types of marine-derived biomaterials
and extracted biomacromolecules.

using biopolymers or polymeric organic molecules acquired
from renewable resources.>®*>® Apart from cellulose from ter-
restrial plant-based materials, seaweed-derived macro-
molecules are the most exploited materials in water purifi-
cation technologies thanks to their remarkable mechanical
strength, enriched functionalities, moderate surface area and
chemical stability. Generally, polysaccharide derivatives
showed high removal efficiency for various organic contami-
nants (e.g. dyes, drugs, pesticides) and inorganic contaminants
(fluoride, phosphates, heavy metal ions) via biosorption,
adsorption, coagulation, reduction and oxidation.>**° In par-
ticular, seaweed-based biomaterials possess extensive hydroxyl
and amine functionalities and exhibit considerably high metal
binding capacity and selectivity attributed to metal-ligand
interaction, which creates the opportunity to develop efficient
functional materials for water purification technologies.**
However, inevitably seaweed-derived materials need to be
reformed through chemical or physical surface modifications
in order to remove these organic compounds, since they dis-
solve in water with varying pH values.
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Hence, over the past few decades various research groups
have extensively developed derivatives of seaweed-based bio-
materials by simple complexation with polymers, biopolymers,
and nanocomposites. Further, they have also utilised them as
a low-cost feedstock to prepare valuable carbonaceous
materials with high surface area, surface functionality, and
heteroatom and metal doped carbonaceous materials by fol-
lowing simple high-temperature treatment.*” Thus, the present
review sheds light on various seaweed-derived macromolecules
used to engineer and develop high-performance seaweed-
based materials, their physico-chemical properties and poten-
tial application in water purification technologies. Further,
this review will encourage material scientists to fully utilise the
hidden potential of marine-derived biomaterials in the field of
sustainable water purification.

2. Raw seaweed-based materials

Generally seaweed-based materials containing a huge amount
of organic polymers made up of carbohydrates and proteins
are produced globally on a large scale from red, green and
brown seaweeds.** Understanding their structure and diversity
in chemical composition can help us gain insight into
material design and can also inspire the development of high-
performance materials.

Although, seaweeds have significant importance in food
and industrial applications, in the late 20™
research was done utilising marine-derived materials such as
seaweeds and polysaccharides for ion exchange, adsorption or
biosorption applications after suitable chemical pre-treatment
(Fig. 2).>* The biosorption capability of seaweeds is related to
the chemical composition of the cell walls. Seaweed generally
contains extensive amounts of hydroxyl, acetamide, amine,

century, extensive
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Fig. 2 General schematic representation of the preparation of biosor-
bents from seaweeds.

amide, sulfate and phosphate functional groups, significantly
enabling metal-ligand interaction, which helps in capturing
35737 In particular,
alginate is more responsible for the biosorption in brown
algae, carragenan in red seaweed and agarose in green
seaweed.>®

heavy metal ions from an aqueous medium.

Various seaweeds exhibit notable biosorption
capacity for heavy metal ions and are listed in Table 1. In 1987,
Volesky and Kuyucak established the biosorption of silver ions
from waste industrial effluents using Sargassum seaweed and
patented the same.’® Several interaction mechanisms, such as
coordination, chelation, electrostatic interaction, complexa-
tion, ion-exchange and physical adsorption have been antici-
pated for the separation of heavy metal ions. Lately, Sargassum
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Table 1 Seaweed and seaweed-derived high-performance carbonaceous materials explored for water purification applications

SL. no. Seaweed-based biomass Modifying agent Pollutants Ads. (g) Ref.

01 Sargassum sp. — Pb 1.1 mmol 40
Cu 0.9 mmol

02 Sargassum sp. — Cd 0.7 mmol 41

03 Padina spp. — Pb 1.2 mmol 40
Cu 1.1 mmol

04 Gracillaria spp. — Pb 0.4 mmol 40
Cu 0.5 mmol

05 Sargassum vulgare — Ccd 87 mg 40
Cu 59 mg

06 Fucus vesiculosus — CrIII 1.2 mmol 42
Cr VI 0.8 mmol

07 Ascophyllurn nodosum NaOH treatment Co 160 mg 43

08 Ulva spp. Alkali treatment cd 90.7 mg 44
Zn 74.6 mg
Cu 57.3 mg

09 Durvillaea potatorum CacCl, solution treatment Ni II 1.1 mmol 45
Cd 11 1.1 mmol 46

10 Ecklonia radiata CacCl, solution treatment Pb 1.6 mmol 47
Cu 1.3 mmol

11 Durvillaea potatorum CacCl, solution treatment Pb 1.3 mmol 47
Cu 1.1 mmol

12 Sargassum filipendula Dealginated, acid treatment Cu 3.5 mmol 48

13 Sargassum fluitans Acid wash, protonated U VI 560 mg 49

14 Enteromorpha torta Immobilised in alginate 31Ce 12.6 mmol 50

15 Seaweed community Alkali treatment Zn 11 115.1 mg 51

biomass
16 Red seaweed Citric acid Crystal violet 217.3 mg 52
17 Stoechospermum marginatum (i) Propylamine, (ii) methanol, Acid orange II (i) 71 mg, (ii) 29 mg, 53

(iii) formaldehyde, (iv) formic acid

has also been explored for the adsorption of lead, copper and
cadmium ions with notable biosorption capacity attributed to
several advantages, such as high efficiency and affinity for
toxic metals, ease of operation, minimisation of the volume of
chemical and biological sludge to be disposed of, and low
operating cost.*®*!

Further, researchers have demonstrated that Durvillaea
potatorum and Ecklonia radiata display higher biosorption

Dr Dibyendu Mondal is an ERA
chair holder in the NANOPLANT
project at IPG PAS, Poznan,
Poland from September 2021. He
received a PhD in Chemical
Science  from  CSIR-CSMCRI,
India in 2015. From 2015 to
2017 he was a postdoc at
CICECO, University of Aveiro,
Portugal and then he joined
CNMS, Jain University, India as
an assistant professor in 2017.
His main research areas focus on
value addition of bio resources
within the biorefinery concept; green solvents mediated the packa-
ging of biomolecules. He is also fascinated by designing green
nanocomposites for task-specific applications, such as biocatalysis,
water purification, and in plant science.

Dibyendu Mondal

8308 | Green Chem., 2021, 23, 8305-8331

(iii) 34 mg, (iV) 15 mg

capacity for nickel, copper and lead ions compared to
Sargassum.*>*”** In fact, biosorption occurs in two stages: (i)
rapid ion-exchange with surface functionalities, and (ii) slow
biosorption into the multi-structured material. It is important
to note that seaweed-based materials are capable of adsorbing
only cationic pollutants. The anionic surface charge of the sea-
weeds repels anionic pollutants and exhibits poor biosorption.
Researchers have also demonstrated chemical activation, such
as an acid/alkali wash to activate surface functionalities and
enhance the biosorption, with further soaking in calcium,
magnesium and potassium salts to prevent the leaching of
alginate.*>*” However, dealginated biomass waste was also
explored for biosorption where remarkable efficiency was
obtained for the separation of copper ions.*® This may be due
to the voids created after alginic extraction. Interestingly,
seaweed-immobilised alginic beads showed superior biosorp-
tion for radioactive cesium.’® Similarly, agar-extracted
Gelidium sesquipedale exhibited a considerable amount of Cd
() biosorption, and equilibrium and kinetic behaviour were
further studied to promote the scaling-up process.>
Furthermore, waste seaweed also showed excellent separation
of Pb/Cu and Pb/Cd in a fixed-bed column through a robust
ion-exchange process.’® Similarly, research efforts were made
to functionalize seaweed biomaterials for dye biosorption, but
the adsorption capacity was comparatively low.>>>*"”
Interestingly, seaweeds were also utilised to prepare biogenic
TiO, and silver nanoparticles which exhibit photocatalytic
activity for the degradation of organic pollutants.>>®* On the
other hand, the contamination of natural habitats with micro-

This journal is © The Royal Society of Chemistry 2021
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plastics is an emerging concern. Thus, a lot of research has
been conducted to develop bio-based plastic using non-renew-
able resources.”® Remarkably, in a recent flurry of research,
seaweed residue was utilised to develop biodegradable plas-
tics.®® Interestingly, the inorganic salts present in the micro-
algae act as a filler and crosslinker which enhances the practi-
cal feasibility of the bioplastic. This finding opens up a new
research arena of utilising seaweed residues for the prepa-
ration of bioplastics. Despite substantial progress in under-
standing seaweed-based materials for biosorption and other
applications over decades of unceasing research, seaweed-
assisted biosorption is still limited to the bench scale. This is
due to the poor recyclability, comparatively low biosorption
capacity, challenging desorption processes and risk of macro-
molecules and nanocomposites leaching into the reaction
medium during biosorption.””®> Also, feasible seaweed-
assisted biosorption demands a crucially engineered and
developed reactor system and a critical understanding of the
processes. With the above-mentioned limitations on seaweed-
based biosorption, extensive efforts were made to design and
develop functionalised seaweed-derived macromolecules and
marine-based discrete biomaterials for various applications.
With an extracted distinct macro-molecule with familiar
physico-chemical properties, one can tune the adsorption-de-
sorption processes and control the leaching of composites.
Over past decades, marine-derived bio-macromolecules, such
as alginates, chitin/chitosan, agar/agarose, carrageenan, cell-
ulose, collagen, and fucoidan (Fig. 3) have been developed as
highly efficient functional materials for the purification of con-
taminated groundwater, industrial and domestic wastewater,
and also in desalination processes. Fig. 4 shows the number of
studies reported from 1995 until now, which indicate a
massive growth in marine-derived materials for adsorption,
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Fig. 3 Various biomacromolecules derived from marine biomaterials
and their chemical structures.
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Fig. 4 Approximate distribution of publications dealing with majorly
used marine-derived biopolymers for adsorption, biosorption, advanced
oxidation processes (AOP) and membrane filtration according to the
Web of Science from 1995 to July 2021.

biosorption, membrane filtration and advanced oxidation pro-
cesses. Accordingly, we first discuss the structure-property
relationship of chitosan and various seaweed-derived biopoly-
mers and then summarize the different approaches developed
to prepare high-performance hybrid materials.

3. Chitin/chitosan

Chitin/chitosan are the most abundant, renewable, marine-
based, N-containing polysaccharides found in the exoskeletons
of crustaceans, crabs, insects, algae, fungi and shrimp
shells.®*** Globally, 10 billion tonnes of chitin have been bio-
synthesised and 1.5 million tonnes of chitins are commercially
available.®® Chitin is a linear polysaccharide first identified in
1884, made up of (2-amino-2-deoxy-p-glucose) p-glucosamine
and  N-acetyl-2-amino-2-deoxy-n-glucose  (N-acetyl-p-glucos-
amine) units which are linked by 1-4-B-glycosidic bonds and it
is the only source of chitosan. Structurally, the N-acetyl-2-
amino-2-deoxy-np-glucose monomer is largely found in chitin,
whereas the concentration of 2-amino-2-deoxy-p-glucose is
high in chitosan. Chitin/chitosan are semi-crystalline in nature
due to the presence of inter- and intramolecular hydrogen
bonding. Chitosan is generally obtained by the deacetylation
of chitin.®® In 1894, Hopper demonstrated deacetylated chitin
using potassium hydroxide solution, later named chitosan.®”
Significantly, in acidic pH, protonated ammonium (pK,
(-NH;") = 6.3) disrupts the crystalline nature of chitosan,
leading to the solubilization of the polymer in an aqueous
medium. In fact, chitosan is the only cationic polymer avail-
able in nature and is the only commercially available water-
soluble cationic polymer, which makes it an important candi-
date in designing various sustainable functional materials.®®
Chitosan containing hydroxyl groups and reactive amine func-
tionality in its structure is extensively utilised to prepare high-
performance functional materials in a desired physical form

Green Chem., 2021, 23, 8305-8331 | 8309
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due to its water solubility. It readily interacts with charged
organic and inorganic species through electrostatic inter-
action, coordination, metal-ligand interaction and through
weak van der Waals forces or hydrogen bonding. Altogether
chitosan can be considered an eco-friendly complexing agent
because of its renewability, economic cost, nontoxicity, hydro-
philicity and biodegradability.®®

Further, its chemical properties, such as being a polyelec-
trolyte at acidic pH, high reactivity, coagulation, flocculation
and biosorption properties, resulting from the presence of
reactive hydroxyl and mostly amine groups in the macromol-
ecular chains make it a most prominent candidate for water
purification applications. In 1969, Muzzaiulli discovered that
chitosan can collect natural heavy metal ions from seawater by
a chelating effect.”® In 1974, Friedman and group systemati-
cally explored the metal ion binding capacity of chitosan for
the first time along with other biopolymers,”* while the appli-
cation of chitosan in wastewater treatment was demonstrated
in 1976.°%7>7 Since then extensive research has been carried
out to develop efficient low-cost chitin/chitosan-based
materials for water purification, especially as adsorbents for
the separation of organic and inorganic contaminants (Fig. 5).

Over the past few decades, chitosan being a cationic bio-
polymer has received a great deal of attention for coagulation—
flocculation processes due to its ability to form polyelectrolyte
complexes in an aqueous medium.”*”® Chitosan was success-
fully demonstrated for the flocculation of kaolin suspension,”®
algal cells,””””® river silt,”” humic acid solution,*® Chlorella,®!
tetracycline,®” dyes,®® pesticides,® heavy metal ions®® etc.
Various modified chitosans, such as chitosan glutamate, chito-
san hydrochloride, and carboxymethyl chitosan, exhibited
excellent contamination removal due to effective interaction
with pollutants.®>®® A study also demonstrated that a chitosan
composite exhibited a higher percentage of removal compared
to commercially applied flocculants, such as polyaluminum
chloride and silicate for organic contaminants and solid sus-
pended particles in water treatment.>®> Thus, chitosan has
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Fig. 5 Distribution of publications on chitosan for adsorption per year
according to the Web of Science from 2000 to July 2021.
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been widely explored because the process is efficient even at
low dosage, with a quicker depositing velocity, easier sludge
treatment, and biodegradability and it exhibited high
efficiency in coagulating and flocculation organic matter, in-
organic ions and solid particles.’”*® Interestingly, chitosan
was also used for the flocculation of oil-water emulsion attrib-
uted to the hydrophilic nature of chitosan, which is explained
in a later part of the review (section 3.3).

3.1 Decontamination of organic contaminated water

Over the past few decades, textile, pharmaceutical and many
other industries have raised serious concerns as they have
been releasing organic contaminants, such as dyes, pharma-
ceutical drugs, pesticides, surfactants etc., containing
untreated wastewater into the environment, which has caused
severe health issues to human beings, and terrestrial and
aquatic living organisms.®>®° Interestingly, chitosan-based
beads,”" thin films,”> biocomposite membranes,” hydrogels
and aerogels® were widely explored for the separation of such
organic contaminants. The amine functionality in the chitosan
intensely remains as an active site for the adsorption of
organic moieties depending on the pH of the reaction
medium.® Further, with an increase in the amine functional-
ities, diminishing the degree of acetylation enhances the
adsorption of dye molecules. Thus, various modifications of
chitosan were achieved by (i) crosslinking reactions with multi-
functional moieties and (ii) grafting of highly functionalised
monomers or polymers.”® Both techniques yield chitosan
derivatives with superior properties, such as improved surface
functionality, enhancement of active sites, and also physical,
chemical and thermal stability.”” In the case of grafting, auxili-
ary chemicals are required to form a stable composite with
chitosan, whereas crosslinking may lead to reduced functional-
ities. The functionalities of chitosan have been enhanced by
grafting with various chemicals—such as poly(methyl
methacrylate),”®®®  diethylene triamine,'®® polypropylene
imine,'®" sulfonic acid,'®® and p-cyclodextrin,'®*'** and also
with nanomaterials, such as graphene oxide (GO),"” reduced
graphene oxide (rGO),'°*'”” and single-walled and multi-
walled carbon nanotubes (SWCNT & MWCNT)"*®'%°—further,
establishing their application in water purification.

Over past decades, exfoliated graphene oxides have been
extensively studied due to their excellent adsorption capacity
attributed to huge polar moieties, such as epoxy, hydroxy, and
carboxy groups and high surface area.''®"'? A group led by
Prof. Saleh has established the use of GO for various appli-
cations, such as powerful adsorbents,'* sensors,''* photocata-
lysts,"** and also as a filler in membranes''® to treat the water
obtained as a by-product of the petrochemical industry.""”*°
Thus, graphene oxide was widely utilised to prepare chitosan
composites for water purification applications. By stacking
into a continuous membrane, GO with a two-dimensional
lamellar structure and single-atom thickness has shown
advantages in water purification."**™**> Chen et al. have pre-
pared a GO-chitosan hydrogel through self-assembly of GO
within a chitosan network. The hydrogel exhibited enhanced

This journal is © The Royal Society of Chemistry 2021
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adsorption through a column filtration mode for a comparison
of cationic and anionic dyes. It is also observed that the per-
formance increases with an increase in GO content.'?® Later,
Kamal et al. demonstrated tetraethyl orthosilicate crosslinked
GO/chitosan film for Congo red dye separation with excellent
adsorption capacity.'** Interestingly, the GO/chitosan compo-
site shows robust separation of organic dyes under ultra-soni-
cation, which is advantageous in a real-time scenario.'*

Recently, GO/chitosan aerogels with high mechanical
strength were demonstrated for the separation of various
organic contaminants.’**'?” On the other hand, the develop-
ment of magnetic composites has attracted various research
groups around the globe. It is suggested that a magnetic prop-
erty can be enabled by incorporating magnetic composites like
Fe;0, into the chitosan network. The chitosan forms stable
composites with metal composites through metal-ligand inter-
action with the hydroxyl and amine groups. The magnetic
composites can be prepared by both in situ and ex situ
processes.'””?® Efforts were made to enhance adsorption by
grafting with cyclodextrin'®® and GO'*° along with magnetic
composites. The hydrophobicity and surface functionality of
cyclodextrin and GO enhance the adsorption capacity of chito-
san. Advantageously, chitosan exhibits antibacterial activity by
binding to the negatively charged bacterial cell wall, causing
disruption of the cell. Thus, magnetic chitosan/GO composites
demonstrated antibacterial activity against Escherichia coli
from an aqueous medium."®' Further, the antibacterial prop-
erty was enhanced by introducing silver nanoparticles into the
chitosan network through the photocatalytic reduction of
silver nitrate, and the composite was used for adsorption of
various dye molecules."*” Recently, chitosan-based novel mag-
netic nano-adsorbents in the fluid state were prepared via a
facile in situ co-precipitation method. The magnetic adsorbent
exhibited robust separation and superior adsorption capacity
of 1724 mg g~ for Congo red dye and was easily recyclable
with magnetic assistance.’*® Further, various chitosan-based
hydrogels and aerogels were demonstrated for organic con-
taminant separation.”**'*> Among them, aerogels are promis-
ing candidates due to high active surface contact with the pol-
lutants and easy implementation.

A polydopamine-modified chitosan-based aerogel was
reported for the separation of organic dyes along with heavy
metal ions.”*® The enhanced adsorption is attributed to the
large number of amine and catechol groups on its molecule.
Similarly, polydopamine-modified carboxymethyl cellulose-
based aerogel was also evaluated for cationic and anionic dye
separation."®” Also, low-cost fly-ash and GO-immobilised chito-
san aerogel were explored for reactive orange 16 dye, which
exhibited moderate adsorption.'*® Fly-ash is a low-cost mineral
residue obtained after burning charcoal in an electricity gener-
ating plant.”*® Chitosan was also used to exfoliate a phyllosili-
cate, and further crosslinked with rGO to form a porous hydro-
gel with remarkable mechanical strength without the aid of a
crosslinker (Fig. 6)."*° Further the porous hydrogel was used
for chromium separation. Recently, our group has reported
iron and aluminium composite-functionalised adsorption-
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Fig. 6 Schematic representation of the fabrication of a composite
hydrogel with a porous structure.**°

based aerogel membranes for dye, pharmaceutical and pesti-
cide separation.'*' These studies suggested that economical
aerogels can be prepared by functionalising chitosan aerogel
for the efficient decontamination of organic wastewater.

On the other hand, photodegradation and advanced oxi-
dation processes (AOPs) are promising wastewater treatment
technologies which are widely used around the world."*>'*?
Various research groups have demonstrated chitosan-based
catalysts for the degradation of organic pollutants via photo-
degrdation'** or AOPs. TiO,,"*>'*® Ag'"” and ZnO"*®'*°
immobilised chitosan composites were widely used for photo-
catalysis. TiO, is an n-type semiconductor initiating photo-
catalytic oxidation at a wavelength of 320 nm. Thus, TiO,-
impregnated chitosan composites were widely developed for
the degradation of various organic contaminants. Zainal et al.
cast a TiO,-chitosan composite based thin film over a glass
support and examined its photocatalytic activity.">° The com-
posite showed excellent removal of model organic contami-
nants via the combined effect of adsorption and photodegrda-
tion. Later, TiO,-encapsulated chitosan beads and surface-
imprinted beads were developed for a continuous photo-
catalytic mode of organic dye and pesticide degradation."**""
In general, emerging contaminants such as pharmaceutical
drugs are difficult separate through adsorption or membrane
filtration, so degradation is the most suitable technique for
such contaminants.'>>"*> Apparently, the surface-decorated
composite shows robustness due to the greater exposure of
active sites. However, there is a high chance of the leaching of
nanocomposite deposited over the surface during the impreg-
nation treatment, which harms the recyclability and also
induces additional pollution into the system. Recently, cata-
lysts for AOPs were also developed, such as a Fenton cata-
lyst,">* cobalt oxide,"** ZnS'*> and ferrocene'>® functionalised
chitosan materials. However, they are still limited to lab-scale
demonstrations due to the requirement of a high loading of
active catalyst and the consumption of a large amount of per-
oxide and persulfate chemicals.

Membrane technology is widely used for wastewater treat-
ment, drinking water treatment and desalination due to its
low production cost, operational simplicity and ease of scaling
up."®” However, conventional membranes are mostly derived
from petroleum-derived polymers or synthetic polymers which
exhibit threats to the environment after disposal. Moreover,
conventional membranes suffer from biofouling and low per-
meability."® Chitosan has gained increasing interest as a
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membrane material due to its hydrophilicity, ease of modifi-
cation, biocompatibility, and remarkable affinity to organic
molecules and inorganic metals. Over the past two decades
various chitosan-based crosslinked and composite membranes
have been widely developed for wastewater treatment.”
Evidently, functionalisation or modification of chitosan
polymer significantly enhance the performance; thus, various
crosslinking agents, such as organic molecules,"**™'* metal
salts'®7'® and inorganic acids,'®® have been demonstrated.
The crosslinking causes shrinkage of the polymer, which leads
to a reduced porous structure helping in the high removal of
pollutants; however, it also reduces the flux rate. On the other
hand, composite membranes can be produced by blending
with synthetic polymers,'®” biopolymers, metal composites,
carbonaceous materials'®® etc. The blending of two oppositely
charged polymers leads to polyelectrolyte complexes. Since
chitosan is the only cationic polymer, it has been widely used
to prepare biocompatible polyelectrolyte complexes with algi-
nate, carboxylate cellulose, poly(acrylic acid) (PAA) and other
anionic polymers. The blending leads to highly selective water
permeability with enhanced mechanical and thermal stability.
To enhance the hydrophilicity of the membrane, chitosan was
blended with poly(vinyl alcohol) (PVA), alginate, poly(ethylene
glycol) etc. Whereas a hydrophobic membrane was obtained by
blending with polysulfone, polyacrylonitrile, polyvinylidene-
fluoride etc. Thus, according to the nature of the pollutant,
monomers or polymers were selected for desired molecular
separation.

Recently, there has been a growing interest in developing
thin film composite (TFC) membranes due to their advantages,
such as anti-fouling property and enhanced recyclability. TFC
membranes consist of an active thin layer formed by interfacial
polymerisation which determines the performance of a mem-
brane and a macro-porous support which gives it mechanical
strength.”>'®*7° Commercially, a polyamide membrane is a
widely used TFC membrane due to its remarkable mechanical
strength, but it suffers from low flux and biofouling, which led
to efforts to replace the polyamide layer, with limited
success.'”"'”? Recently our group has successfully demonstrated
silver crosslinked chitosan as an active layer over a polysulfone
membrane (Fig. 7). The chitosan-based membrane not only
exhibits anti-fouling propensity, it also showed a superior pure
water flux of 100 L m~> h™" (LMH)."”* The membrane exhibited
>98% rejection for dyes and tannery wastewater with a flux rate
of up to 30 LMH. Further, the flux and rejection of the mem-
brane were enhanced by immobilising a spiral-like carbon-
aceous material in the active chitosan layer.'” Interestingly, the
multifunctional helical structured carbon acts as a crosslinker,
a hydrophilic membrane filler which led to the superior mem-
brane performance. Thus, a chitosan-based membrane could be
a potential membrane for an effective pre-treatment of various
industrial organic wastewaters.

3.2 Decontamination of inorganic contaminated water

Heavy metal ions are very toxic/hazardous and should be elimi-
nated from wastewater and drinking water. Heavy metals are
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Fig. 7 (A) Schematic representation of the fabrication of a chitosan-
based thin film membrane over a polysulfone support. (a—d) SEM, AFM
analysis, schematic representation and cross-section of the membrane
showing the surface topology and the roughness of the membrane with
varying concentrations of chitosan.’*

generally the group of metals/metalloids with an atomic
density of more than 4000 kg m™."”> Many processes are con-
ventionally used for the removal of heavy metals from water
and wastewater; however, trace concentrations of heavy metals
in effluents remain a great concern where restrictive standards
should be passed before discharge. Various operations, includ-
ing ion exchange, flotation, electro-coagulation, solvent extrac-
tion, membrane filtration, and adsorption have been used for
the elimination of metals from aqueous environments."”®
Among them, the adsorption technique is the most widely
studied phenomenon due to the ability of chitosan to form
coordinate or metal-ligand interactions with the heavy metal
ions and inorganic anions attributed to its enormous amine
and hydroxyl functionality, which also helps in the recovery of
heavy metal ions.”™"”” Chitosan and its derivatives are the
most promising adsorbents for the separation of heavy metal
ions, such as As(ui/v), Fe(u/m), Pb(u), Cr(vi), Cu(u), Ni(u), Hg(u),
Ag(1) etc., and inorganic nutrients, such as nitrate, sulfate, flu-
oride, chloride etc. Further, they have been extensively
reviewed for their separation efficiency.>®°*'7#'8! Thus, the
present section provides a brief explanation of the various
strategies for preparing high-performance adsorbents for
metal ions and inorganic nutrients.

For various chitosan-based crosslinked materials, such as
beads, hydrogels, aerogels, polymeric composites, grafting a
functional group onto them was widely demonstrated to syn-
thesise an efficient adsorbent for the adsorption of inorganic
contaminants.'®>*®*  Glutaraldehyde, epichlorohydrin and
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ethylene glycol diglycidyl ether are the most commonly used
crosslinkers for chitosan. However, crosslinking of chitosan
generally leads to a non-porous macrostructure and dimin-
ished functionalities which limits their adsorption
capacity.’”'®> This is because the hydroxyl groups and amine
functional groups react with the crosslinker, leading to a
decrease in active adsorption sites. Further, researchers have
developed a low-cost grafting method for the preparation of
high-performance hybrid materials. The modification of chito-
san led to an increase in surface functionality, which is crucial
for the adsorption technique. Monomers like succinic acid,
acrylic acid and itaconic acid were used to graft carboxyl
groups onto the chitosan.'®® Ethylene diamine tetra acetate,
thiourea and cyclodextrin are the other popular grafting agents
for chitosan.’®'®” By tuning the pH with respect to the pK,
value of a composite, cationic and anionic pollutants can be
selectively adsorbed over the composites. Chitosan-based
hybrids were also prepared with biomaterials such as nano-
clays, silica, cellulose, agarose, alginate, polyvinyl alcohol, and
nanofibrils.”®*#%18 These composites enhance the functional-
ities, and induce mechanical strength and also chemical stabi-
lity. Due to the high functionality, heavy metal ions were suc-
cessfully separated from an aqueous medium through electro-
static interaction. Another important strategy is to introduce
carbonaceous materials, such as GO, rGO, CNT, hydrothermal
and activated carbons.’?**°> Due to a synergistic combination
of the high surface area of carbonaceous materials and the
high functionality of chitosan or chitosan derivatives, they
provide superior adsorption of inorganic contaminants."*?

On the other hand, extensive efforts have been made to
immobilise active metal composites, such as iron, aluminium,
zirconium, silver, or molybdenum, into the chitosan network.
Interestingly, chitosan has the ability to bind colloidal nano-
particles in the ratio 500 wt%/wt% attributed to its enriched
multifunctionality.'®® The synergistic combination of active
metal composites and chitosan has shown superior adsorption
capacity for various contaminants. Significantly, metal/chito-
san composites were commercialised thanks to their low cost,
biodegradability and excellent recyclability. For example,
Pradeep and group demonstrated an antimicrobial composite
made by immobilizing silver nanoparticles and AIOOH into
the chitosan network.'®* Interestingly, the polymeric network
was developed for the controlled release of silver nano-
particles, which helps in the decontamination of pathogens;
further, AIOOH successfully scavenged arsenic, lead and iron
ions. They also developed and commercialised an FeOOH-chit-
osan composite for real groundwater contaminated by arsenate
and ferric ions and demonstrated it as a point-of-use filter for
drinking water in various parts of India."®> The chitosan not
only effectively immobilised the metal nanocomposites, it
further exhibited the controlled release of silver nanoparticles
for antibacterial activity. Interestingly, these composites also
exhibited a remarkable adsorption capacity for fluoride;
however their performance was hindered by the presence of
co-anions such as phosphate, nitrate and chloride."®® Inspired
by this, we have designed and developed an a-FeOOH and
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y-AlIOOH functionalised chitosan-based ultrafast permeable,
hydrophilic aerogel for scavenging fluoride from contaminated
groundwater (Fig. 8A)."*' The aerogel successfully purified
4734 L of fluoride-contaminated groundwater (Fig. 8B), and
further exhibited a maximum adsorption capacity of 102 mg
¢! for arsenic and 81.5 mg g™ * for fluoride. Researchers have
also developed magnetic composites because of their many
advantages like easy collection of adsorbents from an aqueous
medium and enhanced adsorption of metal ions due to the
magnetic property."®’ 2% Further, the selective separation of
metals of inorganic contaminants can be achieved by ion-
imprinting technology. The process involves adding a target
template ion into the chitosan solution prior to crosslinking
followed by removal of the template ion.**' % The created
void will selectively adsorb the targeted ions.

3.3 Oil-water separation

The escalating discharge of industrial oily-wastewater and fre-
quent worldwide occurrence of oil-spillage accidents demand
highly efficient materials for oil-water purification. Over the
past few decades, various physical and chemical treatments
have been established to separate oil from water.>**>%
Flocculation is one such type of chemical treatment, where
chemical agents separate the oil-water mixture by destabiliza-
tion of the oil-water emulsion via neutralising the surface
charges of the emulsion droplets. However, the process
requires a huge amount of chemicals, and thus requires low-
cost, biodegradable and nontoxic demulsifiers and floccu-
lants.”°® The polyelectric nature and higher charge density of
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Fig. 8 (A) Fabrication of iron and aluminium based composite functio-
nalised aerogel and (B) performance of the aerogel membrane for the
separation of dyes, pharmaceutical drugs, surfactants and fluoride ions
from an aqueous medium.***
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chitosan in an acidic medium assist the efficient flocculation
of oil from an oil-water emulsion.>*® The flocculation is domi-
nant due to charge neutralization instead of bridging. Thus
low-cost chitosan-based flocculant exhibited greater efficacy
than traditional coagulants, such as alum or polyaluminum
chloride.**®

Chitosan exhibits up to 99% separation of oil from palm oil
mill effluent due to the synergistic combination of adsorption,
effective agglomeration and coagulation. Further, hydrophobi-
cally modified chitosan enhances the separation of oil from
sodium dodecyl sulfate stabilised oil-water emulsion attribu-
ted to its hydrophobicity and surface functionalities.>"”
However, the cost of chitosan is high compared with most in-
organic flocculants, which restricts its commercialisation.**®
Zhang et al. prepared a hydrophilic, underwater superoleopho-
bic, anti-oil-fouling chitosan/PVA based mesh inspired by
shrimp shells.”*®> More than 99% separation was achieved
through a gravity-driven filtration system with or without
hyper-salinity. Interestingly, enhanced performance was
observed with a silica-impregnated chitosan mesh attributed
to the high surface area of the silica composite. Later, a bio-
polymer aerogel system has emerged as a prominent func-
tional material for the separation of an oil-water emulsion.
Meena and co-workers have demonstrated a highly crosslinked
chitosan/agarose-based biohybrid aerogel membrane for the
efficient separation (>99%) of water from real oil-spill waste-
water collected from a shipbreaking yard (Fig. 9a—c); further
preparation and application of the biobased aerogel process
were patented.”’’®*'" The chitosan acts as a support network
and provides hydrophilic channels for water to pass through it
(Fig. 9d-f). Thus, a flux rate of up to 600 LMH with >99% rejec-
tion was obtained in a crossflow membrane filtration mode.
Similarly, various attempts were made to prepare an aerogel
using superhydrophilic®® and superhydrophobic*'* modified
chitosan. Also, hybrid aerogels were prepared using algi-
nate,>'® cellulose,>'* polydopamine®'? etc. to enhance the
mechanical strength, chemical stability and permeability of
the aerogel membrane. Interestingly, nanocomposites such as
GO and TiO,-impregnated aerogel membranes, enhance oil-
absorption,”™ and induce a self-cleaning property in the
aerogel membranes.?'® Recently, we have demonstrated an Fe-
Al composite functionalised chitosan aerogel exhibiting >99%
separation of an oil-water emulsion with ultrahigh permeation
attributed to the superhydrophilic nature of chitosan.'*!
Herein, the metal composites not only enhance the hydrophili-
city of the membrane but also enable multifunctional pro-
perties. Interestingly, one can tune the path structure for
liquid transport through unidirectional freeze drying.>'**'” In
sum, low-cost, biodegradable chitosan-based membrane are
promising candidates for practical oil-water separation
applications.

3.4 Solar-assisted water evaporation

Solar-assisted water distillation is a promising facile technique
to produce fresh water. Recently, there has been an increase in
attention paid to developing highly efficient solar-thermal
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Fig. 9 (a—c) Schematic and digital images of highly crosslinked, super-
hydrophilic agarose/chitosan aerogel. (d—f) Cross-flow membrane fil-
tration of crude oil based emulsion separation.?'°

conversion materials for water evaporation. In a general strat-
egy, researchers have immobilized a highly efficient solar-
thermal converter catalyst in a high surface area matrix. In this
regard, chitosan is a perfect candidate since the high surface
functional groups can efficiently accommodate nanocatalysts
and its natural hydrophilic nature will enhance the water per-
meability throughout the system. Zhou et al. designed highly
hydratable polymeric hybrid hydrogels using PVA and chito-
san.”'® Conductive polypyrrole was infused as a light-absorb-
ing catalyst. The hydrogel exhibits a superior water evaporation
rate of 3.6 kg m™> h™' under 1-sun illumination. Likewise,
Wang et al. substituted PVA with polyacrylamide and obtained
a similar conversion efficiency; however, it showed long-term
stability against sat and bacterial accumulation.”'® Further, an
rG-induced chitosan hydrogel was reported as a salt-resistant
solar-thermal converter with an efficiency of 86% for water
evaporation.”®® The induced rGO acts as a spacer and
enhances the transport of water within the hydrogel system
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and also the compression strength. Wang et al. fabricated a
double-layered GO-chitosan/ZnO scaffold for solar steam gene-
ration by keeping a GO layer on the top.?*' The hybrid aerogel
exhibits a steam generation rate of 13.5 kg m~> h™' under
10-sun illumination. Similarly, silver nanoparticles,****** mol-
ybdenum carbide,*** melanin-coated titania hollow nano-
spheres®® and MnO, nanowires®*® immobilised chitosan-
based materials were examined for solar steam generation. In
sum, these low-cost, highly efficient advanced materials show
potential applications in practical solar-driven wastewater
treatment.

4. Alginate

Alginate is an anionic polysaccharide extracted from the com-
ponent of the cell walls of brown algae and an exopolysacchar-
ide of some bacteria such as Pseudomonas and Azotobacter. To
be more specific, it is a copolymer of a-L-guluronic acid and
f-p-mannuronic acid linked together by f-1,4-glycosidic
bonds.>”” Commercially, alginate is produced using Laminaria
hyperborea, Laminaria digitata, Laminaria japonica, Eclonia
maxima, Macrocystis pyrifera, Durvillea Antarctica, Lessonia
nigrescens, and Sargassum spp.>>® Alginate salts are generally
water soluble, possess an excellent gelling property and are
hydrophilic in nature due to extensive hydroxyl and carboxylic
functionalities. Thus, they are extensively utilized in waste-
water remediation, which is further attributed to their struc-
tural stability, high water permeability, biodegradability, and
nontoxic nature.>*” Interestingly, numerous studies have indi-
cated that the efficiency of alginates can be improved by devel-
oping hybrids with suitable materials. Over the past decade,
alginate-based hybrid materials have been developed using
synthetic polymers, biopolymers and inorganic metal salts or
composites which yielded multi-functional beads, hydrogels,
aerogels and membranes for efficient water purification.>*°
Such various strategies used to develop high-performance
materials are discussed here.

4.1 Decontamination of organic contaminated water

It was observed that alginate plays a critical role in the biosorp-
tion efficiency or ion-exchange capacity exhibited by brown
seaweeds.’® This suggested that alginate would be an excellent
candidate for sorption application. In the late 20™ century,
researchers studied the biosorption and adsorption efficiency
of alginate and its hybrids mainly for heavy metal ions>*'">%?
and for some organic contaminants.”****> Later, over the past
two decades, alginate-based materials have attracted immense
research interest due to their chemical stability and biocom-
patibility. Calcium alginates are the most studied materials for
adsorption; however, generally they are non-porous and exhibit
a limited surface area.>*® Thus, many strategies—such as gela-
tion with boehmite,”” incorporation of surfactants and poro-
gens such as NaCl, CaCOs,>*® and preparing composites with
various biomaterials such as nanoclays***—were demonstrated
to prepare porous alginate materials. Surfactants such as
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sodium dodecyl sulfate®*® or cetyltrimethylammonium
bromide®*! create a porous structure through non-spherical
simultaneous micelles which act as a pore-forming template
in alginate hydrogels. Further, grafting of alginate composites
is another important technique to obtain high-performance
materials. Various monomers and polymers were used, such
as acryl amide,>? tannic acid,**® cyclodextrin, polyacryl-
amide,*** PVA,**® itaconic acid etc. to enhance the efficiency of
alginate-based materials.

Shao et al. have demonstrated 2-acrylamido-2-methylpropa-1-
propanesulfonic acid grafted over sodium alginate through
hydrogen bonding for the ultrahigh adsorption of methylene
blue, which showed a maximum adsorption capacity of
2977 mg g '.>*® Whereas, a polyethyleneimine-grafted MXene
incorporated double-network structured alginate aerogel exhibi-
ted an ultrahigh adsorption of 3568 mg g~" for Congo red
dye.”"” Similarly, ZnO-impregnated PAA-grafted alginate hydro-
gel and TiO,-impregnated acrylic-acid-grafted alginate hydro-
gels>® have shown superior adsorption capacities of 1539 mg
g ' and 2257 mg g for cationic methylene blue dye, respect-
ively, attributed to electrostatic interaction between the carboxyl
groups of grafted alginate and the high surface area of Zn0.**°
Furthermore, various hybrid composites have been prepared by
incorporating GO, rGO, CNT,**° or activated carbon®" into the
polymeric network to enhance the sorption capacity. A high
specific surface area, surface functionality and mechanical
stability enhance the performance of alginate-based materials
for the separation of dyes, pharmaceutical drugs and pesticides.

GO-functionalised alginate beads showed a maximum
adsorption capacity of up to 342.6 mg g~' for bisphenol A,
which is several times higher than conventional adsorbents.**
Recently, calcium-alginate-based membranes have shown a
superior adsorption capacity of 3506 mg g~' for methylene
blue dye.>* Significantly, silver-nanoparticle-incorporated algi-
nate-based adsorbents were explored as a point-of-use microor-
ganism disinfectant during the purification of drinking
234 gimilar efforts were made to prepare metal compo-
immobilized alginate composites, such as zeolite,>*®
boehmite, goethite,>*® molecular organic frameworks,”” and
magnetic composites. Further, alginate-based -catalysts for
photocatalytic degradation and AOPs were also demonstrated.
In 2000, iron-encapsulated alginate gel beads were demon-
strated for the Fenton degradation of orange II dye. Later, in
2005, a chitosan-alginate-based polyelectrolyte microshell con-
structed via a layer-by-layer self-assembly technique was
demonstrated for the photo-assisted Fenton degradation of
dye molecules. Over the past decade a renewed interest was
observed for the utilisation of alginate for photocatalysis.
Efforts were made to immobilise TiO,,>*®**° Zn0,**°
2-C5N,,%%! La(OH);,>%? Ag;P0,,%®® and CuO®** into an alginate
matrix and their photocatalytic activity was successfully
demonstrated. Alginate acts as an efficient dispersive medium
and controls the agglomeration of nanocomposite during self-
assembly, thus facilitating an excellent degradation reaction.
Hence, alginate could be a potential candidate for photodegr-
dation and AOPs reactions.

water.

sites?®®
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4.2 Decontamination of inorganic contaminated water

In general, sodium alginate can form an “egg-box structure” by
interacting with multivalent metal ions through a sol-gel pre-
cipitation which yields polymer beads.>®®> Specifically, multi-
valent metals like Ca(n) have the ability to form guluronate
structures like eggs in an egg box, and the alginate chains
bind them together with junction zones.>*® Over past decades,
immense research has been conducted to develop highly func-
tionalised, porous alginate-based materials for the robust sep-
aration of inorganic contaminants through adsorption®®” and
membrane filtration.”®® Interestingly, reports have suggested
that alginate shows higher adsorption of heavy metal ions
than chitosan due to the large number of active adsorption
sites.>®>*”® Vvarious factors affect the binding capacity and
affinity of alginate towards heavy metal ions, such as the
nature of the pollutants, their net charge, the morphology of
the materials, pH, temperature and existing ions in the
aqueous medium, and also the functionality and surface area
of the materials. Calcium and iron crosslinked alginate-based
materials showed a low adsorption capacity for heavy metal
ions due to their non-porous surface and low specific surface
area.””' Thus, the majority of the work has focused on the
modification of alginate by grafting, hybridising with organic
or inorganic composites and blending with synthetic or biopo-
lymers. Polyethylenimine-grafted alginate aerogels have exhibi-
ted an ultrahigh adsorption capacity for Cr(vi) of 431 mg g™/,
whereas the addition of Mxene has enhanced it up to 539 mg
g~ 1.2*7?72 In another study, 2-acrylamido-2-methylpropa-1-pro-
panesulfonic acid grafted sodium alginate showed a superior
adsorption capacity of 2042 mg g~ for Pb(n) ions.>*® Acrylic
acid or PAA grafting is the most successful modification strat-
egy to enhance the adsorption capacity of alginate-based
materials. PAA-sodium alginate nanofibrous hydrogels have
exhibited an excellent adsorption capacity of 591.7 mg g~ " for
Cu(n) ions.””* Significantly, a nanofibril-based membrane
showed up to 99% separation efficiency with a flux rate of 868
LMH even in a more concentrated solution. It is observed that
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the thickness of the membrane directly influences the separ-
ation efficiency, and excellent rejection was obtained for a
membrane with a thickness of 200 pm. Significantly, a 3D
macroporous alginate/akaganeite composite aerogel was estab-
lished as a point-of-use filter for arsenic separation from
drinking water with a flux rate of 20-25 mL min~' under
gravity.””* The robust separation from the scaffold is attributed
to the efficient adsorption capacity of akaganeite. Further, an
GO/alginate-based yttrium-impregnated hydrogel has shown
an excellent adsorption capacity of 288.9 mg g~ for fluor-
ide.>”> Also, the hydrogel-based filter has shown excellent sep-
aration of fluoride in continuous filtration mode, attributed to
a robust ion-exchange reaction between hydroxide groups and
fluoride anions, which promises its application to treat fluor-
ide-contaminated water. Yttrium-immobilized GO alginate
hydrogels have also shown a maximum adsorption capacity of
273 mg g~ for As(v), ascribed to H-bonds, electrostatic inter-
action and n-n interaction.’’® Recently, our group demon-
strated an aluminium-composite-impregnated chitosan-algi-
nate-based biomaterial scaffold with silver nanoparticles for
drinking water and industrial wastewater purification
(Fig. 10).*”” The aluminium composite provides active adsorp-
tion sites, whereas the silver nanoparticles afford an antibac-
terial property. Notably, the performance of the material was
examined through commercializable models, such as teabag-
like pouches and a column filter for the separation of fluoride
and chromate ions.

4.3 Oil-water separation

A superhydrophilic alginic-based polymer is a promising can-
didate for oil-water separation due to its affinity towards water
and high absorption capacity. Moreover, alginate gels can be
easily converted into porous aerogels by simple supercritical
drying or freeze drying. Since alginate exhibits a salt-tolerant
property in a marine environment, a group of researchers
demonstrated a superoleophobic sodium alginate based
aerogel for oil-seawater separation. However, they used cell-
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Fig. 10 (a) Schematic representation of the preparation of an aluminium-composite-impregnated sodium alginate and chitosan-based biomaterial
scaffold. (b) Shows the application of the bio-composite for the separation of dyes, Cr(vi) and fluoride through a teabag model and a continuous

flow method.?””
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ulose nanocrystals as a filler in order to enhance the mechani-
cal stability of the alginate aerogel. The hybrid aerogel success-
fully separated oil from an oil-seawater mixture with >99%
efficiency along with remarkable recyclability.>’® Further, an
alginate-based self-cleaning aerogel was reported by immobi-
lising multifunctional TiO,, which exhibited underwater oleo-
phobicity and subsequently up to 99% oil-water separation
efficiency.”’® Thus, the report successfully addressed the
fouling issue by enabling the self-cleaning property. The
adsorbed o0il molecules can be photocatalytically bio-
degradable under sunlight, which leads to regeneration of the
aerogel surface. Further, a chitosan/alginate hybrid hydrogel
and an ampholytic membrane were also demonstrated for oil-
water separation.>'*?%° The hydrogel was prepared by coating
chitosan/alginate over a copper mesh and the membrane was
obtained by subsequent freeze drying. Significantly, the mem-
brane exhibited >99% oil-water separation efficiency with a
flux rate of 680 LMH. Furthermore, efforts were made to
produce a highly efficient, durable and renewable aerogel by
the incorporation GO into the alginate network.**' The aerogel
exhibited underwater super oleophobicity with an oil-water
separation efficiency of >99% with a superior flux rate of 3.5 x
10° LMH. Thus, the results suggest that alginate-based aero-
gels could be a potential solution to cleaning up oil spillages
in seawater.

5. Agar/agarose

Agar is the oldest employed phycocolloid which is soluble in
boiling water and is mainly used in the synthesis of solid
microbiological culture media. It is a hydrophilic polysacchar-
ide extracted from certain red algae and is mainly composed
of neutrally charged agarose and charged fraction agaropectin,
a composition similar to starch. Commercially, agarose is pro-
duced using Gelidium sp. and Gracilaria sp. which exist as a
supporting structure in the cellular walls of the seaweeds.*®?
Among agarose and agaropectin, agarose is a gelling fraction
and becomes soluble in near boiling water. Upon cooling, the
polymeric chains self-assemble into helical fibers that ulti-
mately aggregate to form a hydrogel.*®* Structurally, agarose is
a linear polysaccharide with repetitive units of p-galactose and
3,6-anhydro-i-galactose, linked by alternating o-(1,3) and
B-(1,4) glycosidic bonds. The presence of active C-2 and
C-4 hydroxyl groups makes it an excellent candidate for water
purification.”®* Areco et al. immobilised Ulva lactuca, in an
agar matrix for the biosorption of bivalent heavy metal ions
such as copper, zinc, cadmium and lead.*®®> The dead biomass
was dispersed in an aqueous agar medium to prepare an alga/
agar composite. However, suspended alga showed better separ-
ation efficiency in a fixed-bed assisted continuous flow
medium compares to an alga/agar composite. This can be
attributed to readily available, freely distributed functionalities
of alga in suspended medium enabling superior biosorption.
Efforts were made to prepare various organic and inorganic
composites of carbon dots,**® Fe, Fe,0;,>*” hydroxyapatite®*®
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and organic polymers with agar for the adsorption of pollu-
tants. Li and his group have prepared magnetic agarose micro-
spheres for the separation of radionuclides.”®” A stable Fe,O;/
agarose composite was formed by chelation with metal ions
and it exhibited maximum adsorption capacities of 1.15 mmol
¢! and 1.27 mmol g~ for U(vi) and Eu(m) radionuclides.
Chen et al. synthesised an Fe-agarose nanocomposite and
demonstrated its application in the separation of trichloro-
ethylene and Cr(v1).”®” The Fe NPs were uniformly distributed
inside the agarose hydrogels and reduced Cr(vi) to Cr(u).
Various strategies were developed to prepare excellent agar/
agarose-based hydrogels and aerogels for water purification
applications. Rani et al. investigated the biosorption capability
of agar-based hydrogel.>*® The hydrogel was prepared by free
radical copolymerization of acrylamide and N,N-methylene
bis-acrylamide which exhibited a remarkable swelling behav-
iour of up to 550% and superhydrophilicity attributed to the
hydrophilic nature of agar molecules. These two properties are
the key factors for the biosorption of heavy metal ions. The
hydrogel exhibited affinity in the order Fe** > Mn*" > Ni** >
Cr’" depending on the atomic radius of the heavy metal ions.
Further, the hydrogel also exhibits notable adsorption of
methylene blue dye. Interestingly, enhanced dye adsorption
was observed from GO-immobilised agar hydrogel.>*" This is
due to the enriched active sites and high surface area of the
GOs. Seow et al. prepared an agarose-based superhydrophilic
aerogel by simple freeze drying. The aerogel exhibited con-
siderable adsorption capacity; however, its mechanical
strength is unclear.®® In 2014, our group demonstrated a
highly crosslinked, novel supe-rhydrophilic agarose/gelatine
(9:1) based aerogel for sustainable oil-water emulsion separ-
ation.>'® The genipin crosslinks the cylindrical agarose chain,
and phases were separated by non-crosslinked gelatine co-gel.
Subsequently, gelatine forms a hydrogen bond with the
agarose, which is confirmed by colour changes in the hydrogel.
Upon freeze drying, the readily formed ice crystals in the
agarose walls sublimated to form hydrophilic channels
(Fig. 11).>'" As a result, the aerogel membrane exhibited a
remarkable rejection of >99% with a flux rate up to 500 LMH

‘Agarose + Gelatin

Hydrogen Bonding gr Layer
Genipin Crosslinking elatin Wall

Fig. 11 Schematic representation of genipin crosslinked agarose—gela-
tine hydrogel formation and superhydrophilic, porous biobased aerogel
membrane formation.?*

Green Chem., 2021, 23, 8305-8331 | 8317


https://doi.org/10.1039/d1gc03054j

Published on 06 Oktober 2021. Downloaded on 31.10.2025 11:28:13.

Critical Review

for the cross-flow mode oil-water emulsion separation and
aqueous-organic solvent mixture.

Recently, Wang et al. fabricated a fluorinated, superoleophi-
lic agarose/GO hybrid aerogel with microchannels for the
selective absorption of oil. Superhydrophobicity induced by
fluorine functionalization enhances the organic solvent
absorption up to 187 g g '. Interestingly, rGO-impregnated
agarose hydrogel beads also exhibit superior adsorption of
water-soluble organic moieties, including pharmaceutical
drugs attributed to n-m interaction with rGO.>*> The GO inter-
action with the carboxyl group of the agarose enabled better
dispersion of hydrophobic GO by avoiding aggregation; on
other hand, GO acts as a crosslinker to form water-stable
agarose beads. The rGO/agarose composite beads exhibit a
maximum adsorption capacity of 321.7 mg g~ ' for Rhodamine
B and 196.4 mg g~ for aspirin. Whereas the GO/agar-based
aerogel with GO content up to 80% exhibits a maximum
adsorption capacity of 578 mg g~ for methylene blue dye with
excellent recyclability.>®® Agarose aerogel were also used in
membrane distillation application. Aerogel will assist in redu-
cing surfactant wetting by avoiding contact of the active mem-
brane with the highly concentrated surfactants.>**

Recently, a functional double-layer silver-poly(sodium-p-
styrenesulfonate)-agarose gel/agarose gel was demonstrated for
solar-assisted water evaporation (Fig. 12).>°> The silver-functio-
nalised active agarose top layer induces a solar light-thermal
transformation whereas the bottom hydrophilic agarose gel
acts as an efficient water-transport medium, leading to excel-
lent water vaporisation of up to 2.1 kg m™> h™! under 1-sun
illumination. Further, agarose-based hybrid materials were
developed with carrageenan,”® polyurethane,>” polyvinyl
alcohol,”*® and maltodextrin®*® for the separation of organic
contaminants and also for catalytic reduction. Agar/agarose-
based materials were also explored for degradation appli-
cations. The carbon-nitride-immobilised agar-based hybrid
aerogel showed excellent photodegradation of dyes, antibiotics
and phenol.>*®*' The hybrid aerogel exhibited superior per-
formance to carbon nitride alone or a 60%-TiO,-agar hydrogel
via the synergistic effect of adsorption and photocatalysis. The

Light
absorption

Agarose gel layer

Fig. 12 Schematic representation of agarose-based double-layer
hydrogel for solar-assisted water evaporation.?*®
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hybrid hydrogels can be easily recyclable and the active photo-
catalyst can be straightforwardly recoverable by heat treat-
ment.***> The carbon-nitride-impregnated agarose-based beads
also prominently exhibit mercury ion adsorption.>*® Further,
zeolitic imidazolate framework (ZIF-8) functionalised carbon-
nitride-immobilized agar aerogel exhibited superior adsorp-
tion of anionic pollutants.*** This strategy of enhancing the
activity by avoiding agglomeration of nanocomposites through
immobilization in a biopolymeric network promotes potential
applications of nanocomposites with poor dispersability.
Furthermore, Patra et al. synthesised a bimetallic-functiona-
lised agar-based aerogel as an excellent adsorbent and photo-
catalyst.’® The agar@Fe/Pd hybrid nanoparticles exhibited
maximum adsorption capacities of 875 mg g~' and 780 mg g~
for MB and RhB, respectively. The nanocomposite effectively
degrading dyes in the presence of BH,™ was attributed to redox
reactions triggered by the electrons released from the metal
composites. In another study, a laccase-immobilized agarose
aerogel was demonstrated for bisphenol degradation.*®®
Excellent degradation of endocrine-disrupting chemicals was
obtained even with a small concentration of agarose-supported
laccase. Moreover, a degradation efficiency of >90% was

retained even after the 15 cycle.

6. Carrageenan and other seaweed-
derived polysaccharides

Carrageenan, fucoidan, and seaweed-derived cellulose are
other biomacromolecules explored for water purification appli-
cations. Among them, carrageenan is widely utilised for the
preparation of functional polymer gels, beads, membranes
and nanocomposites. Carrageenan is a unique linear polysac-
charide enriched with sulfate functionalities and has the
ability to form polyanions. Structurally, carrageenan is made
of alternating 1,3 glycosidic-linked p-p-galactopyransose units
and 1,4 glycosidic-linked 3,6-anhydro-a-p-galactopyranose
units or 1,4 glycosidic-linked a-p-galactopyranose units and is
commercially obtained by extraction from certain red
seaweeds.’®’?°®  Acrylamide-grafted  carrageenan  nano-
composites and hydrogels were explored for the adsorption of
organic dyes, but a comparatively low adsorption capacity was
observed.’*>?'®  Cellulose/carrageenan hybrids were also
explored for organic dye and heavy metal ion adsorption;
however, the  composites  exhibit relatively low
adsorption.>"'*"* Thus, various carrageenan-based hybrid
materials were prepared with GO,*'**'® chitosan,*'® alginate,
hydroxyapatite,®'” polydopamine,**® polyacrylamide,*'® TiO,*"°
and zeolites.** A GO composite of carrageenan exhibits a high
adsorption capacity of 658.4 mg g~' for malachite green,>'*
whereas a poly(acrylamide-co-diallyldimethylammonium chlor-
ide)-modified aerogel membrane efficiently separates viscous
oil and organic dyes with >96% rejection and a flux rate of 40
LMH.?*"® The high adsorption capacity and the enhanced sep-
aration efficiency are due to multifunctional hydrophobic GO.
Similarly, an amine-functionalised TiO,-immobilised carragee-
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nan hydrogel exhibits a superior adsorption capacity of
833 mg g~ ' for malachite green, attributed to its large surface
area, functionality and good affinity.*'® Liang et al. demon-
strated magnetic Fe,Os/chitosan/carrageenan hybrid macro-
spheres for the adsorption of dyes and heavy metal ions.>'® The
magnetic composite displayed notable adsorption capacities of
190 mg g ', 118 mg g ', 17.9 mg g~', and 10.8 mg g~ for
Congo red, methylene blue, Cu(u) and Cr(u), respectively;
however, efficient separation was observed in fixed-bed column
filtration. Choudhury et al. prepared a poly(N-vinylpyrrolidone-
co-acrylic acid)/carrageenan hybrid biocomposite which exhibi-
ted high adsorption capacities of 362.5 mg ¢~' and 398 mg g™
for Safranine T and brilliant cresyl blue dye, respectively.>*" The
hydrophilic -COOH, -OH and sulfate group from acrylic acid
and carrageenan provide active sites for efficient adsorption
through electrostatic interaction. Interestingly, polydopamine-
functionalised carrageenan-based aerogel exhibited a high
adsorption capacity for heavy metal ions.*'® The terminal
amine functionality of polydopamine can form a coordination
complex with heavy metal ions and the active sites were further
enhanced by the hydroxyl and sulfate groups of carrageenan.
The aerogel showed maximum adsorption capacities of 105 mg
¢! 144.9 mg ¢7!, 133 mg g%, 158.7 mg g ', and 128 mg g
for Cr(vi), Co(u), Mn(u), Cu(u), and Cd(u), respectively, attributed
to high surface area and surface functionalities.

Cellulose is a most abundant, renewable, low-cost bio-
polymer, mostly extracted from terrestrial plants or biomass.
However, cellulose can also be extract from green, red and
brown seaweed biomaterials.>** Cellulose is insoluble in water
and most common organic solvents; thus cellulose fibres are
mostly explored to prepare functional materials. Hamid and
group have functionalised seaweed (Avicennia marina) derived
cellulose acetate with nano-manganese oxide and utilised it
for the adsorption of heavy metal ions.***> Higher adsorption
capacities of 82 mg g* and 192.8 mg g~ were obtained for Cd
(1) and Pb(u), respectively. Further, Yang et al. demonstrated
the application of a seaweed-derived cellulose-based aerogel
for solar-assisted water evaporation.*** Ulva (Enteromorpha)
prolifera derived nanocellulose was crosslinked along with
polyvinyl alcohol to form a hydrogel. The self-floating freeze-
dried aerogel generated up to 1.4 kg m~> h™' water vapour
under 1-sun illumination. Thus, nanocellulose was utilised as
a building block for high-performance functional materials.
Another seaweed-derived macromolecule, fucoidan, was also
used for the sorption of heavy metal ions.>**?° Fucoidan is a
long polysaccharide enriched with sulfate functional groups.
Considerable amounts of Pb(u), Cd(u), Zn(u) and Cu(u) were
adsorbed from the fucoidan-based biosorbents, attributed to
anionic surface charge and cation exchange capacity.

7. Seaweed-derived carbonaceous
materials for water purification

Biomass-derived carbonaceous materials have been extensively
explored for various applications because they are economical,
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environmentally friendly, and can be produced at a large scale.
Besides, the valorisation of biomass to produce functional
materials is significant over consumption of petroleum-derived
products and can be easily commercialized in the near
future.*®”” Moreover, the biomass-derived carbon materials are
biodegradable and evidence shows that biomass-derived carbon
can potentially substitute high-cost graphene and graphene
oxide derivatives, carbon nanotubes and many metal-based
nanocomposites. Additionally, one can design and prepare
highly porous, heteroatom-doped and metal-doped graphitic
carbonaceous materials by carefully choosing a suitable
biomass with additional functionalities of interest.’***** They
are generally prepared by hydrothermal carbonization or high-
temperature pyrolysis or both. In the literature, the majority of
biochars reported are obtained from terrestrial lingo-cellulosic
feedstocks, which generally yield a carbonaceous product with a
C-content of more than 70% with low or negligible nutritive
value."® It is necessary to induce auxiliary chemicals to obtain
carbon with functionalities. For the first time, Zerban and
Freeland (1918) prepared biochar from the seaweed Macrocystis
pyrifera by heating it to about 800-900 °C for the decolourisa-
tion of molasses. However, over the past decade, marine-derived
biomaterials have been widely used as carbon precursors for
the preparation of multifunctional carbonaceous materials with
several advantages. Marine-based biomaterials are inherently
enriched with heteroatom-based functionalities and metal ions
make them excellent candidates for the preparation of multi-
functional carbon.*>*° Due to an excessive metal ion content and
integrated heteroatom functionalities, they are vastly used for
the template-free synthesis of highly porous carbon, while the
gases liberated during the pyrolysis create a mesoporous struc-
ture, thus avoiding additional reagents for activation.***
Interestingly, they have also been utilised for the production of
graphene/graphitic carbon for various applications, such as
energy storage and conversion, as highly efficient adsorbents,**?
and for CO, capture and sensors. However, the present review
focuses on the design and development of functional carbon-
aceous materials for use in efficient water purification.

Various research groups have utilised raw seaweeds to
prepare carbonised products due to the presence of significant
amounts of metal ions, such as K, Na, Ca, Zn, Mg and Fe,
along with heteroatoms such N and P.** Additionally, seaweeds
are abundant, and thus advantageous in terms of cost and
labour for commercial production. Due to the presence of
metal ions, hierarchical porous carbons can be obtained by
simple acid washing after the pyrolysis.>*® Substantially, the
obtained product will also be doped with heteroatoms, which
is beneficial for several applications. However, a study showed
that the carbonized product obtained from brown-seaweed-
based species possesses higher C and H contents and lower S
content than red-seaweed-derived biochar.'* Thus various
strategies have been developed to tune the physico-chemical
properties of carbonaceous materials, such as porosity, metal
ion doping and heteroatom doping, and their efficiencies in
adsorbing dyes,"® heavy metal ions and other pollutants are
discussed below and are summarised in Table 2.
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7.1 Porous carbonaceous materials

An increase in demand for high-performance sustainable
materials has generated tremendous efforts in the areas of
design and the synthesis of multifunctional porous carbons.
Various techniques, such as hydrothermal treatment followed
by high-temperature pyrolysis, acid washing, KOH activation,
and template-assisted carbonization have been demonstrated to
prepare porous carbonaceous materials. Marine-based bioma-
terials, especially seaweeds, naturally containing metal ions can
help to create a porous structure after calcination assisted by
acid washing.**® However, carbonization of seaweed-derived
materials, such as carrageenan, chitosan and alginate, produces
highly porous carbon with a remarkable specific surface area
compared to the biomass itself. For example, Li et al. developed
S-doped carbon with a highest surface area of 4037 m® g~* by
carbonizing an Fe-carrageenan aerogel followed by KOH acti-
vation at 800 °C.*** An aerogel with a natural porous structure
was carbonized up to 600 °C followed by acid washing to
remove iron sulfides, yielding a nanoporous structure. Further,
KOH activation at 800 °C enhances the porosity to produce a
carbonaceous material with the highest specific surface area. In
another study, single-step KOH activation of hydrothermally
derived carrageenan carbon produced porous carbon materials
with a surface area of 2800 m* g~ which is superior to the
surface area of commercial activated carbons.**® The obtained
carbon exhibits a maximum adsorption capacity of 459 mg g~"
for the drug ciprofloxacin, which is several times higher than
commercial adsorbents. On the other hand, Liang and group
synthesised porous carbon materials with an ultrahigh surface
area of 3532 m”> g~ by two-step carbonization.>*® Firstly, it was
hydrothermally treated at 200 °C for 2 h followed by KOH acti-
vation and carbonization which led to the nanoporous struc-
ture. Deng et al. attempted to prepare high surface area carbon
by three-step carbonization using chitosan.*®” Firstly, spherical
carbon was prepared by hydrothermal treatment. During the
process, acid-catalysed depolymerisation and hydrolysis of gly-
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cosidic linkage was followed by condensation polymerisation,
resulting in spherical hydrochars. Further, annealing at high
temperature results in a hierarchical honeycomb-like structured
carbon with a high surface area of 2464 m* g~". Significantly,
the carbon materials displayed an ultrahigh adsorption capacity
up to 1599 mg g~ ' for methylene blue. With a similar pro-
cedure, alginate yielded a porous carbon with a notable specific
surface area of 749.2 m” g~ '.*? Further, Xu et al. prepared hier-
archical porous structured carbon with a surface area 1756 m?>
g~' through rapid freezing-assisted carbonization.®® The
material exhibited a remarkable separation efficiency for emer-
ging pollutants such as bisphenol A. Interestingly, the material
also exhibited excellent electrical conductivity.

Numerous raw seaweed biomaterials were also carbonized
to obtain highly porous carbon. The carbonization of raw
biomass is economically significant, since it involves simple
pre-treatments such as washing and drying. Our group has
developed porous carbon with a notable specific surface area
from Ulva fasciata and Sargassum tenerrimum for the adsorp-
tion of dyes, heavy metal ions and fluoride from an aqueous
medium.***?*° Recently, we have demonstrated a single-step
synthesis of exfoliated carbon nanosheets with a notable
surface area of 700 m”> g ' using Salicornia brachiate
(Fig. 13).>*° The inherent salt creates meso- and microporosity;
moreover, it assists the exfoliation of carbon materials and
avoids the stacking of graphene sheets. Considerably, the
carbon displayed remarkable adsorption capacity for heavy
metal ions. Similarly, various seaweeds, such as kelp biomass,
marine  macro-algae,  Enteromorpha  prolifera®'  and
Enteromorpha biomass were also developed as low-cost precur-
sors for the synthesis of porous carbon and their application
in water purification was explored.**>7*4*

7.2 Heteroatom-doped carbonaceous materials

Heteroatom-doped carbon materials are interesting candidates
for energy storage and conversion, water purification, catalysis

Exfoliated carbon
sheets

Caco, (C)
§ caco, (a)

Fig. 13 Schematic representation of the complete process for the fabrication of porous carbon nanosheets from Salicornia brachiata biomass.>4°

This journal is © The Royal Society of Chemistry 2021
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and many other applications. Heteroatoms such as N, S and P
have different atomic orbitals, atomic radii and electro-
negativity, providing active sites, which greatly enhance the
performance of carbon materials for various applications.
Thus, remarkable efforts have been made to prepare hetero-
atom-doped materials using various biomasses, especially
those inheriting such functionalities. Marine-derived bioma-
terials naturally have a large number of amine, phosphate and
sulfate functionalities and are excellent candidates to prepare
heteroatom-doped carbon without the aid of external
chemicals.

For the first time Titirici and group demonstrated the
hydrothermal synthesis of nitrogen-containing carbon by
using chitosan as a carbon and nitrogen source.* Chitosan is
naturally rich in nitrogen content (~7 wt%) due to amine and
acetamide groups in its structure, making it a promising can-
didate to prepare carbon materials containing an N-content up
to 7-13 wt%.**® Significantly, annealing of chitosan-based
materials provides pyridinic-N, pyrrolic-N and graphitic
N-doped carbon materials (Fig. 14).**” Various attempts were
made to prepare N-doped carbon with mesoporosity by high-
temperature pyrolysis treatment;**®?*° however, the nitrogen
content was comparatively low, which may account for the
high-temperature treatment.**® Interestingly, one can enhance
the N-content in carbon materials even under temperature
treatment by introducing additional chemicals during the
pyrolysis.>****?> The reports suggested that an increase in the
carbonization temperature leads to a substantial decrease in
N-content.>®® Nitrogen functionalities of chitosan are known
to coordinate with metal ions, suggesting the application of
N-doped carbon in water purification applications. Zhong
et al. explored the adsorption capacity of hydrothermal carbon
obtained from chitosan for radioactive elements. The N-doped
carbon exhibited a maximum adsorption capacity of 273 mg
g~' for UW).****® Further, the adsorption efficiency was
increased up to 408 mg g~ ' by an ion-imprinted technique
before hydrothermal treatment which enhanced the selectivity
for the target ion.*>

Later, Shen et al. prepared N-doped carbon by hydrother-
mally treating chitosan from 130 °C to 220 °C and investigated
the effect of reaction temperature on tuning the physico-
chemical properties of N-doped carbon.?* Significantly, HTC
prepared at 160 °C showed superior adsorption capacity which
decreased with an increase in temperature. Notably, incom-

Graphitic-N, Pyridinic-N, Pyrrolic-N

L Camn

Seafood waste N-doped carbon materials

Fig. 14 Pyrridinic, pyrrolic and graphitic N-doped carbonaceous
materials derived from chitosan.>*’
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plete carbonization of chitosan was observed when hydrother-
mally treated at 140 °C. Further, numerous N-doped activated
carbons were explored for their adsorption capacity of dyes,**”
phenolic pollutants,®® heavy metal ions and, also, gaseous
pollutants.>****° Hameed et al. reported the one-step prepa-
ration of porous N-doped carbon by impregnating NaOH into
the chitosan flakes and then carbonizing them at high temp-
erature followed by an acid wash.**° The obtained mesoporous
activated carbon exhibited a considerable uptake capacity of
143.5 mg g_1 for methylene blue dye; however, in later studies,
KOH-activated N-doped carbon showed an excellent adsorption
capacity up to 926 mg g~' for malachite green dye.**” In
another study, a graphitic N-doped highly porous carbon
aerogel was prepared from chitosan using KOH activation.**®
The material behaved as an excellent adsorbent and catalyst
for the degradation of phenolic contaminants. Further, ZnCl,-
activated carbon was utilised as an efficient adsorbent for
various phenolic pollutants and showed a maximum adsorp-
tion capacity of 893 mg g~ for 2,4-dichlorophenol.’*® The
excellent adsorption capacity of these carbon materials is
attributed to the increase in surface polarities, enhanced poro-
sity and improved active sites within the carbon framework.
Thus, auxiliary chemicals greatly affect the adsorption capacity
of carbon. Interestingly, N-doped carbons were also explored
as electrocatalysts for H,O, electrosynthesis for direct appli-
cation in Fenton-based electrochemical water treatments.>*¢3*
Although it was not an optimum electrocatalyst, it was demon-
strated to be a potentially low-cost and eco-friendly material
for water treatment.

Apart from chitosan, various seaweeds, for example, Ulva
fasciata,****%'3%*  Spirulina, Enteromorpha,**>>%  Lessonia
nigrescens, Meristhoteca senegalensis,’®* and many seaweed-
derived biomaterials, such as alginates,*®® carrageenans**® and
collagen®®” were utilised for the preparation of S,N-doped
carbon with or without auxiliary chemicals.**® Chen and group
prepared self-N-doped biochar from Spirulina residue for non-
radical oxidation of Escherichia coli bacteria.**® Huang et al. pre-
pared N-doped graphitic carbon material from kelp for peroxy-
monosulfate activation.>*® The catalytic degradation process fol-
lowed the combined reaction of both radical and non-radical
pathways of degradation of ciprofloxacin with excellent recycl-
ability and, importantly, independent of metal elements. In both
studies, biochar played a versatile role in the activation of peroxy-
sulfate via an electron transfer regime. On the other hand, carra-
geenan is a naturally sulfate-rich biopolymer; but the carragee-
nan-derived carbonaceous materials did not possess a signifi-
cant amount of sulfur. Thus, intensive research efforts were
made to functionalise it with metal nanocomposites.

7.3 Metal-doped carbonaceous materials

Carbonaceous materials reinforced with metal nano-
composites show excellent physico-chemical properties for
multifunctional applications. In an attempt to prepare a highly
porous carbon, our group has demonstrated the scalable pro-
duction of Fe;0,/Fe-doped graphene carbon by soft-template-
assisted pyrolysis using Sargassum tenerrimum (a brown

This journal is © The Royal Society of Chemistry 2021
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seaweed).”** Various metal-based deep eutectic solvents were
used as soft templates to prepare porous graphene sheets. The
deep eutectic solvent acts as a template to create porous
carbon and also acts as source of metal ions to prepare Fe, Zn
and Sn doped carbon materials (Fig. 15).%*

Further, the obtained carbonaceous material exhibited a
high surface area and showed a considerable amount of fluor-
ide adsorption from fluoride-rich groundwater attributed to
the cationic surface charge.**” Interestingly, the iron-functio-
nalised carbon exhibits a magnetic property, making it easy to
recover from the aqueous medium. We have demonstrated the
solvent-free synthesis of graphitic carbon via one-step pyrolysis
of Ulva fasciata in the presence of FeCl; as a templating agent
and iron precursor.’*® At elevated temperature, the sulfur-rich
biomass has a tendency to convert into sulfides; thus, the
carbon materials were doped nanostructured Fe/FeS. The
porous graphitic carbon showed superior adsorption efficiency
for dyes and heavy metal ions. Further, Enteromorpha biomass
largely containing iron in its structure was widely explored to
prepare Fe-doped carbon. The iron composite in the carbon
structure provides active sites for adsorption and also efficien-
tly activates peroxysulfate for radical and nonradical assisted
advanced oxidation processes.**®*** Lin et al. prepared non-
zero-valent iron-based carbon material (Fe’/Fe;C) for adsorp-
tion and degradation applications by pyrolising alginate.’”® At
low temperature (<500 °C), Fe,0;/Fe;0, was formed and trans-
formed into Fe;S when heated to >700 °C. Apart from iron
composites, titanium oxide,**®*”° cobalt oxide,*”"*"*
oxide,®”> magnesium oxide,®”® and silver nanoparticle
doped carbonaceous materials were prepared using seaweed or
seaweed-derived biomaterials. Generally, metal salts were
added as auxiliary chemicals prior to carbonizing, which act as
both template and source of metal ion. For example, our group
fabricated a TiO,-functionalised carbonaceous photocatalyst
using carrageenan for solar-assisted degradation. Interestingly,
the surface of the carbon materials is enriched by Breonsted
acidic sites caused by sulfur doping, enhancing the photo-
catalytic activity.’*® The catalyst exhibited complete degra-
dation of dyes within 3-4 h; however, upon using a solar con-
centrator, the degradation time was reduced to <5 min.

zinc

373 375

Fig. 15 (a—c) SEM images and (d—f) elemental mapping of graphene-
like carbon material obtained by treating Sargassum tenerrimum with
iron, tin and zinc based DES, respectively.>*?

This journal is © The Royal Society of Chemistry 2021

View Article Online

Critical Review

Further, Zhao et al. demonstrated Co/N-doped carbon by che-
lating cobalt with sodium alginate prior to carbonization for
advanced oxidation processes.>”" The bivalent cobalt releases
an electron to produce a sulfate radical for degradation of
organic molecules in a short interval. Thus, a synergistic com-
bination of an active metal composite with a low-cost func-
tional carbonaceous material shows promising applications in
sustainable water purification. Overall, the carbonaceous
materials obtained from marine-derived materials are promis-
ing candidates for environmental applications because they
are economical, biodegradable and can be recyclable.

8. Future prospect and conclusions

In sum, marine-derived functional biomaterials are excellent
candidates for sustainable water purification applications,
attributed to in-built surface functionalities and tunable fea-
tures. Moreover, they are abundant, renewable, and hence,
low-cost and biodegradable. Significantly, huge research devel-
opment in marine-derived functional materials was accom-
plished by addressing sustainable water purification. About
70% of the Earth’s surface is covered by ocean and this sig-
nifies a vast resource of biodiversity. Hence, much attention
has been focused on the effective utilisation of marine-derived
biomaterials, such as seaweed and chitin, and seaweed-derived
macromolecules, such as alginate, agarose, and carrageenan
as promising sustainable candidates for water purification. On
the other hand, marine-derived materials were also utilised as
low-cost feedstocks to prepare valuable multifunctional car-
bonaceous materials with high porosity, remarkable surface
functionality, and metal-functionalised carbon for various
applications. Even with the extensive development of highly
efficient biosorbents, membranes, and photocatalysts, the
materials failed to transfer into commercial application due to
complicated implementation and economic feasibility in
large-scale operation. Most of the experimental results are pre-
dominantly limited to a laboratory scale and fail to be repro-
duced under flexible environmental conditions. Further, pilot-
scale applications of these materials are inadequate for the fol-
lowing reasons:

i. Although seaweeds are low-cost, abundant biosorbents,
their poor physical and chemical instability causes the leach-
ing of chemical moieties into the aqueous medium, limiting
their practical application. Also, the efficient recyclability of
seaweeds remains a challenge.

ii. Chitosans are eco-friendly, non-toxic biodegradable poly-
mers which can potentially substitute conventional synthetic
polymers; but their solubility in an acidic medium and non-
porous composites limits their large-scale application.

iii. Besides being hydrophilic, the main drawback with chit-
osan, alginate and agarose-based materials is their propensity
to swell.

iv. Generally, partial desorption of contaminants was
observed due to the enriched surface hetero-functionality;
thus, complete regeneration of composites is challenging.
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v. Further, chitosan, alginate and agarose-based materials
exhibit comparably low mechanical strength, which requires
blending with mechanically stable polymers.

By addressing these shortcomings, one can design and
significantly develop highly efficient materials for point-of-
use sustainable wastewater treatment in the near future. It
is notable that the majority of reports are based on empiri-
cal approaches and lack molecular-level design. Marine bio-
diversity includes thousands of seaweed species, exploration
of which from various geographical locations could identify
additional biomaterials with better structural stability,
mechanical strength etc. Thus, relevant strategies urgently
need to be developed. In addition, the potential of other
marine-derived biomaterials and their combinations might
be evaluated for water purification applications. On the
other hand, carbonaceous materials derived from marine-
derived biomaterials exhibit a graphitic nature, high poro-
sity and surface functionality, which could potentially sub-
stitute high-cost carbonaceous materials, such as graphene
derivatives and carbon nanotubes, for water purification
applications. However, very few and a specific class of
seaweed-based biopolymers have been explored as sources
for biochar and advanced functional 2D carbon materials.
Given the diversity of seaweeds, marine invertebrates, and
several other carbon resources, it is imperative to broaden
the applicability of such abundant resources for the task-
specific conversion of functional 2D carbon materials for
facile water purification and beyond. Similarly, seaweed-
based biopolymer hybrids show excellent performance in
solar-assisted water steam generation applications, attribu-
ted to the hydrophilicity and high water vapour permeability
of the polymers. Although considerable work has been
accomplished in the development of marine-derived func-
tional biomaterials for water purification, much work is par-
ticularly required to establish their potential application to
meet current demand.
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