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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, °
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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
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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
heavy metal ions from an aqueous medium.**>’ In particular,
alginate is more responsible for the biosorption in brown
algae, carragenan in red seaweed and agarose in green
seaweed.*® 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
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(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 separ