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ABSTRACT

Brown macroalgae, harvested and processed at a scale of multimillion tons annually, contain fucoxanthin, a
bioactive carotenoid with demonstrated anti-cancer and anti-inflammatory properties. While seaweed is pri-
marily cultivated for food products, significant quantities of non-edible parts, still containing valuable com-
pounds, are discarded during processing. This comprehensive review critically examines current approaches for
upcycling macroalgal waste to food supplements and pharmaceuticals through the extraction of fucoxanthin,
with particular emphasis on emerging green technologies and solvents, such as supercritical carbon dioxide and
ionic liquids, applied individually or in combination. The article also evaluates these methods against conven-
tional organic solvent extraction, considering extraction efficiency, solvent greenness and recyclability, process
sustainability, and potential for industrial scale-up, while identifying current limitations and explore opportu-
nities for process optimization. Despite demonstrating clear advantages over conventional organic solvents in
extraction time, yield, recycling rate, and environmental safety, green solvents, especially ionic liquids, remain
underutilized. This thorough analysis thus reveals critical gaps in current extraction strategies and provides
evidence-based recommendations for future research directions in sustainable extraction technologies. Our
findings suggest pathways for transforming macroalgal waste streams into high-value nutraceutical products,

contributing to the development of circular bioeconomy approaches in marine biomass processing.

1. Introduction

Macroalgae are important and popular nutrients worldwide, exhib-
iting numerous health-promoting properties. As a result of globalization,
these foods have become commercially available to consumers around
the world [1]. Beyond their use for direct consumption, algae provide
valuable bioactive compounds and antioxidants for pharmaceuticals and
cosmetics. In the cosmetic industry, algal extracts are used to produce
moisturizers, thickening agents and rejuvenating lotions, and their
natural origin makes them increasingly attractive for industrial-scale
cosmetic production [2]. Algae are widely utilized for a diverse range
of applications, including wastewater treatment, biofertilizer produc-
tion [3], sustainable biofuel manufacturing as well as in the textile in-
dustry, fisheries and various other industrial and environmental
processes [4].

Algae are divided into microalgae and macroalgae according to their

growth characteristics. While macroalgae are generally harvested from
the sea, microalgae’s ability to be cultivated enables their controlled
production. Macroalgae can be further categorized into subgroups, with
the three primary taxonomic classes being brown algae (Phaeophyceae),
red algae (Rhodophyta), and green algae (Chlorophyta) [5].

Discussing the valorization of both micro- and macroalgae would
however go beyond the scope of this article. Rather, the review focuses
on the challenges associated with the significant quantities of macro-
algae waste generated globally and explores the potential of utilizing
these residues in green extraction processes to generate valuable prod-
ucts through extraction and separation. A detailed overview of fuco-
xanthin (Fx) extraction from brown macroalgae is provided, together
with a critical evaluation of the greenness and recyclability of the sol-
vents used in the extraction processes.

Annually, more than 35,000,000 wet tons of algae are produced and
harvested worldwide [6]. The brown alga Undaria pinnatifida,
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Fig. 1. Structural features of Undaria pinnatifida (own work).

commercially known as wakame, contributes over 3,000,000 wet tons to
annual global production, ranking it as the fourth most cultivated
seaweed worldwide [7]. Yin et al. [8] reports that more than 200,000
tons of wakame are dumped in Japan annually, which accounts for 8 %
of the total worldwide wakame production discarded in one country.
Several tons of Fx isolate could be recovered from the waste each year
(assuming that 1 ton of dry wakame contains approximately 1-2 kg of
Fx), if disposal were properly addressed [9].

Macroalgae waste accumulation is linked to their anatomy: holdfast
(anchor against currents) and blade, connected by the stipe, all nutrient-
rich components [10] (Fig. 1), while only the blade is commonly
consumed. All other parts are discarded despite containing valuable
pigments. Consequently, waste volumes exceed reported figures,
considering both discarded seaweed parts and food waste [11]. Another
example of waste generation from algae comes from the hydrocolloid
industry, where it is estimated that even up to 50 wt percent (wt%) of
waste is produced in the form of residual biomass after alginate or agar
production [12]. An even larger market presence of Saccharina japonica,
formerly Laminaria japonica (Phaeophyceae) (commercially available
and labelled as Japanese kelp or kombu) of over 12,000,000 wet tons per
year shows, that industrial opportunities for the extraction and isolation
of Fx from these discarded seaweeds is feasible [13]. Kanazawa et al.
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[14] reports that more than 79,000 tons of Saccharina japonica are dis-
carded yearly in Japan, which contain around 0.2 g of pure Fx per 1 kg of
fresh algae. His research group has made big steps towards an indus-
trialized scale of extraction, by extracting 10,000 kg of kombu waste
parts with absolute ethanol (EtOH), yielding almost 1500 g of Fx with a
decent purity and outstanding longtime stability.

Besides bioactive compounds, macroalgae comprise of even higher
amounts of proteins, diverse carbohydrates, minerals, and moderate
amounts of lipids, making them attractive for other applications, e.g.
isolation of protein hydrolysates [15]. Even if less abundant than in
microalgae, fats make macroalgae attractive for biofuel production [16],
whereas the complex carbohydrates such as algin (or its salt, alginate),
fucoidan, laminarin, mannitol, cellulose and agar, can be either hydro-
lyzed to produce fermentable sugars [17] or utilized to spin fibers which
are fully biocompatible with the human body [18]. Rarely, but still in
significant amounts, macroalgae contain lignin [19], as well as minor
compounds such as trace minerals, and extractables [20,21].

The different extractives comprise a variety of bioactive compounds
with health beneficial properties, such as phenolic compounds (phenolic
acids, flavonoids, phlorotannins), carotenoids, chlorophylls, as well as
minerals and vitamins [22-24]. Carotenoids (terpene-derived pigments)
are further subdivided into carotenes (unsaturated hydrocarbons
without an oxygen containing moiety) and xanthophylls (same as car-
otenes but containing at least one oxygen based moiety) [25]. Xantho-
phylls can be further subdivided, depending on the oxygen containing
moiety present. These are alcohols (lutein, zeaxanthin), ketones
(astaxanthin), esters (Fx), epoxides, and other minor representatives. All
of them act as antioxidants due to their high number of conjugated
pi-bonds [26].

An overview of these compounds found in brown macroalgae,
together with their relative abundance is shown in Fig. 2. Neglecting
water content (up to 90 wt%), ash and polysaccharides (alginate,
laminarin and fucoidan) are the most abundant species found in brown
seaweeds (both ranging even up to 40 wt% and beyond). The protein
content is already significantly lower (around 10 wt%), while cellulose
and lipid contents usually are lower than 10 and 5 wt% respectively. In
the lower percent and percentile range extractives and trace minerals
can be found, where Fx represents the most important and valuable
extractive of interest [27-30].

2. Fucoxanthin availability in algae
Wakame, Japanese kelp and other brown macroalgae as well as some

microalgae contain high amounts of Fx, even up to 2.5 wt% of the
seaweeds total dry mass [31]. This compound is the most abundant of all
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Fig. 2. Chemical composition of brown macroalgae with their respective relative abundance (own work).
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Fig. 3. Molecular formula of Fx.

carotenoids in aquatic life and is present in the chloroplast of the algal
cell by complexing with chlorophyll [32]. It is a polyunsaturated
xanthophyll with many oxygen-based functional groups, such as hy-
droxyl, ester and oxo groups and a rare allene (C=C=C) bond as well
(Fig. 3). Fx concentration in brown seaweed varies depending on the
harvesting season and are at the highest level early in the year till spring
when temperatures and exposure to light are at their lowest level [33,
34]. However, there are also some outliers, where the Fx content in the
algae was the highest in the summer season [35]. Furthermore, Fx
content varies depending on the body part of the macroalgae used for
extraction. The blade of fresh Undaria pinnatifida contains up to twice
the amount of Fx than the sporophyll. A similar trend is observed for
other macroalgal species as well, where the leaves contain more pigment
than the other parts of the macroalgae [33,36,37]. Moreover, more than
50 wt% of the Fx from fresh algae is decomposed during commercial
end-product preparation. For preservative and mild processing,
freeze-drying of the fresh algae is recommended to yield a maximum of
Fx in the end-product [36]. Furthermore, Fx content may also vary
depending on the depth of growth as well as the temperature of the
water and its exposure to light [38].

Although the review focuses on the pretreatment, extraction, isola-
tion, and quantification of Fx, the findings are not limited to this target
molecule, but rather serve as a good anchor point for the extraction and
isolation of other extractives, especially other xanthophylls found in
algae.

For instance, astaxanthin can be found in Rhodophyta and in
microalgae (i.e. in Haematococcus lacustris — formerly Haematococcus
pluvialis - Chlorophyta), which is produced only at around 200 tons scale
annually [39]. The advantage of microalgal cultures in comparison to
macroalgae lies in their growth properties, which makes it possible to
produce them artificially and thus despite their higher production costs,
they are of great industrial interest for the manufacture of high-quality
products [5,40]. Furthermore, both lutein and zeaxanthin can be found
in Rhodophyta and microalgae (e.g. in Chlorella - Chlorophyta) and are
readily absorbed in the human body through nutrition [5]. In contrast to
Fx, which is almost exclusively found in marine environment (algae,
diatoms and corals) [41], the above-mentioned carotenoids can be
found in other feed sources as well. Zeaxanthin and lutein are present in
salads like kale and spinach [42], whereby shrimp shells and crab shells
contain astaxanthin [43].

The main motivation for the green extraction of Fx from algae con-
sists of two key elements. First Fx has many health benefiting properties
for the human body, ranging from anti-oxidative, -cancer, -inflamma-
tory and -adiposity features, which are already well investigated and
discussed [44], hence this review omits the biochemical and nutritional
discussion. Secondly, employing green extraction methods and solvents
to isolate Fx can drastically reduce the carbon footprint by reducing
solvent consumption and overcoming issues of non-recyclability. This is
in direct coherence with the European green deal [45]. In the following
section, environmentally benign pretreatment methods, as well as green
extraction media for Fx extraction from algae are thoroughly discussed
and moreover, the greenness and recyclability of these solvents are
critically evaluated.

3. Pretreatment and extraction methods for Fx from macroalgae

The extraction of biologically active compounds from waste biomass
is a vital step in waste valorization, pharmaceutical drug production and
the improvement of human health through nutritional supplementation.
By employing an economically efficient and environmentally friendly
process for extraction that follows the zero-waste principle, we can
successfully reduce environmental impact while added value is gener-
ated. The ability to pretreat waste biomass with the right ionic liquids
(ILs) and a further extraction step of the heterogeneous mixture with
supercritical carbon dioxide (scCO3) provides a green and sustainable
two-step process to achieve these goals. This innovative two-step process
was previously described by Kornpointner and co-workers [46], where
cannabinoids from IL pretreated hemp were extracted by scCOj,
improving the purity of the analytes many times without compromising
yields.

3.1. Pretreatment of brown macroalgae

The brown macroalgae cell wall is built-up by different proteins and
polysaccharides, such as fucoidan interlinked with cellulose and salts of
alginic acid binding to phenol-containing moieties [47], which can
reduce or prevent efficient diffusion of solvents into the inner parts of
the cells. To effectively extract carotenoids from biomass samples with
strong cellular structure, effective penetration of the matrix is funda-
mental. Using physical and physicochemical methods to accelerate the
cell wall disruption facilitates extraction rates manifold. These methods
include the use of ultrasound, microwaves, enzymes, electric field and
high pressure, which can replace or modify traditional organic treat-
ments. Organic solvents can be replaced by green alternatives such as
deep eutectic solvents (DES), ILs and supercritical fluids [48]. ILs, which
are usually referred to as green alternatives for volatile and hazardous
organic solvents, are gaining increasing recognition in the biomass
sector. They have interesting properties such as negligible vapor pres-
sure and high thermal stability. Interestingly, ILs are organic salts, but in
a liquid state, even at ambient temperature, so they could be called salty
solvents. This makes them attractive for various applications in most
areas of chemistry and other disciplines such as pharmacy, metallurgy,
and materials science [49]. Due to the wide variety of anions and cations
that can be used for their synthesis, ILs are tunable solvents in terms of
their polarity, acid-base properties and viscosity [50]. However, not all
ILs are green, especially when their preparation process is examined.
Even if the IL itself is non-toxic and environmentally friendly as an end
product, the steps involved in its synthesis and purification can indeed
be environmentally harmful and even hazardous. Some time ago, re-
searchers successfully developed a method for the halogen-free pro-
duction of ILs using a methanolic solution of dimethyl carbonate as an
alkylating reagent for the precursors, which enables the halogen-free
production of many different ILs even on a ton scale [51].

Novel pretreatment steps using pure or aqueous ILs or bio-based ILs,
such as 2-hydroxyethyl-trimethylammonium lysinate (Chol Lys) or 2-
hydroxyethyl-trimethylammonium lactate (Chol Lac) could ease the
extraction of value-added chemicals from seaweeds by allowing faster
extraction times, milder conditions compared to conventional pre-
treatment steps and extraction methods, as well as allowing the reus-
ability/recyclability of the solvent used and thus converting
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Fig. 4. Difference in scCO, extraction yield of Fx comparing non-pretreated brown macroalgae and IL pretreated brown macroalgae (own work).

conventional processes into greener and environmentally friendlier
ones. Considering the literature which investigated imidazolium and
ammonium based ILs and the similar acid-base properties of 1-ethyl-3-
methylimidazolium acetate (EMIM OAc) and Chol Lys (which can be
derived from cellulose dissolution experiments [52,53]), there is a very
high probability that novel ILs and bio-based ILs would enhance the
extraction procedure [54-59]. A great example of cell wall disruption
was investigated by Orr et al. [60] during lipid extraction from Chlorella
vulgaris (Chlorophyta) by room-temperature ILs ranging from imidazo-
lium, ammonium, phosphonium, and pyridinium based ones. Samples
were extracted with pure n-hexane and compared to the extraction by
IL/n-hexane mixture. The yields were significantly higher for almost all
ILs tested. The environmentally friendly and cheap EMIM ethyl sulfate
(EtSO4) gave 5-times higher oil yield than the n-hexane. Nevertheless,
the ILs were used only for cell wall disruption and the extraction of the
oil was still carried out with n-hexane, which makes the process more
efficient but does not make the process greener overall. Furthermore, the
recycling of the EMIM EtSO4 was achieved by adding methanol (MeOH)
as an antisolvent. Especially n-hexane is an undesirable solvent for
process intensification due to its environmental concerns, while MeOH
is toxic and flammable as well. Replacing these co-solvents after IL
pretreatment with scCO2 could overcome the issue of toxicity and haz-
ardousness, yielding solvent-free and high purity extracts, without the
need for the removal of the extraction solvent from the high-value
extract (Fig. 4).

3.2. Extraction methods for Fx

3.2.1. Conventional maceration extraction

Most common extraction method used. The solid sample is extracted
with a liquid solvent under different extraction parameters (time, tem-
perature, solid loading, mixing efficiency, pH). Solvents used range from
methanol, EtOH, acetone, dichloromethane (DCM), chloroform (CHCl3)
as well as hexane, heptane, and diethyl ether. The main drawback of the
solvent extraction procedure is the uneconomical use of large quantities
of hazardous solvents with compromised extraction efficiencies due to
the rigid cell wall structure of the seaweeds [61,62]. The maceration
extraction can be modified by adding a stirring equipment to the
extractor and thus increasing the mixing efficiency [63].

3.2.2. Conventional soxhlet extraction

The Soxhlet apparatus allows a semi-continuous solid/liquid
extraction under reflux conditions [64]. The main advantage of this
technique is the recyclability of the solvent used and no need to separate
solids from the liquid stream. Furthermore, the amount of solvent used is
kept minimal due to the recirculation after each cycle. The main

drawback, however, are the long extraction times, and the high tem-
peratures used as well as high energy consumption to vaporize the
extraction medium, thus generating lots of energy losses [65]. The high
temperatures and the prolonged heating of the extract could lead to
analyte decomposition.

The following subsections describe advanced extraction methods
that are commonly used for pigment extraction. The review does not
include emerging advanced technologies based on electrical current,
such as pulsed electric field assisted extraction, moderate electric field
assisted extraction and high voltage electric discharge assisted extrac-
tion, which are well described elsewhere [48,66].

3.2.3. Ultrasound assisted extraction (UAE)

High-frequency ultrasonic vibrations create cavitation in liquids, and
consequently a high-intensity burst (implosion) of the gas bubbles
leading to a temperature increase and disruption of the algal cell wall,
thus facilitating the mass transfer between the algae’s solid matrix and
solvent used [67,68]. Carreira-Casais et al. [65] investigated different
parameters during extraction (time, temperature, solid loading, extrac-
tion media, and ultrasound energy) on their effect on extraction effi-
ciency of bioactive compounds from marine seaweeds. It was concluded
that higher-energy waves, generated by lower-frequency vibrations,
improve the extraction yields and reduce the time necessary for
extraction. Increasing temperature does not always improve extraction
yields, thus this parameter must be optimized for each biomass sample
and analyte of interest separately. Additionally, the shape of the horn
and the reactor itself are of great importance since the reflectance of the
generated waves is different depending on the spatial distribution and
wall thickness of the setup. Furthermore, combining UAE with con-
ventional solvents/methods or with modern green solvents like ILs can
improve extraction yields. Cikos et al. [67] investigated the Fx extrac-
tion yield from three macroalgal species found in the Adriatic Sea and
improved the extraction efficiency for each species ~5-times compared
to conventional solid/liquid extraction with methanol (50 °C, 30 min,
S/L = 20 mL/g). Not only that the extraction yields improved, but
ultrasound-treatment also allows the use of less solvent, decreased
extraction times and reduced operating costs as well as the dimensioning
of continuous flow processes compared to conventional maceration ex-
tractions [65,67-69]. Lourenco-Lopes et al. [70] described the UAE of Fx
from Undaria pinnatifida with EtOH and obtained a yield of 20.91 mg/g
algae, significantly higher than the extraction yield of 3.80 mg/g algae
obtained by Soxhlet extraction with pure EtOH. Nie et al. [71] used
renewable green solvents (ethyl lactate, limonene and vegetable oil)
combined with UAE to extract Fx from Sargassum fusiforme (Phaeophy-
ceae) and proved that using sustainable approaches, can improve
extraction capacity on the one hand (ethyl lactate) and selectivity on the
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other hand (limonene and vegetable oil).

3.2.4. Microwave-assisted extraction (MAE)

Analogous to UAE, high-frequency microwaves facilitate extraction
of bioactive compounds from algae by reducing extraction media con-
sumption and allowing faster extraction with less energy consumption
by manifold. Mechanistically, the waves generate vibrations and thus
energy which manifests in the form of heat in the molecules. The mol-
ecules must be susceptible to microwaves, that is, they must have a
constant dipole moment [62]. The energy waves readily deconstruct cell
walls and thus facilitate biomass wetting. Lourenco-Lopes et al. [70] was
able to extract up to 10.01 mg Fx per one g dry Undaria pinnatifida with
EtOH as solvent, showing that MAE is superior to Soxhlet extraction but
inferior to UAE using the same solvent (previous subsection). However,
the extraction time of 3 min is vastly better than the 30 min used for UAE
and 4 h for the Soxhlet extraction, making MAE a better option to extract
Fx faster. Similarly, Xiao et al. [72] extracted Fx from Undaria pinnati-
fida, Saccharina japonica, and Sargassum fusiforme by MAE in EtOH. The
extraction yields were again comparable to conventional methods used
and the extraction was much faster (10 min per batch).

3.2.5. Pressurized liquid extraction

High-temperature and high-pressure processes also facilitate the
extraction of bioactive compounds by reducing extraction time and
solvent consumption, allowing the use of environmentally friendly sol-
vents like water and EtOH to increase their leaching power due to the
extreme conditions [61]. The main drawbacks, however, are the high
investment costs for pressurized vessels and the nature of pigments
which are thermolabile molecules. Therefore, for the extraction of
bioactive compounds with reduced stability under extreme conditions
other extraction methods are recommended [73].

3.2.6. Enzyme-assisted extraction (EAE)

Enzymes can also affect the algal cell wall by hydrolyzing the bar-
riers of the seaweed samples allowing easier solvent penetration and
mild analyte extraction [61,74]. The main drawback of using bio-
catalysts lies in their high production cost. For example, Billakanti et al.
[75] reports that with an enzymatic pretreatment (0.05 wt% of alginate
lyase and 99.95 wt% of fresh wakame, extracted at 37 °C, for 2 h, with
an overhead mixer) and subsequent follow-up extraction with dimethyl
ether and EtOH, an extraction efficiency of 94 % of Fx is achieved. The
0.05 wt% of enzyme loading however would require an amount of 0.5 kg
alginate lyase on a ton-scale process, which would cost over 1,000,000
(€) per batch only for the enzyme, if we estimate its cost from
Sigma-Aldrich [76], therefore enzyme recycling is crucial to reduce
production costs. Furthermore, it would be desirable to replace ether

solvents with less flammable and non-explosive ones, to minimize
equipment requirements being compliant with the explosive atmo-
spheres (ATEX) directives, which in turn can skyrocket extractor and
separator equipment costs.

3.2.7. Supercritical fluid extraction (SFE)

SFE is one of the most prominent extraction techniques in the field of
bioactive molecules obtained from biomass samples. Although the
generation of supercritical fluids (for instance scCO») is cost-intensive,
the advantages outweigh this drawback. The solvent allows fast mass
transfer due to its low viscosity, tunable polarity with changing pressure
and temperature in the reaction vessel, as well as mild and selective
extraction of target molecules due to parameter optimization. Especially
the high selectivity towards less polar compounds can yield very pure
extracts of carotenoids, without the need for a downstream washing or
purification step [77]. It is also possible to use co-solvents in the reactor
system to enhance and fine-tune the polarity of the extraction media,
which makes the diversity of this technique a real frontrunner. An
additional benefit is the solvent waste free extraction with supercritical
fluids, simplifying the extraction process [78,79]. Moreover, scCO, after
expansion is completely recyclable when the plants are operating at a
sufficiently high capacity [80].

Macias-Sanchez et al. [68] showed that by applying scCO, with
MeOH as co-solvent one can achieve a similar extraction efficiency of Fx
from Dunaliella salina (microalgae - Chlorophyta) than with UAE using
MeOH. Recently, Honda et al. [81] extracted Fx from Undaria pinnatifida
by applying high temperature in the extraction cell and EtOH as a
co-solvent. They claim that at higher temperatures a Z-isomerization
occurs, which makes the Fx more prone to cellular uptake. The extrac-
tion efficiencies however, are moderate, below 31 wt%, and the prob-
ability of Fx degradation at these elevated temperatures is very high.

3.2.8. Subcritical water extraction (SWE)

The extreme conditions of SWE at high temperatures and pressures
can reduce the dielectric constant of water, changing its polarity to
mimic common organic solvents used for pigment extraction. This al-
lows faster and easier extraction of less polar and water-insoluble ana-
lytes from plants, with the greenest solvent to date, water. The process
offers advantages such as shorter extraction time, lower solvent usage,
and enhanced selectivity. However, a major drawback of SWE is the high
temperatures required to reach water’s subcritical state, making the
process energy-intensive and unsuitable for extracting the thermolabile
Fx from brown macroalgae. Nevertheless, SWE is an emerging green
processing technology, suitable for the extraction of more robust ana-
lytes, such as polyphenols or carbohydrates while avoiding the use of
toxic organic solvents [77,82].
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3.2.9. IL-assisted extraction

ILs have already been used to extract valuable macromolecules as
well as pigments from algae. Furthermore, IL assisted pretreatment of
seaweed showed promising results in biofuel production [83]. For
instance, the extraction of proteins from Ulva lactuca (Chlorophyta) with
1-ethyl-3-methylimidazolium dibutyl phosphate (EMIM DBP) showed
excellent yields and selectivity at mild extraction conditions. Over 80 %
of the proteins present in the seaweed were extracted at 25 °C using a 40
% EMIM DBP solution. The recycling recovery of the IL after extraction
however, was only near 85 % [84].

Khoo et al. [85] extracted Fx from Chaetoceros calcitrans (Medi-
ophyceae, microalga) utilizing distillable ILs, more specifically alkyl
carbamate ones. An extraction yield of 17.51 mg/g algae was achieved
at 25 °C, while extracting only for 3 min with aqueous diallyl ammo-
nium diallyl carbamate (90/10 v/v). This approach is promising since
the IL can be recycled by distillation (Fig. 5) and separated from the Fx at
the same time. The use of CO-based ILs, however, always leads to loss of
the gas because it is not trapped in the condenser of the evaporator
completely. Therefore, the concentration of the IL. must be adjusted after
each cycle. Nevertheless, the extraction efficiency of Fx is significantly
higher (even up to 10-fold higher) compared to extraction by alcohols,
ketones, esters or any other IL used. The authors discovered that
extraction at lower temperature is desirable to prevent Fx degradation.
Thus, the yield is significantly higher at 25 °C compared to 55 °C.
Another example for carotenoid extraction was reported by Desai et al.
[55], an extraction efficiency greater than 70 % of astaxanthin from
Haematococcus lacustris using aqueous EMIM DBP as extractant at 45 °C
for 90 min was achieved. In this case, however ethyl acetate was used for
the liquid-liquid extraction to re-extract the pigments from the IL phase
into the organic phase, which ultimately produces organic solvent
waste. ILs have been utilized for carotenoid extraction from Sargassum
muticum (Phaeophyceae) described by Vieira et al. [59]. Surface-active
ILs are suitable for this process due to their hydrophobic side chains
and ionic character, which enhance miscibility with water. However, the
ILs used were halide-based, making them incompatible with
industrial-scale stainless-steel reactors due to their corrosive nature. As a
result, scaling up would require more costly glass reactors, posing a
challenge for industrial applications. Similarly, Martins et al. [56] used
halide-based ILs for the extraction of Chlorophyll and Fx from Saccha-
rina latissima (Phaeophyceae). 4 imidazolium-based, 4
ammonium-based, and one phosphonium-based IL was tested at room
temperature (rt). Sunflower oil was added as a co-solvent and the best
extraction efficiency of the two analytes was achieved with the phos-
phonium based IL at rt extracted for 40 min. Despite the high pigment
yield, the isolation is carried out by a back-extraction procedure with
toluene, which makes the process unattractive for green
industrialization.

3.2.10. DES extraction

Like ILs, depending on the reagents used to synthesize them, DES are
also green solvents present in liquid state at ambient temperatures. Their
hydrophobicity can be tuned by selecting the starting reagents and their
mixing ratio (eutectic mixture of Lewis acids and bases). If the reagents
are bio-based and biodegradable, the DES are labelled as natural based
(NADES) [87]. As an example, Jayarani et al. [88] managed to extract
1.700 + 0.006 mg Fx per g algae from Sargassum wightii (Phaeophyceae)
with MeOH:Lactic acid mixture 1:2 (w/w) in 5 h at rt.

3.3. Greenness and recyclability of solvents used for Fx extraction

To design an efficient and economical process for pigment extraction
from macroalgae, it is advisable to consider several metrics that describe
not only the process units and their costs, but also the solvents used for
extraction and pigment isolation (e.g. their origin, production costs,
biodegradability and hazardousness, greenness, recyclability, reus-
ability). Prat and co-workers [89] have creatively and thoroughly
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Fig. 6. Classification of conventional organic solvents, scCO, and various ILs
and DES based on their green metrics and their recyclability (own work).

Not green

*OOOO

To be avoided

OO

designed a selection guide for various conventional organic solvents and
water used in chemical industries. Based on this research, green de-
scriptors can be assigned to solvents based on their safety (e.g., flash
point), health (e.g., exposure limits), and environmental features (e.g.
n-octanol-water partition coefficient). The solvents are then ranked from
recommended ones, problematic ones to hazardous and highly hazard-
ous solvents, where it is recommended to design processes using the
greenest alternatives or problematic solvents if the recommended sol-
vents are not compatible with the given process. The replacement of
hazardous and highly hazardous solvents is encouraged, and their use
should be omitted. The selection of solvents for pigment extraction from
macroalgae can be based on this methodology or on other literature
discussing the greenness of non-conventional solvents such as super-
critical fluids, ILs and DES. Despite the high complexity, these 3 sub-
stance classes can also be categorized with reference to the twelve
principles of green chemistry [90]. Especially by addressing the issues of
waste prevention (recyclability), use of less hazardous reagents (in the
case of ILs and DES), energy efficiency (avoidance of costly production
and recycling processes), use of renewable sources instead of fossil
fuel-derived reagents, reduction of co-solvents and additional reagents
(simplicity of the process) and (bio)degradability. ScCO fulfils most of
these criteria and can therefore be considered a recommended green
solvent. Chen et al. [91] have discussed various ILs and DES used in
different processes in detail and made recommendations for their
improvement in terms of greenness. That is, to avoid the use of
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Table 1
Summary of Analytical methods used for Fx assay determination in algae extracts.
Column Column compartment  Flow rate and mobile phase composition Injection Detection Literature
temperature [°C] volume [pL] wavelength
[nm]
C18 YMC-Triart (5"x4‘6 mm, 5 pm) n.d.” 1.0 mL/min MeOH/acetonitrile (ACN) 6:4 v/v 10 450 [11]
C18 Develosil® ODS UG-5 (250 x 28 1.0 mL/min MeOH/ACN 7:3 v/v n.d. 450 (add. 210) [33]
4.6 mm, 5 pm) with 10 x 4.0 mm
C18 guard column
C18 J’sphere ODS-H80 (150 x 20 25 0.8 mL/min MeOH/water gradient n.d. 440 [103]
mm, 4 pm)
C8 Zorbax (4.6 x 250 mm, 5 pm) n.d. 1 mL/min MeOH/water gradient (15 % MeOH to 0 % in 15 min, 20 190-650 [104]
0 % MeOH till 28.5 min, change to 15 % MeOH till 29.5 min, 15
% MeOH till 30 min)
C18 Nova-Pak (150 x 3.9 mm, n. 25 0.5 mL/min; A: 5 mM ammonium acetate (NH4OAc) in water; B: 50 450-700 [63]
d) 5 mM NH4OAc in MeOH; C: Ethyl acetate; 5 %A+95 %B till
8min, 50 %B and 50 %C to 20min, 50 %A and 50 %B till 35min,
30 %A and 70 %B till end (40 min)
C18 Mightsil® (250 x 20 mm, 5 n.d. MeOH/water 95:5, n.d. on flow rate n.d. 450 [105]
pm)
C30 YMC (250 x 4.6 mm, 5 pm) 30 0.8 mL/min A: water; B: MeOH; C: t-butyl ether; Composition A/ 20 450 [106]
with C18 Luna guard column (4 B/C: Omin: 10/90/0; 5 min, 4/81/15; 25 min, 4/81/15; 55 min,
x 2.0 mm, 5 pm) 4/31/65C till 65 min equilibrating
C18 ODS-2 (300 x 4 mm, 5 pm) n.d. 0.6 mL/min MeOH/ACN 50:50 v/v 20 450 [107]
C18 Chromolith (3"x4.6 mm, 2 n.d. 1 mL/min; A: MeOH, B: water; Composition A/B: Omin 0/100; 2 20 445 [108]
pm) min 100/0; 3 min 50/50; 4 min 25/75; 6 min 10/90; 8 min 5/95;
till 15 min 0/100 end
C30 YMC (250 x 4.6 mm, 5 pm) 30 1 mL/min 100 % MeOH 10 450 [109]
C18 Develosil® ODS UG-5 (250 x 28 1.0 mL/min MeOH/ACN 7:3 v/v (same as [33]) n.d. 450 [101]
4.6 mm, 5 pm) with 10 x 4.0 mm
C18 guard column
C18 ODS-3 (250 x 4.6 mm, 5 pm) 40 1.0 mL/min ACN/water 8:2 v/v n.d. 445 [110]
C18 Zorbax SB (4.6 x 250 mm, 5 25 0.8 mL/min; A: ACN/water 80/20 v/v and B: methyl tert-butyl n.d. 450 [111]
pm) ether linear gradient
? No data.

b Most certainly wrong column length.

unnecessarily unstable (thermally or chemically) and non-renewable
reagents for ILs and DES, which are non-biodegradable, thereby avoid-
ing toxic, flammable and explosive reagents (e.g. nitrate or perchlorate
based ILs), energy-intensive downstream processes (expensive due to
high viscosity and separation issues) and high recycling costs (non--
distillable ILs and DES) due to the extensive use of purifying co-solvents,
which should be avoided whenever possible. Based on these findings, a
comprehensive categorization (greenness and recyclability) of the sol-
vents used for pigment extraction from brown macroalgae was created
(details in Fig. 6). Overgeneralization in the case of ILs and DES should
be taken with caution. ILs can be completely bio-based and therefore
highly recommended green solvents (e.g. Chol Lys), fossil fuel-derived
and thus less green (e.g. 1-butyl-3-methylimidazolium acetate - BMIM
OAc) or problematic (flammable and slightly toxic, but distillable protic
ILs — e.g. pyridinium formate - Py HCOO). Similarly NADES may be
highly recommended green solvents (e.g. choline chloride (CholCl): urea
mixture) or less green (e.g. choline chloride mixed with non-bio-based
ethyl ammonium chloride — CholCl/EACI).

There are also some outliers among the discussed solvents, such as
MeOH, which is indeed a problematic solvent due to its toxicity, how-
ever, it still is labelled as a recommended solvent due to allowed high
exposure limits. Acetic acid, despite being environmentally benign, in
some cases even bio-derived and safe solvent, it is nevertheless labelled
as a problematic solvent due to being highly corrosive (H314), and
furthermore, contrary to MeOH, the less toxic pyridine is classified as
hazardous due to its very low permissible exposure limit [89]. We
however, argue that pyridine based ILs can be classified as recom-
mended or problematic solvents, due to their lower volatility, corro-
sivity and toxicity compared to pure pyridine or the acid from which
they are synthesized [92]. Therefore, Py HCOO is classified as prob-
lematic, rather than hazardous in our master diagram. Other solvents
with questionable greenness range from problematic ones, like aceto-
nitrile (ACN), dimethyl sulfoxide (DMSO), formic acid (HCOOH), acetic

acid (CH3COOH) and tetrahydrofuran (THF), to hazardous ones like
DCM, hexane, 1,4-dioxane, CHCl3 and diethyl ether.

Besides the benefits of using green and recyclable solvents for
pigment extraction, there are many challenges which prevent their
implementation in larger scale processes. While scCO» has achieved
commercial success in applications like decaffeination [93], IL and DES
industrialization remains limited. One crucial aspect, which hinders
successful industrialization of ILs, remains their production costs.
Furthermore, both aprotic ILs and DES are significantly more viscous
than conventional organic solvents, impeding effective mixing and
substantially increasing extraction and downstream processing ex-
penses. Additionally, problems associated with corrosion hinder the use
of halide-based ILs in stainless steel extractors, which prevents their
successful scale-up [94]. Changing to non-halide based ILs solves the
corrosion issue, however, creates new challenges related to reactivity
with extractable compounds. Belesov et al. [95] demonstrated that
BMIM OAc can form covalent bonds with lignin monomer side chains
during biomass fractionation. Similarly, van Erven and co-workers [96]
observed covalent bonding between choline and lignin monomers dur-
ing DES pulping of Miscanthus biomass. These reactions compromise the
recyclability of the extraction media, presenting additional barriers to
their sustainable implementation.

Nevertheless, exchanging existing extraction processes with sus-
tainable alternatives, while implementing green and recyclable solvents,
can positively contribute to the environmental impact reduction of
outdated chemical processes, especially when hazardous petrochemicals
and toxic waste accumulation can be replaced. A notable example of
sustainable innovation comes from the leather industry, where protic ILs
are used to demethylate lignin-based polyphenols, enabling chrome-free
tanning and the production of eco-friendly, bio-based leather [97]. This
approach avoids the use of toxic chromium (VI) while utilizing a
bio-based tanning agent derived through green and eco-friendly ILs. As a
result, the process not only circumvents harmful chemicals but also



M. Gyurkac et al.

minimizes waste generation, making it a truly sustainable alternative.
Another compelling case study involves novel biorefinery processes,
specifically the production of bioethanol and by-products from
2-hydroxymethylammonium acetate (MEAH OAc) pretreated sugarcane
bagasse. While this process enhances mass efficiency through technical
lignin recovery without compromising EtOH yield, it generates a sub-
stantial burden of wastewater and vinasse as well. Compared to con-
ventional EtOH production, the MEAH OAc process generates 37 wt%
more wastewater. Furthermore, the protic IL accumulates in the
washing water. A detailed analysis however showed that the solvent
biodegrades by over 95 % within five days, mitigating the environ-
mental impact [98]. Therefore, a thorough literature analysis is essen-
tial, as evaluating the environmental impact of such processes is
complex, and the use of green solvents in sustainable approaches may
not always be the optimal solution. A similar approach is seen in the
biorefinery concept, where the alga Ulva rigida (Chlorophyta), rich in
carbohydrates, was pretreated using switchable, distillable, and
low-viscosity ILs, replacing conventional organic solvents and sulfuric
acid. A guanidinium-based IL dissolved over 66 wt% of the sugars,
which were successfully recovered (>92 %) through precipitation and
filtration. These sugars can be upcycled into valuable bio-based platform
chemicals or biofuels like bioethanol [99]. However, the key challenge
remains the efficient recycling of ILs to minimize solvent loss and
optimize mass balance, as both factors are crucial in preventing waste
accumulation and reducing environmental impact.

4. Analytical methods for Fx assay determination

In the Chemical Abstracts Service (CAS), the CAS Analytical
Methods™ search engine tool listed 344 results for Fx labelled as the
analyte (search was performed on the 3" of June 2024). Most of the
results listed use high performance liquid chromatography coupled to
various detectors for the separation and quantification of Fx assay found
in extracts. Reversed phase technique with a count of 56 predominates
the choice of stationary phase. The detector listed with the highest count
is the ultraviolet-visible (UV/Vis) spectrophotometer (count 58) fol-
lowed by fluorescence spectrometer (count 14) and others.

A summary of high-performance liquid chromatography (HPLC)
methods used (with all necessary hardware parameters listed) are shown
in Table 1. The first column of Table 1 lists different HPLC columns used
for analyte separation. The abbreviation YMC is the company’s name
which produces different chromatography columns and octadecylsilane
(ODS) describes a type of stationary phase used.

As one can see the chromatography of Fx containing algal extracts is
straightforward and uses standard reversed-phase columns, mostly with
standard particle diameter (5 pm) and standard column lengths (either
150 mm or 250 mm). This makes the Fx assay determination fast and
straightforward. However, one must consider that these brown macro-
algal extracts are free of interfering analytes (no cross contamination
from other carotenoids except for the baseline separated zeaxanthin are
causing separation issues). And even the co-extracted chlorophyll (easily
distinguishable) can be washed away by simple active charcoal washing
step or silica gel column chromatography if necessary [14], therefore
sample preparation and extract purifications are minimal. When
analyzing mixtures of different carotenoids however (in a complex
matrix), the analysis would become more technically challenging, and
parameter optimization would be necessary to baseline separate
different carotenoids or even use an alternative detector in parallel to
the UV/Vis, like an electrospray ionization mass spectrometer to verify
whether peaks representing Fx are not co-eluting with other carotenoids
[100]. One additional feature from Fx assay determination from brown
macroalgae is its purity. If one calculates the amount of Fx extracted per
g fresh extract, the higher the concentration, the purer the Fx extract is.
This is especially true when extracting Fx with polar solvents like MeOH
or EtOH, because of chlorophyll and zeaxanthin coextraction [101]. To
obtain high purity Fx (for instance at least reagent grade >95 wt%) the

Table 2
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Amount of Fx found in commercially available algae, extraction method and

extraction yield.

Source (species) Extraction method Extracted Literature
Concentration
[pg/g dw algae]
Undaria pinnatifida scCO5 (4 mL/min) with 282 [11]
EtOH as modifier (3.125
mL) at 414 bar, 50 °C,
240 min
Undaria pinnatifida scCO,, extraction with 7.5%107° [113]
EtOH as co-solvent (2
mL/min flow rate, 3 %
(v/v)), 200 bar, 50 °C,
50 min, mass flow rate
not determined
Undaria pinnatifida MeOH 1:10 (w/v), 2x 2300 + 100 [114]
overnight
Undaria pinnatifida scCO, extraction, 40 °C, 546 [115]
400 bar, 4 mL/min, 180
min, residue washed and
combined with EtOH
after extraction
Undaria pinnatifida scCO,, extraction, 60 °C, 59.5 [110]
400 bar, 3 mL/min, 270
min
And same conditions + 994.5
0.5 mL/min EtOH as co-
solvent
Undaria pinnatifida scCO, extraction with 737 [81]
EtOH as co-solvent,
120 °C, 30 MPa, 30 min
Stems of Undaria scCO, extraction with 178 £ 3 [8]
pinnatifida EtOH as co-solvent (5 mL
in extraction chamber
and 4.5 mL for trapping
of crude extracts), 275.8
bar, 40 °C, 60 min
Undaria pinnatifida - Extraction in MeOH at rt 2080 + 40 [36]
freshly harvested for 1 h and in dark,
with seasonal partitioning with n-
variations hexane and CHCl3
Undaria pinnatifida Soxhlet extraction with 4580 [70]
EtOH
UAE with EtOH for 30 20910
min
MAE with EtOH for 3 10010
min at 2 bar pressure
Undaria pinnatifida Maceration in MeOH for 323 [105]
(commercial) 2 days
Undaria pinnatifida Conventional heat 5100 [63]
extraction at 45 °C, 70 %
acetone in water for 61
min
Undaria pinnatifida UAE with water (960 W, 3 % of total [116]
80 % amplitude, 20 kHz, extract (no
3h) absolute value
given)
Undaria pinnatifida 1x extraction in 8 mL of 1119 + 122 [117]
fresh MeOH/n-hexane/DCM
50/25/25 v/v/v and 2x
extraction in 8 mL of
acetone for 1 min
Undaria pinnatifida Extraction in MeOH over 728 + 57 [118]
dried night
Undaria pinnatifida 3090 + 111
powder
Undaria pinnatifida Extraction in DMSO/ 26.81 + 0.79 [119]
Himanthalia water 4/1 v/v for 1 min 2.79 + 0.31
elongata
Laminaria 14.21 +£ 0.31
ochroleuca
Saccharina latissima 84 wt% of 350 mM 1960 + 80 [56]

aqueous phosphonium
based chloride IL + 16
wt% sunflower oil
extracted at rt for 30 min

(continued on next page)
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Table 2 (continued)

Table 2 (continued)
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Source (species) Extraction method Extracted Literature Source (species) Extraction method Extracted Literature
Concentration Concentration
[pg/g dw algae] [ug/g dw algae]
and with a solid liquid Chaetoceros IL extraction with diallyl 17510 [85]
ratio of 0.017 g/mL (w/ calcitrans aqueous ammonium
V), supernatant obtained diallyl carbamate (90 %
by centrifugation for 15 v/v) at 25 °C for 3 min
min Myagropsis 1 g of algae powder 9010 [103]
15 different brown 2x in MeOH, overnight, Ranging from 100 [33] myagroides extracted with 100 mL of
macroalgae 1:10 w/v biomass to 3700 80 % aqueous MeOH
samples loading Dictyota coriacea 1 g of algae powder 6420 [103]
Sargassum horneri Maceration in absence of 1350 - 4490 (Jun [34] extracted with 100 mL of
light with CHCl3:MeOH and Jan) 80 % aqueous MeOH
Seasonal variation 1:2 (v/v)for1h 630 - 4140 (Sep Feldmannia UAE with ethyl acetate 5500 [125]
repeated 2x and once and Apr) mitchelliae atrt, 3 x 10 min
Stephanocystis with CHCl3:MeOH:H20 (formerly
hakodatensis 1:2:0.8 (v/v/v) followed Hincksia
(formerly by evaporation and re- mitchelliae)
Cystoseira. dissolution Fucus serratus 10 g algae powder in 3570 [104]
hakodatensis) 100 mL hexane/acetone 2180
Seasonal variation extracted at 50 °C for 24 510
Nizamuddinia Maceration in absence of ~ 560-1650 (Feb [35] h scCO;, extraction, 2 g
zanardinii light and in nitrogen and June) algae powder, 50 °C,
Seasonal variation atmosphere with CHClj: 2330-3560 (Apr 300 atm, 60 min and 1
MeOH 1:2 (v/v) for 2 h and Dec) mL/min CO, flowrate
Polycladia indica repeated 3x and once and 0.1 mL/min EtOH as
(formerly with CHCl3:MeOH:H20 a co-solvent
Cystoseira. indica) 1:2:0.8 (v/v/v) followed scCO,, extraction, 2 g
Seasonal variation by evaporation and re- algae powder, 50 °C,
dissolution 300 atm, 105 min and
Saccharina japonica scCO,, extraction with 1421 + 181 [120] 10 mL/min CO,, flowrate
sunflower oil as co- Sargassum 1.0 g algae in 69 mL 1410 [126]
solvent (2 wt% in CO,), siliquosum MeOH 37 °C for 15 h and
300 bar, 51 °C, 240 min 48 min
Saccharina japonica scCO;, extraction 451 + 27 [121] Sargassum 1.0 g algae in 82 mL 310
without co-solvent, 300 polycystum MeOH 37 °Cfor 17 h and
bar, 40 °C, 180 min 57 min
Sargassum muticum scCO,, extraction at 15 [122] Saccharina japonica scCO, extraction with 410 £+ 50 [127]
50 °C, 300 bar, 25 g CO, Sargassum horneri EtOH, 250 bar, 45 °C, 27 770 + 70
per min for 60 min g CO, per min, for 2 h
scCO,, extraction with 1350 Tisochrysis lutea 96 % EtOH, 30 °C, 1 h, 31100 + 1500 [109]
EtOH (10 wt%) at 50 °C, 1:20 (w/v) loading
200 bar, 25 g CO, per Phaeodactylum 100 % MeOH, 40 °C, 24 13300 £ 300
min, for 40 min tricornutum h, 1:10 (w/v) loading
Sargassum 3x cold acetone/MeOH 1010 + 100 [101] Sargassum wightii scCO; extraction with 3000 + 40 [88]
aquifolium 7:3 v/v wash for 15 min; 730 + 390 15 % EtOH, 400 bar,
(formerly dry extract cleaned up 45°C, for3h
Sargassum binderi) by 3x partitioning NADES extraction 1700 £ 6
Sargassum between n-hexane and MeOH:Lactic acid 1:2
ilicifolium 90 % aqueous MeOH, (w/w)
(formerly aqueous phase diluted Laminaria Sonication for 15 min in 163.7 [38]
Sargassum with diethyl ether and ochroleuca acetone/butylated
duplicatum) evaporated to dryness Saccharina latissima hydroxytoluene 1:0.05 126.0
Saccharina japonica 1.0 g algae in 250 mL 90 [108] Saccorhiza (v/v) followed by 236.0
MeOH polyschides stirring at 600 rpm for
Sargassum UAE with MeOH at 150 790 + 10 [107] 45 min (both steps
angustifolium W and 100 % amplitude repeated 3x)
Polycladia indica for 15 min with a 810 £ 10 Fucus vesiculosus Extraction with 62.2 % 751 [37]
biomass loading of 1:30 acetone at 30 °C and pH
(w/v) 5.7 for 36.5 min
Padina UAE of 1 g algae in 10 750 [123] Dunaliella tertiolecta MAE with acetone at 4490 + 80 [128]
tetrastromatica mL 80 % EtOH (v/v) at (Chlorophyta) 8.5 °C under argon
conditions: 50 Hz, 230V, atmosphere with an
for 30 min at 50 °C energy of 12.2 W for
Undaria pinnatifida MAEinEtOHat50°Cfor 727 [72] 3-10 min
Saccharina japonica 10 min at a biomass 33
Sargassum fusiforme loading of 1:10 (w/v) 13
followed by high-speed isolation and purification downstream process becomes more and more
counter current complicated, involving multiple washing, evaporation and recrystalli-
chromatography with . .
hexane/ethyl acetate/ zation steps [102]. At the end of the day, the necessary purity of the Fx
ethanol/water (5:5:6:4 extracts must meet the requirements for the end application.
vol%)
Eisenia bicyclis Pressurized liquid 420 [124]

extraction, 110 °C, 90 %
Ethanol loading

5. Summary

The concentrations of extracted Fx in Undaria pinnatifida range from
0.008 to 20910 pg/g dry weight (dw) of algae. This wide range indicates
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Fig. 7. Frequency [%] of results based on Fx concentrations reported in Table 2
(own work).

that the Fx yield is highly dependent on the extraction method used and
on the fate and condition of the used algae. Not all samples contain the
same total amount of Fx, even if it is a commercial Wakame sample from
the same distributor, as its biosynthesis and accumulation in the algae
varies depending on the season and physical growth parameters [104].
In addition, the extraction yield depends on the number of extraction
cycles performed per batch. 3 extraction cycles result in a combined
extract with higher Fx content than one cycle with the same method and
solvent used. Therefore, it is very difficult to compare data and the true
extraction efficiency of Fx is an unknown. The extraction yield of Fx
extracted from various brown macroalgae and other species by using
different extraction methods and solvents is summarized in Table 2.
When analyzing the data, a more realistic approach is to compare
results by sorting them by concentration and calculate the frequencies of
the occurring concentrations by count. The concentration ranges be-
tween 0.1 and 99, 100-999, 1000-1999, 2000-2999. 3000-3999 and
above 4000 pg/g dw macroalgae have been sorted and visualized
(Fig. 7). In addition, the median of all Fx concentration results lies at
994 ug/g dw for Undaria pinnatifida. A similar trend is observable for all
other algal species incorporating Fx. For simplicity, the ranges in Fig. 7
have been labelled as < c;, where ¢; is the upper limit of a defined range.

Extraction methods

Journal of Agriculture and Food Research 21 (2025) 101887

More than 75 % of all reported results lay in the concentration range
between 0.1 and 1999 pg/g dw macroalgae.

When analyzing the used solvents, interestingly the count of con-
ventional organic solvents and the maceration extraction method used
for Fx extraction is very high when compared to advanced extraction
methods and nonconventional solvents used (supercritical fluids, DES
and ILs). Nevertheless, the use of green solvents predominates (around
75 % of all solvents reported are recommended green solvents based on
Fig. 6). Despite the high count of green solvents, ILs and DES, on the
other hand, are highly underutilized, which leaves many opportunities
for further research and optimization (Fig. 8). Especially considering
that ILs have already been successfully used for the extraction of other
xanthophylls. Astaxanthin, zeaxanthin and lutein have been extracted
from different species deploying similar extraction methods as used for
Fx, by applying ILs as the main extraction solvents in the processes
[104]. These results are summarized in Table 3. Furthermore, there is a
significant opportunity to explore the use of many more ILs for carot-
enoid extraction, as they have already demonstrated success in
extracting other bioactive compounds from biomass samples. For
instance, UAE of phenolic acids from various plant materials using
1-(4-sulfobutyl)-3-methylimidazolium hydrogen sulfate or BMIM bis
(trifluoromethylsulfonyl)imide has been shown to double the yield of
phenolics [112]. This suggests that ILs could similarly enhance the
extraction of carotenoids, offering a promising direction for future
research and optimization in this field.

6. Conclusion

The main aim of the research review was to summarize and evaluate
environmentally friendly extraction methods and green solvents for the
processing of biomass waste from natural sources, specifically from
brown macroalgae waste. With proper processing of waste biomass, it is
possible to obtain high quality and nutritious dietary supplements,
containing bioactive, functional ingredients such as Fx, while at the
same time adhering to the principles of green chemistry and recycling
and thus contributing to the reduction of waste and soil pollution. The
possibilities of processing large amounts of macroalgae waste biomass
with ILs and scCO, are still underexplored and scarce. This represents
great potential for the development and establishment of a sustainable,
environmentally friendly and waste-free process based on this new

Type of solvents

Conventional
methods
only slightly
less common
than
advanced
extraction
methods

Usage frequen

@ Organic solvents
@ pure scCO2

®mIL/DES
ILs and DES ® Maceration Conventional organic W Water
highly BscCO2 solvents still dominate the
underutilized UAE field, even if scCO, is Most organic solvents (more
EMAE used, co-solvents often than %) can be classified as
BIL/DES applied green ones

Fig. 8. Frequency of extraction methods and type of solvents used for Fx extraction from brown macroalgae.
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Table 3
Amount of astaxanthin, lutein and zeaxanthin found in different types of species
using ILs as extraction media.

Source (species) Extraction method and Extracted Literature
solvent Concentration
[pg/g dw algae]
Haematococcus Astaxanthin: ~70 [55]
lacustris IL extraction (EMIM
(Chlorophyta) DBP, 45 °C, 90 min) +
Ethyl acetate
Chlorella Lutein: 4700 + 10 [129]
(Chlorophyta) dried Aqueous 50 %(w/v) 5930 + 140
and [BMIM] bromide, 60
fresh min, 65 °C and re-
extraction with diethyl
ether
Aqueous 10 %(w/v)
[BMIM] bromide, 60
min, 65 °C and re-
extraction with diethyl
ether
Thermostichus Zeaxanthin: 20700 [130]
bigranulatus Switchable IL
(formerly extraction with N-
Synechococcus ethylbutylamine and
bigranulatus CO, for 30 min
(Cyanobacteria)

generation of green solvents, with shorter extraction times, less solvent
consumption, milder extraction conditions and higher selectivity. In the
future special emphasis must be paid to maximizing extraction and
separation yields, as well as deep dive into the recyclability and reus-
ability rates of these solvents to justify the scalability of the respective
processes and minimizing their environmental impact at the same time.
Even a combination of two or more green extraction methods and/or
solvents is not excluded and could further reduce solvent consumption,
extraction time and energy input.
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