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Neoteric solvent-based blue biorefinery: for
chemicals, functional materials and fuels from
oceanic biomass
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Blue biorefineries integrate the production of renewable chemicals, fuels, functional materials and market-
able commodities utilising biomass of marine origin. The global climate issues, ever-increasing population
and depletion of fossil resources make the development of a bioeconomy based on sustainable resources a
priority. Green technologies are emerging as a potential aid for developing eco-friendly processes to treat
biomass for their conversion into value-added marketable products. New types of solvent systems such as
ionic liquids (ILs), deep eutectic solvents (DESs), super critical CO, (SC-CO,) and biomass-derived solvents
are gaining attention for the efficient bioprocessing of natural resources. Due to their distinguished pro-
perties, they are promising solvent systems for blue biorefineries. This review summarizes the concept of
blue biorefineries, the valuable resources available from the ocean, the marketable commodities developed
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using marine biomass and the potential of neoteric solvent systems for blue biorefineries.

Introduction

Environmental researchers have concluded since the 1970s
that the overconsumption of minerals and fossil resources will
lead to the depletion of non-renewable resources, jeopardising
the future." Recent reports suggest that 84% of the global
energy is contributed by fossil fuels/resources, where coal con-
tributes 27%, natural gas 24% and oil 3%.> They are the main
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causes for greenhouse gases, environmental pollutants, global
warming and oceanic acidification. If alternative resources are
not found, then fossil resources will be depleted with time and
further pose dangerous consequences due to the increase in
atmospheric CO,. Global climate change and the extensive
depletion of fossil resources due to the increasing population
emphasise the need to develop a bioeconomy based on carbon
neutral resources that are renewable and sustainable.
Biorefineries aim to increase the value of the end product
after full utilisation and processing of biomass with zero
effluent discharge. They facilitate the production of biobased
products using low energy, few chemicals and minimal waste
generation, providing green options through decarbonization
pathways. They are competitive compared to the traditional
fossil-based refinery products.>* In the context of future indus-
trial revolution, environmental and economical sustainability
will be considered, while adopting new technologies in biore-
finery concepts. This will facilitate the processing of alternative
feedstock such as organic and biomass waste, employing bio-
logical and chemical unit operations to provide a plethora of
commercial products (fuels, chemicals and functional
materials).”” A shift towards biorefineries will reduce the pro-
duction of CO, emissions,®'° thereby developing an appropri-
ate strategy for valorising waste biomass (agriculture, aquacul-
ture, forestry, poultry, fisheries, etc.), and lead to new socioeco-
nomic developments, ensuring carbon neutrality.>'"'*> The
classification of biorefineries is based on the source of the
feedstock employed (biomass source, waste source, etc.), the
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biocatalyst used (fungi, algae, yeast, bacteria, etc.), the techno-
logy used (photosynthesis, thermochemical, catalysis, metha-
nogenesis, fermentation, acidogenesis, etc.), targeted products,
and generation (first, second, third and fourth).?

Several challenges exist with current biorefineries for their
implementation in the prevalent scenario (fossil based) such
as the availability of feedstock, demand and supply for market
requirements, competitive composition, recovery and recycle
of resources, and techno-economic feasibility. Furthermore,
the commercialisation of biorefinery processes faces several
impediments such as the collection of feedstock (from cultiva-
tion, production, harvest and storage), cost of raw materials,
processing, pre-treatment, valorisation, use of land, infrastruc-
ture, logistics, food security, state of the art in research, capital
expenditure, development charges, quantity, quality, market
price of products and existing biorefining technologies
together with other ecological, technical, economical and
societal challenges."?

However, notable success has been achieved in valorisation
of land-based resources such as starch, vegetable oils, and
woody biomass for the production of oils, fuels, and chemi-
cals. Woody biomass mainly consists of hemicellulose, cell-
ulose and lignin, which are processed in a biorefinery to
achieve their separation and conversion into high-value com-
mercial products.’®'* The biorefinery concept achieved a mile-
stone with the establishment of the first cellulosic bioethanol
plant by DuPont, Nevada in November, 2015 with 30 million
gallons produced per annum."”

Similar concepts could be anticipated for the valorisation of
oceanic-based feedstocks for the production of value-added
chemicals and products. However, research in this area is
limited and a huge amount of oceanic biomass still remains
unexplored. The use of marine biomass for biorefineries will
be a huge paradigm shift from the conventional land-based
resources. Specifically, 71% of the Earth’s surface is covered by
water, which accounts for inexhaustible, vast, valuable and
untouched natural resources. “Blue biorefinery” refers to the
production of renewable chemicals, fuels and functional
materials utilising biomass from oceanic sources such as
macroalgae, sea animals, seaweed, fish, molluscs, and crus-
taceans.'® However, the huge potential of oceans to provide
renewable sources of organic carbon, nitrogen, hydrogen and
other elements as starting materials for fuels, chemicals and
materials is still underrated.

The benefits of blue biorefinery over the conventional land-
based biorefinery is that the majority of sea plants and fishery
waste are not consumed as food, and hence it does not face
ethical issues such as compromised food supply due to the
production of fuels, chemicals and materials from these
sources."® Further, the progress in blue biorefineries will help
reduce the land area constraints, which is a prominent issue
in some countries. Due to climate change and the ever-increas-
ing population, agricultural land is already under pressure to
fulfil the high demands of food supply. Accordingly, the popu-
lation will not have to rely only on land-based biomass for
renewable sources if ocean-based feedstocks also contribute to

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Valuable products obtained from marine resources such as algae, seaweed, fishes, and crustaceans.

renewable sources. Further, the ocean-based feedstocks have
certain benefits over land-based resources such as need for
less infrastructure, fast growth rate of biomass, less demand-
ing growth conditions and rich bioactive compounds that are
barely explored thus far.'”

Green chemical technologies are being employed for the
fabrication of useful products by exploiting biomass obtained
from the ocean. Efforts in this direction and the rise in the
utilisation of oceanic biomass for the production of market-
able products that are competitive to petro-based products can
help in reducing the land space crisis. Fig. 1 shows the valu-
able products obtained from oceanic resources. This review
highlights the achievements and opportunities for the utilis-
ation of oceanic biomass for the production of valuable pro-
ducts, meeting the market demands, while maintaining
environmental sustainability.

Renewable resources from the ocean

The top priorities in today’s world are sustainability and
renewability, where the bioeconomy is emerging as a new
economic concept that outshines the traditional fossil-based
models. It is automated with advanced innovations in biotech-
nology, ensuring resource-efficient processes, minimising
waste, exploiting available resources for longer durations and
adapting circular economic business models. This helps to
strengthen the bridges that connect science, industry and
society, further encouraging a better balance among socioeco-
nomic, geopolitical and environmental issues. The bioecon-
omy utilises renewable biological resources from the terrestrial
and aquatic ecosystems (crops, forests, and marine biore-

This journal is © The Royal Society of Chemistry 2021

sources) and the term “blue bioeconomy” is generalised,
where the origin, source, methods/processes and final end
1819 gpecifically,
it is focused on the sustainable utilization of the ocean and its

product are related to the aquatic ecosystem.

species to enhance and improve economic activities, while pre-
serving them for future generations. The present and future
global challenges can be addressed by the ocean as is has the
potential to significantly contribute to the global economy
through eco-sustainable technologies.

With the commencement of biotechnology in algal
research, cultivation of seaweeds and preservation of seaweed
forests, eelgrass meadows are being employed, which enhance
the sequestration of blue carbon from the atmosphere and
oceans, further supporting biodiversity and providing key eco-
system services.”® Marine resources have plenty of valuable
components such as pigments (phycoerythrin (phycoery-
throbilin  chromophore), phycocyanin (phycocyanobilin
chromophore), allophycocyanin, chlorophyll, fucoxanthin,
astaxanthin, etc.), polysaccharides (alginic acid, carrageenan,
fucoidan, ulvan, chitin, cellulose, agar, etc.), and proteins. The
chemical structures of some pigments and polysaccharides are
shown in Fig. 2 and 3, respectively.

Several cosmeceuticals, pharmaceuticals, nutraceuticals,
etc. that help in promoting the well-being and health of
humans are produced using natural compounds obtained
2! Marine-inspired biomaterials and
medicines have found their place in the market (e.g., anti-

from marine sources.

microbial, antifungal, antibacterial, anticancer, and analgesic
agents) and several marine molecules are getting validation in
drug-discovery research.>'

Seaweed farming is now prevalent in around 50 countries
globally, including Japan, China, Indonesia, Philippines, and

Green Chem., 2021, 23, 8821-8847 | 8823
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Fig. 2 Chemical structures of pigments. (a) Phycocyanobilin chromophore found in phycocyanin obtained from blue-green algae, (b) phyco-
erythrobilin chromophore found in phycoerythrin obtained from red algae, (c) chlorophyll from green algae, (d) fucoxanthin from brown algae and

(e) astaxanthin from crustacean organisms.
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Fig. 3 Chemical structures of polysaccharides obtained from marine resources. (a) Agarose obtained from red seaweed, (b) carrageenan obtained
from red seaweed, (c) alginic acid from brown seaweed, (d) ulvan from green seaweed, (e) fucoidan from brown seaweed, (f) chitin from crustacean
organisms, (g) laminarian from brown seaweed and (h) chitosan from crustacean organisms.

Korea.”” The major contribution of aquatic plant production
comes from Indonesia, which increased from 6.7% in 2005 to
36.9% in 2014. Around 28.5 million tons of seaweeds is har-
vested for a number of purposes including human consump-
tion. The global algal market was estimated to be $10-$12

billion in 2004.>* The annual global value for algal hydrocol-
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loids such as alginic acid, carrageenan and agar is estimated
to be $213 million, $240 million and $132 million, respect-
ively. Antioxidants such as fp-carotene produced from micro-
algae had a sale value of $392 million in 2010. The food color
market in North America is expected to grow at a rate of 7.1%
to reach at $441.4 million by 2020.>* Biotechnological research

This journal is © The Royal Society of Chemistry 2021
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is being pursued in many developed and developing countries
to switch to alternative energy generators such as biodiesel,
bioethanol and biogas, which can be produced by marine feed-
stocks. These developments are expected to be commercialised
by 2025.>° According to the report published in Grand View
Research, Inc., the global market for algae biofuel is expected
to reach 10.73 billion USD by 2025 with 8% CAGR, where the
yield of algal biofuel is much higher (2-20 times) than that
obtained from corn feedstock biofuel. Algal biofuel is expected
to replace the existing fuels given that its demand will increase
by 70% in 2025. The major players interested in this area are
Reliance Life Sciences, Solazyme Inc., Algenol, Origin Oils Inc.,
Sapphire Energy, Proviron, Genifuels, Culture Biosystems,
Solix Biofuels, Blue Marble Production, and Algae Production
Systems.?® The hydrolysis of algal polysaccharides leads to the
production of simple sugars, which are consumed by natural
microbes and produce ethanol.”” Biofuel production mainly
depends on different seaweeds such as Laminaria japonica,
Ulva lactuca, Ulva pertusa, Sargassum fulvellum, and Gelidium
amansii. Yeast of marine origin is also exploited for the pro-
duction of bioethanol, pharmaceuticals and enzymes. Edible
oils cannot be considered for the production of biofuels given
that this may hinder the global food demand and supply.
Hence, oils from waste or non-edible oils can make marine
resources more attractive for large-scale production at cheaper
rates.”®*® The enzyme market is also gaining interest with a
CAGR of 5.7% from 2018 to 2024. Currently, researchers are
focused on the isolation of enzymes exhibiting distinct activi-
ties from various marine microorganisms.*® Several marine
enzymes such as tyrosinases, proteases, xylanases, peroxidases,
agarases, amylases, and lipases are used for water treatment
and in the nutraceutical/pharmaceutical sectors.®" Aspergillus,
Penicillium, Rhizopus, Clostridium, Vibrio fluvialis, Vibrio
mimicus, Bacillus, etc. help in degrading marine polysacchar-
ides such as chitin and chitosan.** In addition to microbes,
marine invertebrates and marine algae also have potential for
the large-scale production of marine enzymes in industry.
Proper identification, isolation, characterization and functio-
nalisation of marine enzymes are essential to increase the
market value of the end products.®® The functional food
market will reach a CAGR of 7% by 2022 and marine organ-
isms such as algae, fungi, bacteria, fish, sponges, molluscs,
and crustaceans are a rich source of secondary metabolites
and bioactive components.** Functional foods include polysac-
charides, pigments, minerals, vitamins, proteins, lipids and
phenolic compounds, which have bioactivities such as antibac-
terial, anticoagulant, antiviral, anti-inflammatory, anti-obesity
and anticancer activities. Marine algae and fish oils are good
sources of poly-saturated fatty acids, which contribute in
increasing the nutritional value of food products.® Chitin and
chitosan derived from crabs, shells, shrimp, -cuttlefish,
prawns, etc. have antibacterial and antiadipogenic activities.*®
The exopolysaccharides and enzymes acquired from extremo-
philes present in deep oceans also have multiple appli-
cations.’” The nutraceutical market will reach up to 561.38
billion USD by 2023 at a CAGR of 6.8% from 2018 to 2023.
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These supplements can be given in the form of capsules, gels,
powders, tablets and liquids based on their applications such
as nutrition boosters (prebiotic and probiotic), herbals, phyto-
chemicals, and dietary supplements. Several antimicrobial,
antibacterial, antiviral, antiparasitic, anti-inflammatory, and
analgesic drugs are obtained from marine resources, which
can be further explored in the nutraceutical industry.>®**° The
cosmetics market is recognized as a multibillion dollar indus-
try, which will grow at a CAGR of 3.4% from 2019-2023. This
industry is constantly working on developing beauty products
derived from natural sources given that consumers demand
natural, organic, environment friendly and ethical products
that do not compromise their health. Several compounds
extracted from marine organisms are utilized as excipients and
additives in the cosmetics industry, which exhibit activities
that provide photoprotection and moisturisation to the skin,
prevent skin aging and enhance skin fairness.*""*> Nano-based
technologies help increase the bioavailability, solubility,
activity and efficiency of hydrophobic drugs. The applications
are based on the surface, charge, functionality and size of the
nanoformulation. Nanoparticles from marine origin are used
in agricultural biotechnology for the production of fertilizers,
insecticides, herbicides, pesticides, etc. Various drugs are
designed using marine nanotechnology, where matter is
manipulated the atomic or supramolecular level to inhibit dis-
eases.” The degradation of pollutants and contaminants is
carried out by the action of cultured microorganisms, which is
termed “bioremediation”. It is classified based on the microor-
ganism, ie., phycoremediation (algae), phytoremediation
(plant) and mycoremediation (fungi). Recently, marine micro-
organisms have been studied for their tendency to remove
heavy metal ions such as cadmium, chromium, lead, zinc and
mercury.**™® Sea lettuce (U. Lactuca) showed great efficiency in
treating water effluents containing inorganic wastes.*’
Globally, sites that are contaminated with hydrocarbons are
treated by microbial remediation, which is a promising solu-
tion. The ocean is prone pollution from petroleum hydro-
carbons, causing harm to the fragile and biodiversity-rich
marine habitat. Due to their diverse resistance and degra-
dation mechanisms, marine organisms have a potential for
bioremediation. The tendency of nutrient assimilation by
marine algae make them suitable for the production of biofuel
and wastewater remediation.*’

The ocean is a vast source of highly diverse and abundant
species, which can provide valuable chemicals and drugs.
With the successful development of efficient products, there is
the possibility of the overexploitation of resources, which can
harm the biodiversity.>® Hence, the judicious and sustainable
use of marine resources is very important. The mass pro-
duction of various valuable compounds can be achieved
through various cultivation methods without compromising
the marine ecosystem. Several desired metabolites can be syn-
thesized in an industrial setup by genetic engineering based
on the information on novel and potential genes present in
marine microbes. Different types of cultivation methods can
be employed for the rapid multiplication of marine organisms,

Green Chem., 2021, 23, 8821-8847 | 8825
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including photobioreactors, raceway ponds, fermenters and
open ponds. The blue biorefinery is an ecologically efficient
and sustainable concept, which utilises complete biomass for
the production of multiple metabolites.

Neoteric solvent systems: promising sustainable solvents for
the biorefinery concept

With the development of new technologies and advanced valu-
able products, new challenges need to be addressed. The blue
biorefinery focuses on the development of products utilising
natural marine resources especially sensitive biomolecules.
However, care must be taken while handling these molecules
given that they tend to degrade quickly and lose their struc-
tural and functional activities under harsh processing con-
ditions. Solvents play an important role in the processing of
biomolecules and must provide good solubility, while main-
taining their native properties.>"*> Due to the rigid and
complex structures of biomolecules, they are poorly soluble in
conventional solvents, and thus proper screening of suitable
solvents is necessary to provide stability. These molecules are
temperature sensitive, light sensitive and pH sensitive, and
thus their processing conditions need to be optimized accord-
ingly. The organic solvents that are used exhaustively are
hazardous, volatile, toxic and highly inflammable and produce
huge amounts of volatile organic solvents (VOCs), questioning
their environmental favourability.>® In considering the biore-
finery concept, it is essential to focus on the sustainability
aspect, which provides safety to workers and process/end-
product safety. This demonstrates the need for mild, eco-
friendly and green solvents that can conveniently process
highly sensitive biomolecules, providing them with high stabi-
lity and further providing solutions to pollution, energy con-
sumption and environmental deterioration.”® Research
attempts are now targeted towards the smart choice of solvents
to develop advanced green technologies that can meet techno-
economic demands, thus providing environmental stability.
Researchers are focused on the judicious use of solvents to
develop green technologies for the processing of biomolecules,
which will match the techno-economic needs. To address this,
solvents are ranked based on their environmental, safety, and
health characteristics (ESH) by firms such as Pfizer, GSK,
AstraZeneca, ACS Chemistry Institute Pharmaceutical
Roundtable (GCI-PR) and Sanofi. This ranking is based on
green chemistry metrics, which is a promising approach
towards the development of novel sustainable technologies.>
Green solvents such as ionic liquids (ILs), deep eutectic sol-
vents (DESs), super critical CO, and solvents derived from
natural resources (biomass derived) are finding use as “future
solvents”.>® These types of new solvents were termed “neoteric
solvents” by K. Seddon in 1996.°° These solvents have distin-
guished and unique properties such as thermal stability, low
vapor pressure, low toxicity, non-volatility, air and water stabi-
lity, recyclability and good solvent recovery, making them inter-
esting for the processing industry and preparation of func-
tional materials.>"*”"®* The properties of neoteric solvents are
attributed to their individual constituents, which can be tuned
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according to the process requirements. The solvent behavior
needs to be understood at the molecular level, which can help
to solve various process challenges.®> %

ILs are defined as compounds composed entirely of ions
and are in liquid state under 100 °C. They are regarded as
designer solvents given that their physical attributes can be
regulated by the combination of different sets of anions and
cations, and hence they are also termed “task-specific” 1Ls.**”°
These systems have found extensive applications in the field of
biotechnology as solvents, adjuvants, co-solvents, co-surfac-
tants and reagents for biotransformation, biocatalysis, protein
and DNA preservation and stabilization.”””* Biopolymers
show good solubility without self-aggregation, increased life-
time and stability in ILs, and their further recovery is also feas-
ible using anti-solvents, filtration and centrifugation. The
recovery rates for the products and ILs used in bioprocessing
are high and these solvents also provide media for the refold-
ing and crystallization of proteins.”* Several processes require
the immobilization of biomolecules to maintain their second-
ary structures, and accordingly ILs, due to their high viscous
nature, provide this type of medium.

Another type of neoteric solvent is deep eutectic solvents
(DESs), which are defined as eutectic mixtures of Lewis or
Bronsted acids and bases.””> They are composed of hydrogen
bond donors (HBDs) and hydrogen bond acceptors (HBAs).
The HBDs are amines, amino acids, alcohols, sugars and car-
boxylic acids, whereas quaternary ammonium salts act as the
HBAs. The first DES was reported in 2003 by Abbot et al in
2003, which was comprised of urea with a melting point of
133 °C and choline chloride having a melting point of 302 °C.
The resulting eutectic mixture was liquid at room temperature
with a melting point of 12 °C, which had a much-reduced
melting point compared to the starting materials. The for-
mation of a DES was attributed to the hydrogen bonding and
van der Waals forces between the HBDs and HBAs.”® HBAs can
shield the charges on certain HBDs, and hence a DES is
formed, which has similar properties to that of ILs and are
considered to be their analogs or fourth-generation ILs. Due to
their simpler preparation methods and cheaper starting
materials, DES are considered to be more cost effective com-
pared to ILs. Nowadays, DES are prepared from starting com-
ponents of natural origin, making them non-toxic, sustainable,
economical and environmentally viable.”””® These solvents
exhibit huge depression in freezing points and are also
recently considered for human consumption when they are
composed of choline and sugars, making them potential can-
didates for application in the biomedical field. Most DESs
have a melting point less than 150 °C, but those with a
melting point less than 50 °C are desirable given that the pro-
cessing conditions will be comparatively safe and cheap. The
DESs with higher melting points require elevated temperatures
given that they tend to solidify at room temperature, limiting
their applications as green solvents.”””®

The concept of natural deep eutectic solvents (NaDESs) was
introduced for the first time in 2011 by Choi et al., where DESs
were synthesized using natural components such as choline,
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sugars, amino acids, and urea.®® These solvents, due to their
natural origin, are biodegradable, biocompatible, pharmaceu-
tically acceptable, non-toxic and also exhibit a spectrum of
polarity, low melting temperatures, minimal vapor pressure
and high solubility towards biopolymers such as cellulose,
amino acids, DNA, and proteins.®!

Several solvents can also be obtained from biomass
through fermentation, esterification or enzymatic processes,
and these green solvents are termed “biomass-derived sol-
vents”. They include furfural, lactic acids, levulinic acid, fatty
acid esters, hydroxymethylfurfural and their esters, glycols, ter-
penes alcohols of low molecular weight and glycerol deriva-
tives.®> These solvents derived from renewable resources
present a wide spectrum of applications for example levulinic
acid and its derivatives are used as adjuncts for flavours, anti-
microbials, gasoline, fragrance, etc.®*®* Lactates are used for
the synthesis of plastic and pharmaceutical.®® Glycerol is
applied in the pharmaceutical, nutraceutical, cosmetics, and
food industries and source of designer solvents such as DES/
1Ls.%° Furfural is used in production of polymers, pharmaceuti-
cals and fuels.” NADESs prepared from glycol, glycerol,
choline chloride, alcohols, lipids, sugars, etc. are used as
extraction, reaction or chromatographic media for biomedical
applications.®® They are also exploited as nontoxic cryoprotec-
tive agents.®® These biomass-derived solvents also follow the
green metrics and exhibit properties expected from green sol-
vents such as biodegradability, recyclability, high boiling
point, low vapour pressure, high dissolution capacity, no tox-
icity to human health and the environment, and low cost given
that they are derived from natural renewable sources. However,
a complete evaluation of their chemical, physical, toxicological
and safety properties is necessary to evaluate their green
nature.”®

A new type of solvent system also includes supercritical
fluids such as CO,, which are sustainable for the Earth’s atmo-
sphere given that they contribute to “clean technologies”,
where no secondary products are generated.”® A supercritical
fluid is a single phase that occurs when held above its critical
temperature and pressure. Among them, supercritical CO,
(SC-CO,) is of major interest because of its moderate critical
temperature (31.1 °C) and pressure (73.8 bar). It has found
applications in material processing as a solvent, solute, anti-
solvent and reaction medium.®> Carbon dioxide is inexpensive,
inert, non-flammable, non-toxic and easily available in large
quantities as an industrial by-product. Hence, SC-CO, has
found interest as an environmental benign solvent that can
avoid the use of VOCs such as benzene, chlorofluorocarbons
(CFCs), and CCl, used as conventional solvents. The CO, used
can be recycled and the process is energy efficient.”® This
solvent system is generally recognized as a safe (GRAS) solvent,
and hence food-grade products obtained using it are safe for
human consumption.’® Furthermore, global issues such as
greenhouse gas emissions and global warming can be
addressed by supercritical CO, (SC-CO,) processing plants,
which can trap CO, and create new potential applications,
avoiding its release in the environment.”®
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Currently, neoteric solvents are extensively used in
materials science, as is evident from the increasing number of
publications in this field. As mentioned earlier, the extraction
of biomolecules from natural resources is a difficult task and
utmost consideration must be given to parameters such as
temperature, light, solid liquid ratio (SLR), pH, extraction
time, solvent-biomass agitation and concentration of solvent.”®
Accordingly, due to the tuneable properties of neoteric solvent
systems, they can maintain the required parameters from the
initial steps such as cell lysis to facilitate high dissolution,
maintaining pH through self-buffering ability, to the final step
of enhanced product recovery.

They have been proven as potential processing media for
the processing of polysaccharides, proteins, pigments, nucleic
acids, lipids, antibiotics, alkaloids, amino acids, etc. without
compromising their functionality and activity,>"**°7761,63,64,68
Neoteric solvent systems act as partitioning media and provide
solutions to deal with challenges such as the isolation of bio-
active molecules from aqueous media. Considering industrial
processes, it critical that the products are isolated with high
purity and are cheap given that 40-50% of the total production
expenses depend on the separation techniques. It is difficult to
detect the trace amounts of hydrophilic bioactive compounds
that are present in biological systems using the conventional
analytical methods, and hence neoteric solvents are emerging
as a new platform to deal with this problem.®” These solvent
systems are now being considered as promising media for
extraction, functionalization and as additives in the thera-
peutic industry to meet analytical demands.’®°* Fig. 4 high-
lights the different types of neoteric solvents and their promis-
ing applications.

As mentioned earlier, the advantages of green solvents
make them promising alternative solvent systems for the
efficient processing of marine renewable resources to facilitate
biorefineries. Innovative technologies can be incorporated
with new solvent systems to enable the production of value-
added bio-products, co-products and biofuels with minimum
waste generation. They may further reduce unit operations,
facilitating robust and safe controlled processes.

Neoteric solvents have gained recognition as topic of
interest among green chemists globally due to their distin-
guished properties and plethora of applications. However, it
must be noted that all neoteric solvents cannot be general-
ized as green. Besides the merits of these types of solvent
systems, they have several drawbacks that also need to be
addressed. Recently, Mu et al. proposed 13 different strat-
egies to tackle the problems associated with ILs and DESs to
provide a new viewpoint on the greenness of these solvents,
making them feasible for industrial applications.'®?
Similarly, supercritical fluids have benefits such as they
facilitate high diffusivity, providing faster extraction and also
protection against degradation for labile molecules due to
their lower operating temperatures. However, the main limit-
ation of the expensive investment for equipment setup needs
to be considered when applying this technique in bio-
refineries.'**
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Neoteric solvents for value-added products from oceanic
biomass using the biorefinery concept

Neoteric solvent-assisted process for chemicals. As men-
tioned earlier, oceanic biomass is rich in valuable chemicals
such as pigments, polysaccharides, nutraceuticals, growth reg-
ulators, and proteins. Thus, currently, new types of solvent
systems are being considered as alternative media for the
extraction of these chemicals from various marine species. The
cations, anions, HBAs, and HBDs of these solvents interact
with specific target compounds and facilitate the selective
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extraction of certain biomolecules from biomass. These sol-
vents either in their native form or as adjuvants increase the
extraction efficiency of compounds from biomass.'®® Several
approaches are employed for the use of these solvents in the
processing of oceanic biomass. The first report considering ILs
as potential extractants of biomolecules from seaweed dates
back to 2011 by Han et al Imidazolium-based ILs were
exploited together with ultrasonication to extract antioxidants
from Laminaria japonica Aresch, and after optimisation, the
best results were obtained with  1-butyl-3-methyl-
imidazoliumtetrafluoroborate ([C,C,im][BF,]) with a recovery
rate of 88.3%. The results were better in comparison to the
conventional extraction process with water and methanol.'*®
Considering the better extraction efficiency of this ionic liquid,
it was further utilized for the obtain antioxidants (gallic, proto-
catechuic, caffeic, p-hydroxybenzoic and chlorogenic acids) via
subcritical water extraction of Saccharina japonica. The IL-
assisted subcritical water extraction enhanced the product
yield and the antioxidant properties compared with the con-
ventional methods.’®” The same species of seaweed was
exploited for the extraction of polysaccharides using DES
assisted with subcritical water extraction. Consequently,
28.12% alginate and 14.93% fucoidan were extracted, which
also exhibited antioxidant activity.'%®

Polysaccharides are interesting biomolecules present in sea-
weeds. Agarose present in red algae was extracted using
1-ethyl-3-methylimidazolium acetate ([C,C;im][C;CO,]) with
the assistance of microwaves. Agarose with high purity was pre-
cipitated using methanol as an antisolvent.'® In 2015, Sharma
et al. explored some choline-based bio-ionic liquids for the
selective precipitation of agarose from a hot seaweed extract of
the red seaweed Gracilaria dura under ambient reaction con-
ditions, as shown in Fig. 5A. Among the studied ionic liquids,
choline laurate exhibited the best result with 14% w/w yield of
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Fig. 5 (A) Selective precipitation of agarose using bio-ionic liquid (reproduced from ref. 110 with permission from The Royal Society of Chemistry).
(B) Bio-ionic liquid-promoted selective precipitation from seaweed extracts (reproduced from ref. 61 with permission from Elsevier).
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agarose with properties required for molecular biological
applications and gel electrophoresis. All the ILs were also
studied for their recyclability and could be recycled for three
consecutive batches of agarose precipitation."*® Fucoidan and
laminarian were extracted by solid-phase extraction (SPE)
using packing materials modified by DES and ILs. The best
results were evident for choline chloride/urea DES with high
extraction efficiencies of 95.5% fucoidan and 87.6% laminar-
ian from marine kelp. Modification of polymers by DESs and
ILs showed better results for SPE and can be utilized for the
sample treatment of analytes."*" These polysaccharides were
also extracted from brown algae by SPE using modified mag-
netic graphene oxide employing an imidazolium-based IL
(1-(3-aminopropyl)imidazole chloride). The extraction efficiency
varied with the amount of ILs used for modification, SLR of
brown algae, and agitation time. Fucoidan and laminarian
yields of up to 93.3% and 87.2% were achieved, respectively."
Similarly, k-carrageenan found in red marine algae from the
Solomon Islands was extracted using 1-butyl-3-methyl-
imidazolium acetate ([C,C,im][C,CO,]) via subcritical water
extraction of algal biomass. A remarkably high purity of poly-
saccharides was obtained in this novel extraction method com-
pared to the conventional methods.'™® Six cholinium-based
bio-ionic liquids were employed for the selective coagulation
of k-carrageenan from Kappaphycus alvarezii seaweed extract.
The bio-ionic liquid-promoted selective precipitation from the
seaweed extracts is shown in Fig. 5B. Among them, choline
caproate and choline laurate selectively coagulated the polysac-
charide by up to 14.8%. Considering the selective binding of
ILs with targeted polysaccharides, they can be a potential
alternative for down-stream processing of carrageenophytes.®'
Pure ILs were used for the extraction of the polysaccharides
in the above-mentioned cases, but this should be avoided as it
may limit the process performances due to the high viscosities
of ILs. Specifically, this limits the thermal transfer and agita-
tion, thereby increasing the energy consumption and leading
to expensive processing conditions. Hence, IL-based aqueous
solutions are gaining interest, where even a small amount of
IL enhances the extraction efficacy of a process, which can be
more efficient for marine biorefineries. Furthermore,
k-carrageenan from Kappaphycus alvarezii was selectively
extracted using three different types of DES comprised of choli-
nium cation with a combination of hydrogen bond donors
such as urea, ethylene glycol and glycerol. Also, they were
studied in their hydrated form for the extraction of the polysac-
charide. The physicochemical and rheological properties of
carrageenan obtained using DES as the solvent were the same
as that obtained using conventional extraction. The hydrated
DES performed better compared with the pure DES, and this
can be considered as alternative solvent systems for the facile
extraction of polysaccharides directly from seaweed.'™*
Monosaccharides (p-(p)-galactose and vr-(—)-fucose) and
amino acids (pi-tyrosine and pi-valine) were extracted from
kelp using air-assisted dispersive liquid-liquid microextraction
(AA-DLLME) in the presence of hydrophilic-hydrophobic
DESs.'™ Thallus laminariae (kelp) has high concentrations of
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minerals and vitamins and is consumed as a super food.
Determination of the nicotinamide quantity in kelp was
studied from the extracts obtained under ultrasound-assisted
extraction in the presence of ILs, where 98.05% to 99.51% of
nicotinamide was recovered in the process.''® NADES were
exploited to extract biologically active compounds from the
brown algae Fucus vesiculosus and Ascophyllum nodosum.
Polyphenols were extracted exploiting 10 different NADES com-
posed of components such as choline chloride, betaine, lactic
acid and glucose with different mole ratios. Hydrated NADES
were also studied for the extraction of phlorotannins. The
results were comparable with that obtained using the conven-
tional solvents Me,CO and ethanol.'’” Several plant growth
hormones such as trans-zeatin and indole-3-acetic acid were
extracted using imidazolium-based ILs and their cationic and
anionic interaction with the targeted molecule was studied.
1-Butyl-3-methylimidazolium hexafluorophosphate
([C4C1im][PF]) efficiently showed higher yields such as trans-
zeatin (65%) and indole-3-acetic acid (18%)."*®

Marine algae rich in pigments were exploited in the pres-
ence of IL-based aqueous solutions to recover highly expensive
pigments, namely, phycobiliproteins from red marine algae.
These are fluorescent pigments that capture light for photosyn-
thesis in red algae. Cholinium-based ILs were successful in
extracting phycobiliproteins by more than 46.5% compared to
conventional techniques. Multi-products from single biomass
are always desirable when considering marine biorefineries.
The simultaneous extraction of hydrophobic and hydrophilic
biomolecules (chlorophyll and phycobiliproteins) was achieved
by Martins et al. in 2016 by tuning the properties of ILs (chan-
ging their alkyl chain length) without compromising their
structural integrity."'® R-Phycoerythrin (R-PE) is a red pigment
from the class of phycobiliproteins, which is abundant in
Porphyra yezoensis. This protein-pigment complex has a high
market value and was purified using a choline chloride-urea
(ChCI-U) DES-ATPS (deep eutectic solvent aqueous two-phase
system) combined with ammonium sulphate precipitation.
The purity index obtained was 3.825 with a yield of 69.99%
(w/w) and the results illustrated that this study provides a
simple and green purification method for drug development
using R-PE."?°

Aqueous solutions of surface-active ILs were explored for
the extraction of carotenoids especially targeting the hydro-
phobic pigment named fucoxanthin, which is mainly found in
brown macroalgal species. Pyridinium and ammonium-based
tensioactive ILs were compared with the conventional solvent
ethanol."™ An integrated process was developed for the
efficient separation and purification of chlorophyll a and
xanthophyll found in the cyanobacteria Spirulina sp. using ILs
and surfactants. Solid-liquid extraction was performed, and
the results obtained were compared to that obtained using
conventional organic solvents. The aqueous solutions of
ammonium-based ILs could extract 25% more chlorophyll a
compared with the conventional technique. Chlorophyll a was
separated and purified further from xanthophyll using liquid-
liquid extraction. Fig. 6 shows a schematic of the integrated
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Fig. 6 Schematic of the integrated process for the extraction and purification of chlorophyll a and xanthophylls (reproduced from ref. 122 with per-

mission from the American Chemical Society).

process for the extraction and purification of chlorophyll a and
xanthophylls. These bioactive compounds retained their ability
to generate oxygen singlets and have potential applications as
photosensitizers in photodynamic therapy.'*>

Chlorophyll was extracted from wild-harvested Ulva spp.
using aqueous solutions of tensioactive compounds such as
ILs and surfactants. The operational conditions of the extrac-
tion process were optimized and the product obtained was
5.96 mg g~ ' of dry algae in the case of extraction in the pres-
ence of 250 mM of tributyltetradecylphosphonium chloride
([P4,4,4,14]Cl). This developed process was cost-effective and
could maintain the stability of the final product for up to one
month.'® Fucoxanthin and chlorophyll were extracted and
purified from the brown macroalga Saccharina latissimi
(Linnaeus) using IL, oil and water systems. The best results
were obtained for the aqueous solution of tensioactive phos-

phonium-based IL at 350 mM and 16% sunflower oil with an
SLR of 0.017 g dry biomass per mL solvent. A conceptual
diagram of the process for chlorophyll and fucoxanthin recov-
ery from S. latissima (Linnaeus) is shown in Fig. 7. The
environmental and economic aspects of the procedure were
evaluated and the solvents were recycled in the process."**
Ammonium-, phosphonium- and imidazolium-based ILs
were used for the recovery of proteins (40% (w/w)) from the
green seaweed Ulva lactuca via solid-liquid extraction.
Aqueous biphasic systems and alkaline extraction assisted by
mechanical agitation were also employed for efficient extrac-
tion. Consequently, 80.6% of the total proteins was recovered
by 1-ethyl-3-methylimidazolium dibutyl phosphate
([C,C1im][(C4),PO4]).*** Several organic and inorganic iodine
compounds such as diiodo-tyrosine and I-monoiodo-tyrosine
have been reported to be extracted from the genus Laminaria.
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These molecules are crucial micronutrients for human and
animal health, which are usually extracted using toxic and
strong alkaline solvents. In search of alternative solvents,
numerous ILs have been screened and employed under ultra-
sonication to recover these biomolecules. A recovery yield of up
to 88% was achieved using the pyridinium-based IL, namely,
ethylpyridinium bromide ([C,Py]Br) at pH 6.5 in only 30 min."*®

A cholinium-based DES, namely, choline chloride-oxalic
acid (1:2), was studied for the extraction of metals from the
macroalgae Enteromorpha intestinalis. The biomass was treated
under microwave digestion in the presence of the DES and
compared with acid digestion (conventional process). Almost
similar results were obtained in both cases, but the extraction
time was reduced by 100 times in the case of the DES, thereby
leading to reduced energy consumption."®” Polycyclic aromatic
hydrocarbons were also extracted using the same species and
the same DES by Helalat-Nezhad et al in 2015. However,
better recovery yields with lower temperatures and simpler
steps compared to existing methods were achieved."*®

Studies have revealed that the combination of different
mechanical extraction techniques such as microwave,'*® ultr-
sonication'*® and subcritical water extraction'®”'"* with neo-
teric solvent extraction can lead to better extraction efficiency
and also enhancement of the antioxidant activity exhibited by
phenolic compounds.’®” Pure solvents were employed earlier
for biomass processing, but this trend has been decreasing
and pure solvents are now being replaced by their respective
aqueous solutions, where a small amount of solvent is
sufficient for processing.'?”'!3119121:126 The yse of aqueous
solutions of solvents can facilitate better biomass agitation
with lower viscosity and provide higher product yields, while
maintaining economic and environmental aspects.'®"*° It is
beneficial to always reduce and recover the solvents during
processing, but there are still many gaps considering the
reuse/recycle of solvents. Trivedi et al and Sharma et al
reported the reuse of the solvent for up to four cycles without
compromising the yield and product in the extraction of
agarose.'*'? Fig. 8 shows a general scheme of the extraction
and purification of renewable chemicals/products from
oceanic biomass. Table 1 present a summary of the literature
work dealing with the extraction of value-added compounds
from marine resources using neoteric solvent systems.
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Several valuable bioactive compounds have been extracted
from algae using supercritical fluids."*° Volatile oil from
Dictyopteris membranacea®' and Dilophus ligulatus,">* fatty
acids from Sargassum hemiphyllum,"** fucosterol from Lessonia
vadose,"** fucoxanthin from Sargassum muticum,**> fucoidan
from Undaria pinnatifida,’*® fatty acids and their esters,
phenols, and sterols from Gloiopeltis tenax,"*” fucoidans from
Fucus evanescens, Saccharina japonica, and Sargassum oligocys-
tum,"*® lipids from Hypnea charoides,"*° halogenated monoter-
penes from Plocamium cartilagineum'*® and separation of cis—
trans geometrical isomers of f-carotene from Dunaliella barda-
wil.'*! Curato et al. studied the antifungal activity of crude
extracts utilising supercritical CO, (SC-CO,) extraction from
two brown seaweeds (Laminaria digita and Undaria pinnatifida)
and three red seaweeds (Porphyra umbilicalis, Eucheuma denti-
culatum and Gelidium pusillum) against three postharvest
pathogens (Botrytis cinerea, Monilinia laxa and Penicillium digi-
tatum). Twenty fatty acids, three polysaccharide (laminarians,
fucoidan and alginate) and phlorotannins (fucols, phlorethols,
eckols, fuhalols and fucophlorethols) were quantified from the
obtained extracts.'*? Similarly, essential oil was extracted from
the brown seaweed Undaria pinnatifida using the SC-CO, fluid
extraction technique. The optimal extraction was observed at
45 °C and 20 MPa, with the extracts showing high anti-inflam-
matory activity. These studies were consistent with the claims
that Undaria pinnatifida can be used as a remedy for inflam-
mation-related symptoms.'*® The antioxidant activity of red
seaweed Gracilaria mammillaris was examined using the
seaweed extracts obtained using SC-CO, with ethanol as a co-
solvent. The results indicated that red seaweed extract can be a
promising antioxidant."** The cytotoxicity of the extract from
Posidonia oceanica and Zostera marina leaves obtained by
SC-CO, extraction was studied. The extracts were rich in active
compounds such as phenylpropanoids (chicoric, p-coumaric,
rosmarinic, benzoic, ferulic and caffeic acids). These extracts
proved to be more effective than that from the conventional
Soxhlet method, and hence can be utilised as supplements for
preventive purposes.'*> Oil from the brown seaweeds
Saccharina japonica and Sargassum horneri was extracted using
SC-CO, with ethanol as a co-solvent and the results were com-
pared with that from the conventional process. The phenolic
content and antioxidant activity of the extracts extracted by
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Fig. 8 General scheme for the extraction and purification of renewable chemicals/products from oceanic biomass.

This journal is © The Royal Society of Chemistry 2021

Green Chem., 2021, 23, 8821-8847 | 8831


https://doi.org/10.1039/d1gc03184h

View Article Online

Green Chemistry

Tutorial Review

[coo™D][wi™o%D] pue [€0D%aD][wr* DY)
‘[NOS][wr'nD] [fFOos*HD][wr'D"D]
[sor]wroro]*od*(*o)][wr*o"o]
POYIoW [RUOIUIAUOD ‘con™][wrtoD] [tostan][witoD] (popurid
uew 1oy31y ‘surordiiqoadyd uru oz 10§ (6°s HA) 1ognq sureap ur D ‘[{(ND)NJ[wr*o¥o] [Foo*o][wr'n?] ‘pwinero) pue ysoxy)
61T JO A19A0091 9%S°9F  [HOTZ‘T‘T‘IN] N T uonoenxa paseq-pimbif oruor  ‘[D[wr*n0™] ‘[p[wirtn?D] ‘p[wrtn?o] ‘o[wrn?o] surojo1dI[Iqoa4yq -ds prwj1o0.19
T:% WIS ‘Ut 021-S ‘Do 05-5¢ T8 (wd1 os¥)
proe (9,81) onade-¢g-ajopul pue  uonelldy {([°4d][wrtn?n]) areydsoydoronjyexay [GIN][wito? D] [ragfwuitnsp]  uneaz-sun.y proe dnade-¢ 1290410
STT (9%59) umeaz-sun.y Jo A19A009g wnijozepruwiAyaw-¢-[Ang-1 ‘[oad][wrtn¥D] ¢TI paseq-wNIoZepIW]  -2[OPUI SOUOWLIOY JUB[d snaydpddpdy
wnsopou
2s0on[3 pue proe wny Ay doasy
OBl JUBIORIIX : [BLI9)EUI-MET o1I0¥[ ‘aurelaq ‘oprIo[yd aurjoyd jo pasoduwod SuruueIoIONYd pue snsojnoisaa
/1T A19A0231 %7 /-09 ST B M Do 0S Je UTW O¢T 10J UOHJRIIIBA (sSA@eN) syuaa[os o1daIna daap [ermeN /sjouaydAjod  snong oed[e umoig
9)BION[JOIOQELIID) WNI[OZEPTWIAYIdW-E
srjo  -[Adoid-T pue ‘oprwoiq WNI[OZEPIWIAYIdWIP-£C (d1ay)
91T AI9A0091 %TS'66 03 %S0°86  20Udsaid oY) UI UOMOBIIXD PIISISSB-PUNOSEIIN) -[AyIa-T ‘ore[ASowl WINIjOZePIWIAYIowW-¢-[A3a-T OPIWEBUNOJIN  IDLDUNUD] SN]DYL,
Tm 3w 1°0 T 9°'T pue ‘1°0 (aurrea-1a ‘aursoIky
FO9TCT0F98TOTF LIT dIam ~1a) SpPIoR OUIWER pue
d[oy ur auIfeA-1a pue ‘auIsoiky (ANTTA-VV) UONIBIIX0IdTW (9s0ony-(—)-1 ‘asoyoeres
STT -1a ‘9s00onj-(—)-1 ‘asojoe[en-(+)-a pmbi-pinbiy aars1adsip pajsisse-11y ssaq d1qoydorpAy pue oriydoipAH  -(d)-a) saprreyooesouoin djay
qr [01904]3 pue [094]3 aULAYI ‘BaIN SIOUOP 122.04]D
[ans %IM SZ°09 10 Do S6/S8 78 SAA 3 0T UI PIaMEIS PAIIPMOJ puoq ua30IpAy YIm SHJ Paseq-wnrurjoy) ueuaaderieD-y snaydvddvyy
nzaipap
19 %M §°FT ojeIney autjoy) jeoided aurjoyD spmbi[ o1uor-01q paseq-wNIUIOYD ueud23eIre)-y snaydpvddpyy
nzaiap
snaydpvddpyy
L_TW 3 08: T YIM BdIN S/O° 0ST 38 (OVINIING) ([Foo*o][wrn¥o]) paameas pal
€11 %3IM GL°8/ 9383908 WINT[OZEPIWIAYIdW-E-[ANG-T %T 9Je390€ WINI[OZBPIWIAYIoW-¢-[Ang-T ueuaaderre)-x pUR[ST UOWO[OS
(uerreururey
ueLIRUIWE] (eprLIo[yo S[0ZEpIWI pue ueproony)
ZIT %7¢'L8 PUE UBPIOIN] 04 €°€6 ads (1Adoxdourure-¢)-1) 1 paseq-wnijozepruiy saprreyooesA[od sed[e umoig
(uerreurure]
UBLIBUTWE] pue ueproony)
I1T %9°/8 PUE UBPIOINJ %S S6 (ads) uonoexnxs aseyd-prjos STI pue SAa SopLIBYdBSA[0d djay surteN
Do 08 J& 2jeIne]
01T %IM FT QUIOYD I PIJeaI} SIOBIIXD Pajeal}-I[ex[V spinbif oruor-orq paseq-aurjoyD 2so1edy DAND DLD]IIDLD
[ovo][uo]
urwi ¢ 103 as[nd s ¢ je Jusunean ae3aoe aurjoyd pue [dog][wrwug] ‘oelaoe
MIA 10 Do 00T/08 38 [ T Je Pa1Inis Sem  wnijozeprwliAyiow-¢-[Ay3e-1 ‘oreydsoyd [Ay3atp
60T % 6¢  ([ovo][urug] + oede) Sururejuod aInIXIW oYL, winijozepruiAylaw-¢-1[Ay3e-1 {ovo][wrug] asoredy DANP DLD]IIDID
18 TW 18°9¢ Jo onel
ueproony /S PUEB JUIUO0D 1938M %0/ ‘Teq S8°6T ‘Do 0ST (o7eUL3[E PUE UBPIOON]) vorodpl
80T %€E6' VT PUe 9JeULI[e %TT'8T 78 WAISAS SH-PIISISSE 193em [eONIIOQNS SAJ Paseq-apLIo[yd dUIoyD SopLIBYOJBSA[Od PULIDYIIDS
(197EM) JUIAJOS [EUOTIUIAUOD O}
uey) 19y31Y P[oj-8°'16 PUE -8'pS
£-8°TLS “6'FST “-£€°L 91om SpIOR (sproe oruadoIo[yd
JIojjed pue ‘O10ZUuaqAX0IpAY-d pue d10zuaqAXoIpAy-d
‘omuypoaresojord Do SZT ‘IN G0 e ‘o1roped ‘otntyoayesojoxd vowodpl
£L0T ‘oruagdoroyod ‘o1en  [PAg][WItDrD] YIrm UonoenX I1aJem [edNIIdqNS (19798M UT W 00°T-S2°0) [PAg][wr D"D] ‘o111e3) S)uepIXONUY DULIDYIIDS
¢z'1 Hd ‘urwa 09 yosary vowodpl
90T A1900091 %€°88 ‘M 00T ‘[7Ad][WITDYD] YIM PaISISSe OIUOSeN]N STI paseq-wWnIjozeprw] spunodwod drjouayd pLDUIUDT
pEN PIOIA siojowered euonerado pasn juaa[os 3sa193ul Jo spunodwio) 90IN0SAI JULIBIA

SWI)SAS JUSAJOS D142103U BUISn S924N0SJ dUlIeW WOJ) SpUNOdwod pappe-anieA JO UOIIORIIXS 3Y} YHM Buljeap ¥Jom ainjelay] ayy jo Alewwns T a)qel

'B°€T°9T G¢0¢'¢T 90 UO pepeojumod "T¢0g eqoPo T uo pausiiand

This journal is © The Royal Society of Chemistry 2021

8832 | Green Chem., 2021, 23, 8821-8847


https://doi.org/10.1039/d1gc03184h

View Article Online

Tutorial Review

Green Chemistry

%9°60T
03 9%,9°T/ JO 93Ul 93 UT d1aMm
sordwres aed[eOIORW pUR YSI)

uruw 0€ 10J Do SS 38 (2 T) XO-[DYD ut aanssaid (z:1) proe SU0qIed0IPAY S1pUIISIIUL
8TT ourrew paIds WoI SOTIdA0IRY ouaydsounye Je pajossIp a1am sojdues JI[BXO—3PLIOYD SUI[OYD {SHA PISeq-WnIujoyd orewore JIAdA[0d pydiowoa3ug
uonsadIp proe yim pareduwod
poyow pue SA Jo 2ouasaid oy ur uonsaip (z:1) proe uz s1pusagul
LTT [EUOT)UIAUOD 0} JB[IWIS SINSIY 9ABMOIOIW ISPUN PIJLII) SEA SSBUIOIT OI[EX0-3PLIO[YD dUIOYD ‘SAC PISE]-WNIUI[OYD pue ‘IN ‘o4 ‘nD s[eloN pydiowo.a3urg
(17em UL W 00€-00T)
[wro?o] pue “g[wrtn? o] [FosH][wrn?o]
0T : T WIS ‘Ut §£-ST ‘Do OF ‘TfoN][wro® o] ‘ag[14d o¥D] ag[did"H%D)]
e (ZHY 0F ‘M 00T1) passisse-oruosen|n ‘urw o€ ‘1g[Ad?p] “aglow*n?n] “ag[witnoD] [rag][wrtorn] QUISOIA3-OpOoIIp pue
971 A19A0031 9,88 ‘c'9 {d e (1g[4d°D]) aprwoiq winrurpuAdiAypg ‘[fostHD[wT™DYD] “ig[wr'nD] ‘[1-1][witneD] QUIS01A)-OPOIOUOA-T DLDUIUDT
$9[04> ((av/) 9%0%) [((NDIN][FT‘99'9d]
U2am1aq S 0T JO MBaIq am ‘s 09 10§ wid1 pue ‘[¢(ND)NJ[wT*0"D] ‘["OSIN][T¥'F*¥d]
0059 J€ SA[2AD ¢ 10J UdIeaq Speaq pue I9ZIua30 ‘DIFT‘9‘9‘ad] “ID[HOTZ T T IN] ‘1D
-woy anssiy, “(["od*(*0)[[wrro®o]) aveydsoyd  [wrroro] [Fod*(*o)|[wrtoro] [Fod?("o)|[witn®0]
1finqrp wnrjozepruApow-¢-[Aga-1 pm - ‘[f00™0)[wr'n'd] T¢00'0][HOT T'TIN STI paseq
GTT A19A0031 94,9°08 UONOBIIXS dUI[EN[E PUE UOIRILIE [EITUBYIIN -wnrjozeprwi pue -wnruoydsoyd “wnruowuy Su1a30Id pongIv] PN
A[oanoadsar
‘ssewro1qhip 3 1od oony3r g juaa[os Tw I1ad
T 9G6T PUB SSBWOIGAIP Ssewolq A1p 3 £10°0 JO TS YIIM [I0 Jomo[juns (snavuurg)
3 1od 1yo8w zz°0 F €6°'F %9T pue INW 0S¢ I8 I paseq-wniuoydsoyd SUIAISAS Tojem [1Aydoioryo pue nu1ssIY]
T jo uryiuexoony pue [[Aydoio[yn 9AT}OBOISUD) JO UOTIN[OS Snoanby pue [10 ‘sT1 paseq-wunruoydsoyd aAnoROISUIY, uryiuexoony QuowSig DULIDYIIDS
JUQAJOS
Tw 19d sseworq 3 10°0 JO YIS UL YIM UTW OF
103 uonn[os snoanbe ur ([D[FT'F*¥d]) opHIo[Yd SJUBIORIINS PUR STI S Yons
€Tl oede A1p 3o | _3 3w 96°¢ wintuoydsoydj£oapenaijfinqr jo INW 0S¢ spunodwod 2A1IOBOISU) JO SUONN|OS snoanbe I1Aydororyd Yuowdig -dds nan
JAW 05T SeMm ST[ JO UONBIIUIUOD) "TOXIW
POYIoW [EUOTIUIAUOD [earqio ue ur urw o€ 10y (wdi og) Surns pue
03 paredwod e [[Aydorofgdo (Do S7) 2amyeraduua) Je Juaajos T 1od Ssewolq [1Aydoyuex pue
7T 30 A19A0031 1918213 9557 A1p 3 620°0 Jo (M1S) onex pibi[-prjos y SJUBIOBJINS PUE ST JO UOIIBUIqUIOD e [[AydoIo[yo “yuswidig -ds puynads
(197eM (popurd
$0°0 TS ‘urwa £0T-€£ ut DIND ~0¢€-T) BSAS ‘8sSAdS ‘BLOV ‘Ig[Ad°D] y30q ‘paLIp pue
‘arnyeradwa) woor ye (wdi 0sz) uoneIdy ‘D[AdoTD] “ag[9T T T IN] “Ig[FT‘T‘T‘IN] paseq uryiuexodny ysaIj) wnoynut
T¢I [BUOIIUSAUOD UBY) IYSIY % ¥ LE ‘U 06 ‘DIND ST 38 BSAS ‘oed[e ysard  -wnIuIpLIAd pue WNIUOWWY ‘ST dAIIOB-90BJING {sprousjored Quawdid wnssviing
uoneydroaid
areyd[ns wWNTUOWWE YIIM PIUIquuIod (WaIsAs
aseyd-om) snoanbe juaajos oroana doap) (ad-g) urrpirooofyd-y
02T £19A0031 (M/M) %66°69 SALV-SAA (N-]DYD) B2IN-IPLIO[YD dUI[OYD (n-1DYD) BOIN-3PLIO[YD dUI[OYD ‘SHA Quowdlg  srsuaozal nulydiod
REN| PIPIX s19jourered reuonerado Pasn JuaA[0S 3sa133ul Jo spunoduo) 90IN0SaI SULTRIN

'B°€T°9T G¢0¢'¢T 90 UO pepeojumod "T¢0g eqoPo T uo pausiiand

(‘pauoD) T elqeL

Green Chem., 2021, 23, 8821-8847 | 8833

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1gc03184h

Published on 14 oktober 2021. Downloaded on 06.12.2025 16.13.49.

Tutorial Review

SC-CO, were high in oil, demonstrating that it is a better
method for obtaining valuable compounds from brown sea-
weeds."® Saccharina japonica was also exploited using SC-CO,
in the presence of sunflower oil, soyabean oil, canola oil,
ethanol and water as co-solvents for the extraction of fucox-
anthin, phlorotannin and carotenoids. The sunflower oil-
assisted extraction method showed a higher fatty acid content
with increased antioxidant activity and oil stability."*” The
response surface methodology was used to understand the
effect of pressure and temperature on the SC-CO, extraction of
natural dye from Sargassum sp. The process parameters were
found to have significant effects on the extraction yields and
the highest yield achieved was 2.7 mg-extract per g-dried
sample, which contained bioactive compounds, namely,
sterols, pentadecanoic acid, 14-methyl ester, 9-hexadecenoic
acid, methyl ester and phytol with antimicrobial properties.'*®
Table 2 presents a summary of the value-added compounds
from marine resources using supercritical CO, extraction.
Algal biomass extraction with SC-CO, depends on various
operating conditions and the extraction yields vary accordingly.
The most influential parameter seems to be pressure, where
the higher the pressure, the higher the yields with faster extrac-
tion kinetics. The influence of temperature is the opposite to
that of pressure. Better results are achieved with a high CO,/
algae mass ratio, and according to the above-mentioned
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works, it is evident that algal pre-treatment is highly efficient.
Centrifugation results in concentrated algal biomass, which
can be dried at low temperatures or by freeze-drying. The dried
mass can then be crushed and reports show that the smaller
the particle size, the faster the extraction kinetics with higher
product yields."*® Fig. 9 shows the chemical structures of the
neoteric solvents used for the bio-processing of marine
resources. Fig. 10 shows the chemical structures of the chemi-
cals extracted from marine resources using neoteric solvents.
Neoteric solvent-assisted process for materials. Several
materials have been synthesized in the presence of new solvent
systems using marine biopolymers and compounds for poten-
tial applications. Agar is a biopolymer found in red algae/
seaweed and is a mixture of two components such as agarose
and agaropectin. Agar solution was blended with biopolymers
such as cellulose, rice starch, and zeatin protein in the pres-
ence of the IL 1-butyl-3-methylimidazolium chloride and cosol-
vent dimethyl sulfoxide. This was followed by gelation at low
temperatures, and then freeze-drying to form aerogels. The
physical parameters such as bulk density, surface morphology,
pore size diameter, and melting temperature were studied.
This study concluded that agar aerogels can be formed in a
mixture of IL and DMSO."® Bio-composites with increased
mechanical strength were prepared in the presence of an agar
and DES-surfactant mixture. A DES composed of choline chlor-

Table 2 Summary of the value-added compounds from marine resources using supercritical CO, extraction

Marine resource Compound of interest Solvent used Operational parameters Ref.
Dictyopteris membranacea Volatile oil SC-CO, 40 °C; 9.1 MPa 131
Dilophus ligulatus Volatile oil SC-CO, 35-55 °C; 8.0-25.0 MPa 132
Sargassum hemiphyllum Fatty acids SC-CO, 40-50 °C; 24.1-37.9 MPa 133
Lessonia vadosa Fucosterol SC-CO, 50 °C; 18.0 MPa 134
Sargassum muticum Fucoxanthin SC-CO, 55 °C; 40.0 MPa 135
Undaria pinnatifida Fucoidan SC-CO, 40 °C; 40.0 MPa 136
Gloiopeltis tenax Sesquiterpenes, fatty acids and their SC-CO, 45 °C; 30.0 MPa 137
esters, phenols and sterols
Fucus evanescens, Saccharina japonica, Fucoidans SC-CO, 60 °C; 55.0 MPa 138
Sargassum oligocystum
Hypnea charoides Lipids SC-CO, 40-50 °C; 24.1-37.9 MPa 139
Plocamium cartilagineum Halogenated monoterpenes SC-CO, 40-100 °C; 25.0-40.0 MPa 140
Dunaliella bardawil Separation of cis-trans geometrical SC-CO, 40 °C; 44.8 MPa 141
isomers of f-SC-CO,carotene
Brown seaweeds; Laminaria digita and Fungicides SC-CO, Pressure = 37.9 MPa, density 142
Undaria pinnatifida Red Seaweeds; =0.701 g mL™", temperature
Porphyra umbilicalis, Eucheuma =50 °C and flow rate = 34 kg
denticulatum and Gelidium pusillum h™
Undaria pinnatifida Essential oil SC-CO, 45 °C and 20 MPa 143
Gracilaria mammillaris Antioxidants SC-CO, 30 MPa, 60 °C 144
Posidonia oceanica and Zostera marina Phenylpropanoids (chicoric, SC-CO, 250 bar, 80 °C 145
p-coumaric, rosmarinic, benzoic,
ferulic and caffeic acids)
Saccharina japonica and Sargassum Antioxidant oil SC-CO, 250 bar, 45 °C 146
horneri
Saccharina japonica Fucoxanthin, phlorotannin and SC-CO, and sunflower 200-300 bar, 45-55 °C 147
carotenoids oil, soyabean oil, canola
oil, ethanol and water as
co-solvents
Sargassum sp. Natural dye; sterols, pentadecanoic SC-CO, 4500 psi and 65 °C 148
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acid, 14-methyl ester,
9-hexadecenoic acid, methyl ester
and phytol
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imidazoliumtetrafluoroborate, (c) 1-butyl-3-methylimidazolium hexafluorophosphate, (d) 1-butyl-3-methylimidazolium trifluoromethylsulfonate, (e)
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1-butyl-3-methylimidazolium tosylate, (i) 1-butyl-3-methylimidazolium chloride, (j) 1-(3-aminopropyl)imidazole chloride, (k) 1-ethyl-2,3-dimethyl-
imidazolium bromide, (l) 1-butyl-3-methylimidazolium dicyanamide, (m) ethylpyridinium bromide, (n) tributyltetradecylphosphonium chloride, (o)
1-dodecyl-3-methylimidazolium chloride, (p) 1-decyl-3-methylimidazolium chloride, (q) 1-hexyl-3-methylimidazolium chloride, (r) 1-ethyl-3-
methylimidazolium dibutyl phosphate, (s) 1-ethyl-3-methylimidazolium diethyl phosphate, (t) 1-ethyl-3-methylimidazolium mesylate, (u) 1-ethyl-3-
methylimidazolium acetate, (v) choline caproate and (w) choline laurate. (B) deep eutectic solvents; (a) glycerol, (b) urea, (c) ethylene glycol, (d) 1,3-
butanediol, (e) glucose, (f) 2-hydroxypropanoic acid, (g) propanedioic acid, (h) 1,4-butane diol, (i) oxalic acid and (j) 1,2 propane diol and (C)
biomass-derived solvents used for the bio-processing of marine resources.

ide and glycerol (1:2) was added with different contents of
surfactant (hexadecyltrimethylammonium bromide) and intro-
duced into high density polyethylene/agar bio composites
through melt mixing. This showed efficient compatibilization

This journal is © The Royal Society of Chemistry 2021

of HDPE/agar bio composites with DES-surfactant mixtures.""
Agar films were prepared in the presence of choline-based
DESs (choline chloride/urea (1:2) and choline chloride/gly-
cerol(1:2)). The biopolymer was pre-solubilised in DES fol-
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Fig. 10 Chemical structures of the chemicals extracted from marine resources using neoteric solvents.

lowed by compression-molding and subsequent drying. The
hydrophilicity of the prepared film increased with a decrease
in the concentration of agar. Thus, choline chloride-based DES
may be promising tools for the development of materials
based on seaweed polysaccharides.'>” An ionic liquid, namely,
1-butyl-3-methylimidazolium chloride [C;mim][Cl], was used
for the dissolution of agarose and chitosan to form composite
materials. These materials were decorated with silver oxide
nanoparticles to form nanocomposites. The biopolymer acted
as a reducing and stabilizing agent, and upon cooling the solu-
tion, nanocomposite ionogels with high mechanical strength
were formed. The characterization showed that these materials
had good thermal and conformational stability, compatibility
and strong hydrogen bonding interactions. These nano-
composites showed good antimicrobial activity, and thus can
be used in biotechnology and biomedical applications.
Further, they can be precursors for applications such as quasi-
solid dye-sensitized solar cells, actuators, sensors and electro-
chemical display.'>® Agarose/talc composite films were fabri-
cated using 1-n-butyl-3-methylimidazolium chloride (BmimcCl)

8836 | Green Chem., 2021, 23, 8821-8847

IL and urea through the gelation method. The talc particles
were embedded in the agarose matrix and characterization of
these composites demonstrated that BmimCl/Urea can be uti-
lized as a coupling agent for these composites."”*
Functionalisation (acetylation/carbanilation) of agarose was
carried out wusing 1-butyl-3-methylimidazolium acetate.
Acetylated agarose was hydrophobic and carbanilated agarose
was hydrophilic in nature. Carbanilated agarose readily dis-
solved in the IL and cooling these solutions resulted in the for-
mation of an ionogel, which was attributed their self-healing
properties. It was further tested as a solid electrolyte for an
activated carbon-based supercapacitor cell and showed good
conductivity, which is desirable for energy storage devices and
electronic skins with robustness.'® For biomedical appli-
cations, the surface properties of the materials used are very
important and a simple procedure was developed to graft anti-
bacterial polysaccharides on biomedical-grade polyurethane
(PU). Seaweed polysaccharides were meticulously grafted on
the surface via an isothiocyanate-alcohol reaction in 1-ethyl-3-
methyl imidazolium phosphate IL. This procedure could be

This journal is © The Royal Society of Chemistry 2021
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transposed for grafting PU surfaces bearing hydroxyl, amine or
thiol groups.'® Similarly, the same ionic liquid 1-ethyl-3-
methyl imidazolium phosphate was used as a solvent and cata-
lyst to graft antibacterial seaweed polysaccharides such as
ulvan, laminarian, fucan and zosterin onto poly(vinylchloride)
(pvC).””

The liquid-phase exfoliation of graphite in the presence of
biomass-derived solvents was carried out for the production of
pristine graphene nanosheets. A bio-solvent was produced
from a cultivable red seaweed Kappaphycus alvarezii for this
purpose. The solvent consisted of acetic acid, levulinic acid
and y-valerolactone, which was prepared from the polysacchar-
ide obtained through the acid hydrolysis of seaweed biomass.
Fig. 11 shows a schematic of the ultra-sonication-assisted
graphite exfoliation of seaweed biomass-extracted solvent mix-
tures. This process is cost-effective, recyclable and scalable for
the large-scale production of graphene sheets.**

Graphene nanosheets doped with Fe;0,/Fe (Fe;0,/Fe-GN)
were produced from the abundant fresh brown seaweed
Sargassum tenerrimum. The DES prepared by the complexation
of choline chloride and FeCl; was utilized as a catalyst for the
production of graphene nanosheets from the residual granules
obtained from the juice of the seaweed. The mixture of
seaweed granules and DES was pyrolyzed at 700-900 °C under
a 95% N, and 5% H, atmosphere for the formation of Fe;0,/
Fe-GN with high electrical conductivity (2384.6 mS m™") and
surface area (220 m®> g~ '). The results were acceptable,
showing that this can be a sustainable replacement for the
existing metal-based oxygen reduction reaction (ORR) catalysts.
Fig. 12 shows a schematic of the production of magnetite-func-
tionalized graphene from Sargassum tenerrimum and scalable
production method for Fe;0,4/Fe-doped graphene nanosheets
having electrocatalytic activity using DESs."*®

Kappaphycus alvarezii
sl _ Graphite

v

Ultra sonication
(120m)

Graphene sheets
(Yield : 40 - 42%)

(Levulinic + Acetic + Formic) acid
+ y-valerolactone

Potent plantﬁbio-stimulant

HCI (2.5 N), autoclave | (o
‘ v’ ) <
- Ethyl acetate & {,'\‘.‘ 4
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A similar type of work was done, where a choline chloride-
based DES was employed for the production of metal oxide-
functionalized graphene nanosheets (GNs). The functionalized
GNs (Fe;04/Fe, Sn0O,/Sn0O/Sn, or ZnO/Zn-functionalized GNs)
were studied for their toxicity and were found to be non-toxic
against human lung carcinoma cells. Further, they were
assessed for the removal of F~ from fluoride-contaminated
ground water. Fig. 13 shows the deep eutectic solvent-pro-
moted preparation of functionalized GNs from seaweed gran-
ules. These GNs can be utilized to produce safe drinking water
according to the World Health Organization (WHO)
standards.">®

Chitin is found in abundance in crustaceans and is a bio-
degradable and biocompatible marine polysaccharide.
However, it is poorly soluble in common solvents, which limits
its applications.

It has applications in the medical, agriculture, cosmetics,
and food and beverages industries and Elibol et al. summar-
ized the recent advances in the application of DESs as extrac-
tion media and for bio-film fabrication, nanomaterial prepa-
ration, chitosan methylation, chitin dissolution and prepa-
ration of composite materials.'®® Similarly, Shamshina et al.
also examined the treatment (recovery, dissolution and proces-
sing) of chitin in ILs, summarizing the recent developments of
ILs as catalysts, solvents and co-solvents and demonstrating
the improvement in chitin processing.'®® An imidazolium-
based IL, namely, 1-butyl-3-metlimidazolium acetate ((BMIM]
Ac), was used to dissolve a biopolymer and further explored for
its gel-forming ability. The rheological properties of the
formed ionogel were studied and its functionality in a super-
capacitor was also examined. This gel exhibited a high capaci-
tance and better cyclic behaviour compared to the commercial
membranes.'®> Recently, a carboxymethyl chitin (CMChit)-

Granules

Refined k-carrageenan
(30-35% yield)

Yield : 25-30%

Fig. 11 Schematic representation of ultra-sonication-assisted graphite exfoliation of seaweed biomass-extracted solvent mixture (reproduced from

ref. 62 (Licensed under Creative Commons CC-BY-NC-ND).
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Sargassum tenerrimum

Fig. 12 Schematic showing the production of magnetite-functionalized graphene from Sargassum tenerrimum and scalable production method for
FesO4/Fe-doped graphene nanosheets having electrocatalytic activity using DESs (reproduced from ref. 158 with permission from The Royal Society

of Chemistry).
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Fig. 13 Deep eutectic solvent-promoted preparation of functionalized graphene nanosheets from seaweed granules for producing safe-drinking
water (reproduced from ref. 159 with permission from the American Chemical Society).

based membrane having potential as a solid polymer electro-
lyte (SPE) was blended with 1-butyl-3-methylimidazolium
acetate (BMIM[Ac]) IL. This modified SPE showed ionic con-
ductivity in the order of 10™* S cm™" and electrochemical stabi-
lity of up to 2.93 V. It also showed good reversibility in sym-
metric cells based on Zn//SPE//Zn with potential in proton con-
ducting batteries."®® A nanochitin film was fabricated via the
aggregation of scaled-down chitin nanofibers (SD-ChNFs). The
self-assembled film was prepared via regeneration from a
chitin/ionic liquid iongel using methanol. The prepared film
could be Dbent and twisted easily and exhibited
excellent mechanical properties when cross-linked with
r-carrageenan.'®*

A simple, fast, cost-effective and clean method was devel-
oped for the fabrication of green electrolytes composed of
K-carrageenan obtained from red seaweed in the presence of
1-butyl-3-methyl-1H-imidazolium chloride ([Bmim]Cl) ionic

8838 | Green Chem., 2021, 23, 8821-8847

liquid and glycerol. High conductivity was obtained for these
electrolytes, which are suitable for the fabrication of environ-
mentally friendly electrochemical devices, energy storage
devices and electrochromic devices that do not require gas
flow and lead to water formation.'®® Polysaccharide-based
ionogels were formed for the fabrication of electronic noses,
which were formed by gas sensors connected to computational
systems. The ionogels were prepared using three biopolymers,
namely, gelatine, agar and sodium alginate, in 1-ethyl-3-
methylimidazolium dicyanamide (EMIMDCA) ionic liquid and
were deposited on metallic interdigitated electrodes. This nose
was tested for volatile compounds such as acetone, methanol,
ethanol, hexane and ethyl acetate. Hit rates of 96% were
achieved.'®® Tonic liquids such as 1-ethyl-3-methylimidazolium
ethylsulfate, [C,mim][C,SO,], 1-ethyl-3-methylimidazolium
acetate, [C,mim][OAc] and trimethyl-ethanolammonium
acetate, and [Ch][Oac] were investigated for their ability to

This journal is © The Royal Society of Chemistry 2021
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prepare electrolytes from natural polymers such as agar. The
prepared electrolyte samples were thermally stable up to
190 °C. These electrolytes can be incorporated in electrochro-
mic devices."®” A quasi-solid-state polymer electrolyte (QSPE)
was prepared using agar in the presence of 1-methyl-3-propyli-
midazolium iodide (MPII) ionic liquid and its conductivity was
recorded to be 1.48 x 10 S cm™'. The QSPE was sandwiched
between the working and counter electrodes to fabricate a dye-
sensitized solar cell (DSSC) and analyzed under a sun
simulator.'®®

A major development in the application of SC-CO, is the
fabrication of functional particles/microparticles, which are
used in the pharmaceutical, paint, cosmetics and chemical
industries. Pigments such as fucoxanthin and astaxanthin
from marine sources were extracted by SC-CO, at 20 MPa and
45 °C. Microparticles with a diameter of 0.78-1.42 um were
obtained via gas-saturated solutions and the biodegradable
polymer polyethylene glycol.'®® Monosaccharides such as b-
(+)-galactose, 1-(—)-fucose, and p-(+)-mannose were modified by
DESs to prepare Fe;O, hybrid molecular imprinted polymers
to purify monosaccharides from seaweed using solid-phase
extraction (SPE). Higher recoveries of purified product were
obtained using templates modified with DESs.'”® Fig. 14
shows the materials developed from marine resources using
neoteric solvents (Table 3).

Neoteric solvent-assisted process for fuels/fuel intermediates
from oceanic biomass

Oceanic algae is an attractive feed stock for the production of
biofuel given that it is a non-food crop, which is largely com-
posed of readily fermented carbohydrates such as starch rather
than the more recalcitrant lignocellulosic materials currently

'Laminarian

Ulvan

Chitin
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under intense development. Ionic liquid-assisted subcritical
water was employed for the extraction of lipids from micro-
algae of Scenedesmus sp. [HNEt;] [HSO,4] IL with 1% concen-
tration at a temperature of 110 °C, resulting in a lipid yield of
35.67%. Compared with conventional methods, the triglycerol
contents were higher and separation was easy as the algal cell
residues assembled into microspheres.'” Three different
aqueous deep eutectic solvents (aDESs), i.e., choline chloride-
oxalic acid (aCh-0O), choline chloride-ethylene glycol (aCh-EG)
and urea-acetamide (aU-A) were explored for their efficiency
in lipid extraction from microalgal biomass of Chlorella sp.
The biomass was pre-treated with aDESs and the results indi-
cated that the recovery rate of lipid increased from the
untreated biomass (52.03%) to the pre-treated biomass
(80.90%, 66.92% and 75.26% for (aCh-0), (aCh-EG) and (aU-
A), respectively).'”> DESs were also employed for the pre-treat-
ment of algal biomass of Chlorella sp. and Chlorococcum sp.
before the recovery of lipids. Among the DESs under study,
choline chloride-acetic acid (Ch-Aa) showed the optimal con-
ditions and is feasible for microalgae-based biodiesel pro-
73 Direct extraction and biocatalytic transformation of
algal oil to biodiesel were done using binary mixtures of imida-
zolium-based ILs. The algal oil was extracted from microalgae
Chlorella vulgaris and Chlorella protothecoides. The advantage
of the biocatalytic synthesis of biodiesel of 1-hexadecyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
[C1emim][NTf,] and the ability of cellulosic biomass dis-
solution of 1-butyl-3-methylimidazolium chloride ([Bmim][Cl]
were considered for the use of the binary mixture.'”* The pro-
duction of sustainable biofuel from seaweed waste biomass
from the carrageenan industry (SWBC) was achieved by perace-
tic acid (PAA)-IL pre-treatment. The pre-treatment increased

duction.
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Fig. 14 Materials developed from marine resources using neoteric solvent systems.
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Table 3 Summary of the materials prepared from marine resources using neoteric solvents
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Marine source Compound of interest ~ Solvent used Materials/applications Ref.
Red Algae Polysaccharide; Agar 1-Butyl-3-methylimidazolium chloride and Ionogels and aerogels formed with 150
cosolvent dimethyl sulfoxide agar blended with cellulose, rice
starch, zeatin protein
Red Algae Polysaccharide; Agar DES-surfactant mixture; choline chloride and Biocomposite with increased 151
glycerol (1 : 2)-hexadecyltrimethylammonium mechanical strength;
bromide compatibilization of HDPE/agar
biocomposites
Red Algae Polysaccharide; Agar Choline-based DESs (choline chloride/urea (1:2)  Agar films; promising tool for 152
and choline chloride/glycerol(1 : 2)) development of materials based on
seaweed polysaccharides
Red Algae; Polysaccharides; 1-Butyl-3-methylimidazolium chloride Agarose-chitosan nanocomposites; 153
Crustacean Agarose and Chitosan [C,;mim][Cl] potential applications in quasi-solid
organisms dye sensitized solar cells, actuators,
sensors or electrochemical displays
Red Algae Polysaccharides; 1-n-Butyl-3-methylimidazolium chloride Agarose/talc composite films 154
Agarose (BmimCl) IL and urea
Red Algae Agarose 1-Butyl-3-methylimidazolium acetate Ionogel with self-healing property/ 155
solid electrolyte for an activated
carbon-based supercapacitor cell and
showed good conductivity, which is
desirable for energy storage devices
and electronic skins with robustness
L. saccharina Laminarin 822; Ulvan  1-Ethyl-3-methyl imidazolium phosphate IL Antibacterial seaweed polysaccharide 156
parmeat; U. 815; Fucan 812; grafting of polyurethane surfaces
rotundata; Fucus/ Zosterin 900 bearing hydroxyl, amine or thiol
Ascophyllum; groups
Zosteraceae
L. saccharina Laminarin 822; Ulvan  1-Ethyl-3-methyl imidazolium phosphate IL Antibacterial seaweed polysaccharide 157
parmeat; U. 815; Fucan 812; grafting of polyvinyl chloride surfaces
rotundata; Fucus/ Zosterin 900 bearing hydroxyl, amine or thiol
Ascophyllum; groups
Zosteraceae
Kappaphycus alvarezii ~ Polysaccharide; Biomass-derived solvent; solvent consisted of Graphene nanosheets 62
K-carrageenan acetic acid, levulinic acid and y-valerolactone
Sargassum Residual granules of DES prepared by complexation of choline Graphene nanosheets doped with 158
tenerrimum seaweed chloride and FeCl; Fe;0,/Fe (Fe;0,/Fe-GN); sustainable
replacement for the existing metal-
based oxygen reduction reaction
(ORR) catalysts
Sargassum Residual granules of Choline chloride-based DES Functionalized graphene nanosheets 159
tenerrimum seaweed GNs (Fe;0,/Fe, Sn0O,/Sn0O/Sn, or ZnO/
Zn-functionalized GNs); fluoride
removal from drinking water; can be
utilized to produce safe drinking
water according to World Health
Organization (WHO) standards
Crustacean Chitin DESs DESs as extraction media, bio-film 160
organisms fabrication, nanomaterial
preparation, chitosan methylation,
chitin dissolution and composite
material preparation
Crustacean Chitin ILs Recovery, dissolution and processing 161
organisms of chitin
Crustacean Chitin 1-Butyl-3-metlimidazolium acetate ([BMIM]Ac) Tonogels with high capacitance and 162
organisms better cyclic behaviour as compared
to the commercial membranes
Crustacean Chitin 1-Butyl-3-methylimidazolium acetate (BMIM[Ac])  Carboxymethyl chitin (CMChit)-based 163
organisms IL membrane having potential as solid
polymer electrolyte (SPE);
conductivity in the order of 107" S
em™" and electrochemical stability
was up to 2.93 V
Crustacean Chitin; i-carrageenan  ILs Nanochitin film; bent, twisted easily 164
organisms; Red and exhibited excellent mechanical
Algae properties when cross-linked with -

8840 | Green Chem., 2021, 23, 8821-8847

carrageenan

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1gc03184h

Published on 14 oktober 2021. Downloaded on 06.12.2025 16.13.49.

Green Chemistry

Table 3 (Contd.)
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Marine source Compound of interest ~ Solvent used

Materials/applications Ref.

Red Algae k-Carrageenan

[C,mim][C,S0,], 1-ethyl-3-methylimidazolium
acetate, [C,mim][Oac] and trimethyl-ethanolam-

Red algae; Brown Polysaccharides; 1-Ethyl-3-methylimidazolium dicyanamide
algae gelatine, agar and (EMIMDCA)
sodium alginate
Red Algae Agar 1-Ethyl-3-methylimidazolium ethylsulfate,
monium acetate, [Ch][Oac]
Red Algae Agar 1-Methyl-3-propylimidazolium iodide (MPII)

Brown Algae; Crab Fucoxanthin and SC-CO,
shells astaxanthin
Seaweed p-(+)-Galactose, r- DESs

(=)-fucose, and p-
(+)-mannose

the enzymatic saccharification of SWBC. PAA + 1-hexylpyridi-
nium chloride ([Hpy][Cl]) and PAA + 1-ethyl-3-methyl-
imidazolium diethylphosphate ([Emim]|[DEP]) were used for
this purpose.’”® Choline amino acid-based ILs were used for
the pre-treatment of biomass derived from Chlorella vulgaris
and Spirulina platensis for the extraction of lipids. The lipids
were dissolved in the ILs, leaving behind a carbohydrate-rich
solid, which was further subjected to enzyme hydrolysis to
release fermentable sugars. Herein, this opens new pathways
for the production of biodiesel and bioethanol using cheap
ILs."”® Protic ionic liquids (PILs) have the potential to disrupt
and exudate lipids from microalgae due to their labile protons.
Ten carboxylate PILs with lactam and ammonium cations were
studied for the production of biodiesel from Nannochloropsis
oculata and Chlorella salina. The PILs were found to inhibit
lipases, which promote lipolysis in lipid samples and have
negligible pigments, which favoured a reduction in the purifi-
cation steps for the production of biodiesel."”” To reduce the
energy consumption required for algal extraction, ILs were
assisted by SC-CO, considering that CO, captured can com-
pensate the energy consumption. It was evident that the lipid
yield of Chlorella vulgaris increased from 68% to 75.6% upon
the addition of CO, to the IL [BMIM][BF,]. The properties of
the synthesized biodiesel was on par with the European bio-
diesel standard, and hence this process has the potential to be
commercialised.'”® Mixtures of ILs and methanol were used to
extract lipids from Chlorella vulgaris, where the lipid yield was
comparatively higher for the [Bmim][CF;SO;] and methanol
mixture than Bligh and Dyer’s method (conventional tech-
nique).’”® Around thirty ILs were studied with cations such as
ammonium, phosphonium, pyridinium and imidazolium for
the extraction of lipids from the microalgae Chlorella vulgaris.

This journal is © The Royal Society of Chemistry 2021

1-Butyl-3-methyl-1H-imidazolium chloride
([Bmim]Cl) ionic liquid and glycerol

Green electrolytes; potential for the 165
fabrication of environmentally

friendly electrochemical devices,

energy storage devices and

electrochromic devices that do not

require gas flow and do not lead to

water formation

Ionogels were formed for the 166
fabrication of electronic noses

Electrolytes were thermally stable up 167
to 190 °C. These electrolytes can be
incorporated in electrochromic

devices

Quasi-solid-state polymer electrolytes 168
(QSPEs); potential to fabricate dye-
sensitized solar cells (DSSC) and

analyzed under sun simulator

Functional particles/microparticles, 169
which are used in the

pharmaceutical, paint, cosmetics and
chemical industries

Fe;0, hybrid molecular-imprinted 170
polymers for the purification of
monosaccharides by SPE

They were screened for their ability to increase the hexane
extraction efficiency of lipids from freeze-dried biomass. For
all the tested ILs, the chlorophyll content extracted was low.
The best results were obtained for 1-ethyl-3-methyl-
imidazolium ethylsulfate [C,mim][EtSO,] and its SLR ratio,
water content and incubation time were optimised to develop
an efficient extraction method."®® DESs assisted by microwaves
(MWs) were investigated as pre-treatments for algal biomass to
develop a new lipid extraction methodology to obtain fatty-
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Fig. 15 Pre-treatment of biomass using DESs and further extraction of
lipids, fatty acids, etc. (reproduced from ref. 181 with permission from
the American Chemical Society).
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Table 4 Summary of biofuel extraction from marine resources using neoteric solvents

Integrated scheme for the total utilisation of fresh Kappaphycus alvarezii red seaweed (production of fuel intermediates, agricultural nutri-

Marine resource Solvent used Product/% recovery Ref.
Scenedesmus sp. [HNEt;] [HSO,] IL 35.67% lipid yield 171
Chlorella sp. Aqueous deep eutectic solvents (aDESs), i.e., choline Lipid recovery of 80.90%, 66.92% and 75.26% for
chloride-oxalic acid (aCh-0), choline chloride-ethylene  (aCh-0), (aCh-EG) and (aU-A), respectively
glycol (aCh-EG) and urea-acetamide (aU-A)
Chlorella sp. and DESs; choline chloride-acetic acid (Ch-Aa) Yield increased by 30 times compared with 172
Chlorococcum sp. conventional method
Chlorella vulgaris and 1-Hexadecyl-3-methylimidazolium bis 100% yield for biodiesel 173
Chlorella protothecoides (trifluoromethylsulfonyl)imide [C;smim][NTf,]; 1-butyl-
3-methylimidazolium chloride ([(Bmim][Cl])
Seaweed waste biomass of ~ PAA + 1-hexylpyridinium chloride ([Hpy][Cl]) and PAA+  [Hpy][Cl], [Emim][DEP] or 1-ethyl-3- 174
carrageenan industry 1-ethyl-3-methylimidazolium diethylphosphate methylimidazole acetate ([Emim][OAc]) produced
(SWBC) ([Emim][DEP]) cellulose conversions of 77%, 91%, 84% and
62%, respectively
Chlorella vulgaris and Choline amino acid-based ILs 30.6% and 51% for Chlorella vulgaris and 175
Spirulina platensis Spirulina platensis, respectively
Nannochloropsis oculata Protic ionic liquids Lipid recovery of 134.9% and 85.4%o for 176
and Chlorella salina butyrolactam Hexanoate-treated N. oculata and
C. salina, respectively
Chlorella vulgaris [BMIM][BF,] IL-assisted with SC-CO, 75.6% lipid recovery 177
Chlorella vulgaris Mixture of [Bmim][CF;S0;] IL and methanol 12.5% and 19.0% of lipids recovered from 183
commercial and cultivated biomass respectively
Chlorella vulgaris Ammonium, phosphonium, pyridinium and Better extraction yields compared to conventional 179
imidazolium based ILs; 1-ethyl-3-methylimidazolium method
ethylsulfate [C,mim][EtSO,]
Phaeodactylum tricornutum  Choline-based DESs with (levulinic acid, ethylene glycol, Lipids with high selectivity of 88% were extracted =~ 180
urea, levulinic acid, sorbitol and urea) assisted with compared to 35% in conventional method
dimethyl carbonate (DMC) and SC-CO,
Algae [BMIM][MeSO,] IL with methanol cosolvent 75.6% lipid recovery 181
Algae N-Methylcyclohexylamine (MCHA) and [C,-mim|[PFg] 77% lipid recovery 182

(1-butyl-3-methylimidazolium hexafluorophosphate)

8842 | Green Chem., 2021, 23, 8821-8847
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Fig. 17 Challenges, strengths and future needs to exploit neoteric solvents for the biorefinery approach.

acid-rich extract from the diatom Phaeodactylum tricornutum.
Eco-friendly extractions were employed using dimethyl carbon-
ate (DMC) and SC-CO,. Choline-based DESs with different
combinations of hydrogen bond donors such as levulinic acid,
ethylene glycol, urea, levulinic acid, sorbitol and urea were
tested for pre-treatment. Fig. 15 shows the pre-treatment of
biomass using DESs and further extraction of lipids, fatty
acids, etc. The extraction efficiency of SC-CO, improved and
the total fatty acid yield also increased by 20 times, providing
triglyceride of the utmost purity.'®!

Lipid extraction from microalgae using ILs and methanol
co-solvent was studied, and it was concluded that this method
is highly efficient, cheap, safe and provides environmental pro-
tection. The best result was obtained for [BMIM][MeSO,] IL at
70 °C with a reaction time of 2 h.'®* A switchable solvent,
namely N-methylcyclohexylamine (MCHA), was employed for
the extraction of a wet biomass slurry and the algal oil was
recovered by IL [C,-mim][PFs] (1-butyl-3-methylimidazolium
hexafluorophosphate) through the phase separation method.
CO, was used to trigger the separation of MCHA from the IL.
This method can be useful to extract slurries of wet alga
directly and the solvent can be recycled. The algal lipid recov-
ery was up to 77%.'®* Seaweed is a rich source of polysacchar-
ides, and hence fresh Kappaphycus alvarezii seaweed was
exploited for the production of fuel intermediates such as
5-hydroxymethyl furfural (HMF). The seaweed was crushed,
and its juice was expelled, which was rich in KCI, and
k-carrageenan was extracted from the residual biomass.
Further, HMF was derived from the extracted polysaccharide
with Mg(HSO,), acid catalyst. Galactose was obtained as a by-
product, which was further subjected to acid hydrolysis to
yield other products such as levulinic acid (LA) and formic
acid (FA).'®* Fig. 16 shows an integrated scheme for the total
utilisation of fresh Kappaphycus alvarezii red seaweed (pro-
duction of fuel intermediates, agricultural nutrients, pure
water and polysaccharides). Table 4 presents a summary of
biofuel extraction from marine resources using neoteric sol-
vents. Filho et al. summarized the lipid extraction from natural
feedstock using green solvents.'®> Recently, Reglero et al. over-
viewed green technologies for the production of lipids."®°

This journal is © The Royal Society of Chemistry 2021

Conclusion and future perspectives

Blue biorefineries utilize the surplus resources that do not
interfere in the food supply chain, and hence offer a potential
facility that supports the circular bioeconomy concept by facili-
tating the conversion of marine biomass (residues, wastes and
co-products) into functional materials, fuels, chemicals and
commercial commodities. Innovative technologies must be
developed for the successful market execution of blue biorefi-
neries, ensuring sustainability of the biomass-to-products
chain. Marine resources are still unexplored, and researchers
worldwide are actively participating in the development of
smart and improved processes to address and solve problems
related to the limitations of blue biorefineries. New types of
solvent systems are being developed to address the sustainabil-
ity issues related with biorefineries. However, limited research
has been done on the use of neoteric solvents for the biopro-
cessing of marine resources compared to the available marine
feedstocks. The strategic establishment of innovative and eco-
friendly technologies employing neoteric solvents for the pro-
duction of marketable products may lead to large-scale indus-
trial applications. Although techniques are being developed
for the use of neoteric solvents for blue biorefineries, consider-
ing sustainable and eco-friendly approaches, the cost of the
solvents needs to be analysed for their commercial appli-
cations. However, this cannot be generalized for all neoteric
solvents given that their cost depends on their starting
materials. Cheaper neoteric solvents can be developed from
biomass and residual feedstocks for large-scale applications.
Several reports show that the addition of a small amount of
these solvents to other solvents also increases the process
efficiency, and thus they can be used as adjuvants. When con-
sidering these solvents for biorefinery use, processes must be
developed to recover/recycle and minimize the generation of
waste/by-products from these solvents to increase the econ-
omic viability of the developed techniques. The majority of
neoteric solvents are generalised to be non-toxic in nature and
these solvents are designer solvents that can be composed
according to the process requirements. Thus, when consider-
ing the use of these solvents is biorefineries, solvents that can

Green Chem., 2021, 23, 8821-8847 | 8843
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be synthesized with the least toxicity can have a beneficial
impact on the environment (Fig. 17). In general, the next
decades would be promising and exciting for the development
of blue biorefineries with new types of solvent systems.
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