From Solvents

to Solutions

Deep Eutectic Solvents for
Circular Seaweed Biorefineries

Isa Sara Aimée Hiemstra



Propositions

1. Eutectic solvents are an essential part of life (this thesis)

2. Bioprocess engineering requires intuition to navigate unpredictability of
biological systems (this thesis)

3. Musicians make better scientists
Manuscript reviewers should never be anonymous

5. A 36-ECTS master's thesis should be an elective pathway for aspiring
researchers rather than a compulsory requirement for future industry
professionals.

6. True autonomy lies not in controlling external circumstances, but the governance
of the internal space that decides how reality is received

7. Who we become matters more than what we leave behind

Propositions belonging to the thesis, entitled
From Solvents to Solutions: Deep Eutectic Solvents for circular seaweed biorefineries
Isa Sara Aimée Hiemstra

Wageningen, 27 November 2026



From Solvents to

Solutions

Deep Eutectic Solvents for Circular Seaweed

Biorefineries

Isa Sara Aimée Hiemstra



Thesis committee

Promotors

Prof. Drir. Rene H. Wijffels
Professor of Bioprocess Engineering

Wageningen University & Research

Prof. Dr Michel H. M. Eppink
Professor of Bioprocess Engineering

Delft University of Technology

Co-promotors
Dr Antoinette Kazbar
Associate Professor in Bioprocess Engineering

Wageningen University & Research

Other members
Prof. Dr ir. Maarten Schutyser, Wageningen University & Research

Dr Elinor Scott, Wageningen University & Research

Prof. Dr Sonia Ventura, University of Aveiro, Portugal

Dr Edgar Suarez Garcia, Revyve

This research was conducted under the auspices of VLAG Graduate School
(Biobased, Biomolecular, Chemical, Food and Nutrition Sciences).



From solvents to solutions

Deep Eutectic Solvents for Circular Seaweed

Biorefineries

Isa Hiemstra

Thesis
submitted in fulfilment of the requirements for the degree of doctor
at Wageningen University
by the authority of the Rector Magnificus,
Prof. Dr C. Kroeze,
in the presence of the
Thesis Committee appointed by the Academic Board
to be defended in public
on Friday 27 November 2026

at 10:30 a.m. in the Omnia Auditorium.



Isa Hiemstra

From solvents to solutions — Deep eutectic solvents for circular seaweed

biorefineries

388 pages

PhD thesis, Wageningen University, Wageningen, the Netherlands (2026)

With references, with a summary in English

DOI: 10.18174/682015



Table of contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter9

Chapter 10

Chapter 11
References
Summary

Appendices

Introduction

Towards selective alginate solvation: A capacity-selectivity

analysis of deep eutectic solvents

Choline chloride-based solvents as alternative media for alginate

extraction from brown seaweed

Pressure-driven membrane processes for the recovery and
recycling of deep eutectic solvents: A seaweed biorefinery case

study

Process intensification of seaweed biorefinery using reusable
natural deep eutectic solvents

Separation of alginate and recycling of deep eutectic solvents
using temperature-responsive aqueous two-phase systems

Mechanistic insights into temperature-responsive deep eutectic

solvent for alginate recovery and solvent recycling

Direct alginate recovery and solvent recycling from deep eutectic
solvents via interfacial precipitation in aqueous two-phase

systems

Disruption or partitioning? Deep eutectic solvent biphasic systems

for integrated seaweed biorefineries

Techno-economic and life cycle assessment of DES-based

multiproduct seaweed biorefinery

General discussion

29

59

85

101

133

161

197

225

257

293

325

369

375






Chapter T

Introduction, aim and thesis outline



Chapter 1

1.1. Introduction

There is an increasing need for alternative green biorefinery technologies for the
sustainable extraction of bioactive compounds from biomass resources, as
conventional extraction processes frequently depend on solvents and chemicals
associated with environmental and health concerns [1]. In integrated biorefinery
concepts, not only extraction efficiency but also solvent recyclability and multiproduct
recovery are essential for process sustainability. Currently, organic solvents are widely
applied for the recovery of biomass-derived products, yet several of these solvents
present challenges related to toxicity, volatility, flammability, or fossil-based origin [2].
In addition, harsh extraction conditions and unsuitable processing media may
compromise the structural integrity and functionality of sensitive compounds, thereby
potentially reducing product quality and application potential [3, 4]. Conventional
extraction routes are also often resource-intensive and inefficient, owing to limited
solvent regeneration and the incomplete valorisation of biomass streams.

Therefore, integrated biorefinery approaches that combine efficient extraction with
solvent recyclability and multiproduct recovery are increasingly recognised as
essential for improving overall process sustainability. Consequently, the development
of safer, circular, and more selective extraction platforms is essential to support
sustainable biorefinery concepts.

1.2. Eutectic solvents

As alternatives to conventional extraction media, eutectic and deep eutectic solvents
(DES) have emerged as promising solvents for sustainable biorefinery applications [5—
7]. Deep eutectic solvents belong to the broader class of eutectic solvents, which are
mixtures of two or more components that exhibit a melting point lower than that of the
individual parent compounds. The term “eutectic” is derived from the Greek word
sUtnkrog (eutektos), meaning “easily melted” [8], reflecting this characteristic melting
point depression. This melting point depression behaviour enables combinations of
otherwise solid constituents to form liquids at or near room temperature, thereby
allowing their use as solvents. Thermodynamically, such behaviour arises from
favourable interactions between the mixture components, which reduce crystal lattice
formation and stabilise the liquid phase [9, 10]. The extent of this melting point
depression in eutectic systems can be expressed thermodynamically in Equation 1.1:

In(x;y;) = M(i—l) 1.1)

R \T, T
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where x represents the mole fraction of component i and y; its activity coefficient, with
¥;= 1 corresponding to ideal mixture behaviour. 45, H denotes the enthalpy of fusion
of pure compound i, R is the ideal gas constant (8.314 J mol™" K™"), T,,, is the melting
temperature of the pure component, and T is the melting temperature of the resulting
mixture [11]. Under the assumption of ideal mixing behaviour (y = 1), the melting
temperature of the system can be predicted as a function of composition when the
melting enthalpy and melting point of the pure components are known. By applying
(1.1) to each constituent, two solid-liquid equilibrium curves can be constructed. The
intersection of these curves defines the eutectic composition and the corresponding
eutectic temperature, at which the mixture exhibits its minimum melting point (Figure
1.1).

1.2.1 Deep eutectic solvent behaviour

A specific subclass of eutectic solvents, termed deep eutectic solvents (DES), was first
described by Andrew Abbott and co-workers in 2003 [12], describing solvent behaviour
of a choline chloride and urea mixture. DES are characterised by a melting point
depression that is significantly greater than that expected for an ideal eutectic mixture
(Figure 1.1). This non-ideal behaviour (y < 1) is commonly attributed to strong
intermolecular interactions, particularly hydrogen bonding, electrostatic interactions,
and van der Waals forces between the constituents. Owing to these extensive and
tuneable interaction capabilities, DES have attracted considerable interest as
promising solvents for several applications, including selective extraction and biomass
fractionation [13].

Tm,B

—

s'ﬂ
o

Temperature

Tgideal

A + liquid B + liquid

................................................................................................................................... T e
Solid A + Solid B

100% A Mole fractionof B —> 100% B

Figure 1.1 Schematic solid-liquid equilibrium phase diagram of a (deep) eutectic mixture,
illustrating the eutectic point and melting point depression.
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1.2.2 DEStypes

DES are commonly represented by the general formula (Equation 1.2):
Cat*X~zY (1.2)

where Cat* refers to a cationic species, generally ammonium, phosphonium, or
sulfonium, X~ generally is a Lewis base, Y to a Lewis or Brgnsted acid, and z to the
number of ¥ molecules interacting with the corresponding anions [14]. In most DES
systems, one component acts as a hydrogen bond acceptor (HBA), frequently a
quaternary ammonium salt such as choline chloride, while the second component
functions as a hydrogen bond donor (HBD), such as organic acids, polyols, amides, or
sugars.

DES composed of a quaternary ammonium salt with a hydrogen bond donor (Type Ill)
are the most widely studied due to their tunability and relatively low toxicity.
Additionally, DES composed entirely of non-ionic molecular compounds, are
increasingly studied, thereby expanding the design space and enabling the
development of systems with tailored polarity and reduced toxicity [15, 16].

When DES are composed of naturally derived components, they are referred to as
natural deep eutectic solvents (NADES), typically consisting of primary metabolites
such as sugars, amino acids, and organic acids. The concept of NADES was first
introduced by Choi and co-workers [17], who proposed that such solvent systems may
naturally occur in living organisms and contribute to tolerance against environmental
stresses such as dehydration and temperature fluctuations. As an example, the wood
frog (Rana sylvatica) is capable of surviving prolonged exposure to subzero
temperatures through a remarkable cryoprotective response. In preparation for
seasonal freezing and dehydration, the frog accumulates urea, while the onset of
freezing rapidly triggers the conversion of liver glycogen into high concentrations of
glucose. Together, these metabolites form highly concentrated intracellular mixtures
that reduce water availability, suppress ice damage, and stabilise proteins and cellular
structures. This metabolite-rich environment resembles a NADES-like system, where
strong solute-solute interactions and hydrogen-bonding networks effectively replace
bulk water and enable biological function under extreme environmental stress. The
ability of such metabolite-rich systems to stabilise and interact with biological
molecules has inspired the development and application of NADES as extraction and
processing media.

12
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Within the broader class of DES, NADES are particularly attractive for extraction and
biorefinery applications due to their renewable and biocompatible composition. Their
formation from naturally abundant metabolites enables tuneable solvation behaviour
while maintaining the inherent advantages of DES, such as strong intermolecular
interactions and high structural diversity, making them promising media for biomass
processing and integrated valorisation strategies.

The definition of DES is still subject to debate, as no universally accepted description
exists [18]. Therefore, Martins et al. [8] described DES as mixtures of two or more
components that exhibit a melting point significantly lower than that of an ideal
mixture, due to strong non-ideal interactions between the constituents. When this
melting point depression is insufficient to maintain a liquid state under operating
conditions, the system is more appropriately referred to as a eutectic solvent rather
than a deep eutectic solvent. In this thesis, the term DES is used to refer to solvent
systems reported as such in literature, without independent thermodynamic
verification of eutectic behaviour. Consequently, some of the systems studied may
more accurately be classified as eutectic rather than deep eutectic solvents. However,
for consistency with the literature, the term DES is retained throughout this thesis.

1.3. DES applications

Even though DES offer several advantages over conventional solvents, it should be
noted that these favourable characteristics are highly dependent on the specific DES
composition, as the choice of components largely determines solvent performance,
stability, and environmental profile. A major advantage of DES is their high tunability as
physicochemical properties can be readily adjusted through selection of different
hydrogen bond acceptors, hydrogen bond donors, and molar ratios [9, 10]. This
compositional flexibility enables the rational design of solvents for different targeted
applications.

As a result of these attributes, DES have attracted increasing interest across a broad
range of industrial and environmental applications. Reported uses include CO, capture
[19, 20], air pollutant removal [21, 22], drug solubilisation and delivery [23, 24],
cryopreservation [25, 26], metal extraction and recovery [27, 28] and biomass
delignification [29, 30]. More recently, DES have emerged as promising extraction
media for the recovery of valuable compounds from different biomass resources,
including plants [31, 32], yeast [33], and algae [34, 35]. Their tuneable selectivity and
flexible composition make DES particularly attractive as selective and potentially more
sustainable alternatives to conventional solvents for the extraction of bioactives
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including lipids, pigments, and polysaccharides within integrated biorefinery
processes.

1.3.1 DES as extractants

Deep eutectic solvents (DES) have emerged as promising extraction media for the
recovery of bioactive compounds from biomass due to their favourable properties [16,
36]. Their strong solvation capacity and tuneable selectivity enable efficient dissolution
of target compounds [16], while their solvent environment can contribute to the
stabilisation of sensitive bioactives during extraction [37]. In addition, DES are
proposed to act as a disruptive medium, facilitating the breakdown of biomass
structures and promoting the release of intracellular components [33]. The extraction
performance of DES is governed by the interactions between the solvent constituents
and the target molecules, primarily through hydrogen bonding, polarity-driven
interactions, and the disruption of the cell wall matrix [16]. Key solvent properties
influencing extraction behaviour include polarity, viscosity, density, conductivity and
surface tension, all of which are strongly dependent on the chemical nature and
composition of the hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD).
These combined properties have made DES increasingly relevant for biomass
processing applications, particularly for the extraction of value-added compounds
from complex natural matrices. Among renewable biomasses, marine biomass has
gained increasing attention due to its diverse composition, availability and broad
potential for valorisation, including pharmaceuticals, nutraceuticals and cosmetics
[38]. In particular, seaweeds have emerged as highly attractive candidates for
biorefinery applications due to their high content of structurally diverse compounds,
such as polysaccharides, pigments, and other bioactive molecules, enabling
multiproduct valorisation strategies.

1.4.Seaweed as renewable biomass

Marine macroalgae, commonly referred to as seaweeds, have attracted increasing
interest as renewable biomass resources for sustainable biorefinery applications.
Unlike terrestrial crops, seaweeds exhibit rapid growth rates, high areal productivity,
and can be cultivated in marine environments without requiring arable land,
freshwater, or substantial fertiliser input [39, 40]. Their rich and diverse biochemical
composition makes seaweeds particularly attractive for integrated multiproduct
valorisation, in which several valuable compounds can be selectively recovered from
a single biomass stream.
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Among the three major seaweed groups (green, red and brown seaweed), brown
seaweeds are of particular relevance due to their high carbohydrate content and
abundance of structurally diverse polysaccharides (Figure 1.2). Species such as
Saccharina latissima, Laminaria digitata, and Ascophyllum nodosum contain
significant quantities of the carbohydrates alginate (15-40% DW), fucoidan (3-11%
DW), laminarin (2-35% DW), and mannitol (5-20% DW) [41-43], alongside pigments,
proteins, and phenolic compounds.
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Figure 1.2 Composition and relative abundance of major carbohydrates in brown seaweed.

This coexistence of multiple valuable fractions makes brown seaweeds highly suitable
feedstocks for integrated processing strategies aimed at maximising biomass
utilisation and product value, further potentially increasing their commercial potential.
The complex and layered architecture of the brown seaweed cell wall emphasises the
need for selective extraction approaches. Alginate and fucoidan form the primary
structural matrix, while proteins, phenolic compounds, and pigments are embedded
within or associated with this network (Figure 1.3). Consequently, efficient
fractionation requires solvent systems capable of selectively disrupting and
solubilising specific components while preserving opportunities for sequential or
simultaneous recovery of multiple products. In this context, the tuneable solvation
behaviour and selectivity of DES make them promising candidates for seaweed-based
multiproduct biorefinery applications.

Amongthese constituents, alginate is of particular interest because of its gelling ability,
biocompatibility, and broad use in the food, pharmaceutical, biomedical, and

materials sectors [44]. Alginate is widely used as a thickening and gelling agent in the
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food industry and has found applications in the medical field for drug delivery and
wound dressings [45, 46].

Alginate
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Figure 1.3 Brown seaweed cell wall model. Alginate and phenolic compounds are closely
associated and may form high-molecular-weight complexes. Proteins can interact with
sulphated fucoidans and are covalently bound to phenolic compounds. Certain sulphated
fucoidans are strongly associated with cellulose microfibrils and are embedded within the
surrounding alginate matrix. Hemicellulosic components, typically present as shorter-chain
polysaccharides, interact hydrophobically with cellulose and form additional connections with
the sulphated fucoidans (Figure adapted from Charoensiddhi et al. [47] with permission).

1.4.1 Alginate

Alginate is a linear anionic polysaccharide present in the cell wall, composed of 3-D-
mannuronic acid (M) and a-L-guluronic acid (G) residues arranged in homopolymeric
(MM, GG) and heteropolymeric (MG) block sequences (Figure 1.4). The relative
abundance and distribution of these blocks influence parameters including viscosity,
gel strength, elasticity, and affinity for divalent cations, thereby determining end-use
functionality [48]. Alginate gels with a high M/G ratio generally exhibit greater flexibility
and permeability, whereas gels with a low M/G ratio tend to form stronger, more rigid
networks [49]. G-rich blocks possess a more ordered and less conformationally flexible
structure, which promotes tighter ionic cross-linking and enhanced mechanical
strength compared with alginates containing higher proportions of mannuronic acid
blocks (Figure 1.4). Within the cell wall, alginate serves multiple structural and
protective roles, acting as aflexible but strong matrix that helps the seaweed withstand
mechanical stresses in marine environments. Due to alginate’s properties, it can be
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applied as a thickener, stabiliser, encapsulation matrix, wound dressing material, and
hydrogel-forming biopolymer [50]. Given that alginate functionality is closely linked to
its molecular structure, extraction methods should aim to preserve these native
characteristics while achieving efficient recovery. This is particularly relevant in the
development of alternative extraction systems, where solvent-polymer interactions
may influence polymer composition, viscosity, and overall material performance.
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Figure 1.4 Structural organisation of alginate: (a) conformation of the polysaccharide chain, (b)
arrangement of mannuronic acid (M) and guluronic acid (G) block sequences within the polymer
backbone. Adapted from Rosiak et al. [51] under the Creative Commons CC BY license.

1.4.2 Other seaweed components

In addition to alginate, brown seaweeds contain several other valuable fractions that
contribute to their attractiveness as multiproduct biorefinery feedstocks. Fucoxanthin,
the principal carotenoid pigment in brown algae, has attracted attention due to its
antioxidant, anti-inflammatory, and potential anti-obesity properties, as well as its high
market value, making it an attractive target for valorisation [52]. Fucoidan, a sulphated
polysaccharide located in the cell wall matrix, is of interest for nutraceutical and
pharmaceutical applications because of its reported anticoagulant, antiviral, and
immunomodulatory activities [42, 53]. Laminarin serves as a storage glucan with
potential prebiotic and bioactive functionality [43, 54], while mannitol is a readily
soluble sugar alcohol that can be recovered as a platform chemical or sweetener [43,
55].

The simultaneous presence of structural polysaccharides, bioactive compounds, and
soluble metabolites provides opportunities for integrated fractionation and
multiproduct recovery from a single biomass stream. From a process and economic
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perspective, valorisation of multiple fractions alongside alginate may improve biomass
utilisation, increase product value generation, and enhance the feasibility of seaweed
biorefineries. Consequently, selective extraction and separation strategies capable of
targeting different compound classes are required, motivating the development of
integrated solvent-based processing approaches.

1.5. Current and novel seaweed processing

1.5.1 Conventional alginate extraction

Conventional alginate extraction from brown seaweed is typically a multistage process
aimed at converting naturally occurring insoluble alginate salts, primarily calcium and
magnesium alginates presentin the cell wall, into purified sodium alginate (Figure 1.5).
After harvesting, the seaweed is often treated with formaldehyde to enhance storage
stability and to improve alginate yields in subsequent extraction steps [56]. Initially, the
biomass is washed, dried, and mechanically reduced in size to increase surface area
and improve mass transfer during extraction. This is followed by an acid pretreatment
using dilute hydrochloric or sulfuric acid to remove polyvalent cations and convert
alginate into insoluble alginic acid. Subsequently, alkaline extraction is performed
using sodium carbonate under elevated pH, whereby alginic acid is transformed into
water-soluble sodium alginate. The resulting viscous extract is diluted and subjected
to solid-liquid separation, typically through filtration, flotation, or centrifugation, to
remove residual biomass solids. The clarified solution is often further treated by
bleaching and acidification to remove colour impurities and facilitate purification prior
to recovery [56, 57]. Alginate is then recovered through alcohol precipitation or
calcium-induced fibre formation, followed by washing, neutralisation, drying, and
milling to obtain the final product [58]. Variations of this process are applied depending
on the seaweed species used and the targeted alginate quality.

Alkaline 4 Particle

Seaweed |, gjze reduction > Acidification > g
extraction separation

Na-alginate Drymg and le! Neutralisation ke Aqd _ ma—alginate
(powder) milling precipitation <_\(soluble)

|

Figure 1.5 Schematic representation of the conventional alginate extraction process. Adapted
from Saji et al. [56].

The conventional extraction approach described above relies on multiple chemical-
intensive steps and may considerably alter the structural characteristics of alginate,
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particularly its molecular weight and mannuronic-to-guluronic (M/G) block distribution
[57, 59]. Prolonged exposure to highly alkaline conditions and elevated temperatures
can induce polymer depolymerisation and modify alginate block composition, thereby
affecting functional properties such as viscosity, gelation behaviour, and mechanical
performance [60]. These chemically induced structural changes can also result in
significant batch-to-batch variability in alginate quality, which is undesirable from a
process standardisation and industrial application perspective. In addition,
conventional alginate extraction is associated with substantial consumption of
chemicals, water, and thermal energy, owing to extensive washing, pH adjustment,
dilution, and temperature-controlled extraction stages. The use of harsh chemicals
also generates alkaline and acidic effluents, thereby raising environmental and
processing concerns [56, 60].

Furthermore, conventional processing largely focuses on alginate recovery, while
underutilising or degrading other valuable seaweed constituents, including fucoidan,
laminarin and pigments such as fucoxanthin. As a result, the broader valorisation
potential of brown seaweed biomass remains insufficiently exploited [57, 61].
Consequently, there is a clear need for alternative, milder extraction strategies that
enable efficient alginate recovery while preserving polymer properties and supporting
integrated multiproduct valorisation of seaweed biomass.

1.5.2 Alternative extraction

As a result, DES have recently emerged as a promising alternative for the extraction
polysaccharides from brown seaweed. For example, DES have been applied in
combination with techniques such as microwave-assisted [62] and ultrasound-
assisted [63, 64] extraction for polysaccharide recovery from brown seaweed,
demonstrating their potential to enhance extraction efficiency.

However, despite these promising results, several critical aspects remain insufficiently
explored. Most reported studies primarily focus on extraction performance, while
limited attention has been given to downstream processing, including product
isolation from the DES phase, solvent recovery, and recyclability, which are critical
prerequisites for translating DES-based extraction systems into viable integrated
circular biorefinery processes. In addition, the majority of studies rely on the
integration of DES with energy-intensive auxiliary techniques, whereas the use of DES
as a standalone extraction medium remains largely unexplored. This limits the
understanding of DES as a complete processing platform rather than merely an
extraction additive.
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More importantly, current literature lacks integrated process designs that combine
selective extraction, product recovery, product quality and solvent recycling within a
unified biorefinery concept. As a result, the potential of DES for enabling circular and
sustainable seaweed valorisation has not yet been fully established. Therefore, further
research is required to develop integrated DES-based extraction and recovery
strategies and to evaluate their applicability within complete biorefinery frameworks.

1.5.3 Solvent screening

The large number of possible DES combinations, resulting from the many available
HBA, HBD and compositional ratios, make experimental solvent selection inefficient
and resource intensive. Therefore, more rational approaches are needed to prioritise
promising solvent systems prior to laboratory screening.

In solid-liquid extraction processes, solute transfer from biomass into the solvent is
governed by thermodynamic interactions between the solute and the surrounding
medium, which can be described using the activity coefficient (y). In general, lower
activity coefficients indicate stronger solute-solvent interactions and therefore higher
affinity of the solute for the solvent phase [65]. With the activity coefficient, extraction
performance indicators such as distribution coefficients, selectivity, and solvent
capacity can be derived.

Experimentally determining these parameters for a large number of DES compositions
would require extensive screening in terms of time, materials, and analytical effort. As
a result, in silico computational approaches have become increasingly important for
guiding solvent selection and reducing experimental workload [32, 66]. Among these,
the Conductor-like Screening Model for Real Solvents (COSMO-RS) is widely used to
predict thermodynamic behaviour in liquid systems based on molecular surface
charge distributions, enabling estimation of solute-solvent interactions and relative
affinities without requiring experimental input [67, 68]. This makes COSMO-RS a
powerful tool for rapidly narrowing down large DES design spaces and guiding
experimental efforts toward the most promising solvent candidates. However, its
ability to reliably predict interactions with complex seaweed-derived polysaccharides
and bioactive mixtures still requires further researching and validation. Following
computational screening, experimental studies remain essential to confirm extraction
performance and optimise process conditions.
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1.6. DES recycling

Once suitable DES and extraction parameters have been identified, the main limitation
of DES-based processes lies in the separation of target products from the solvent and
the subsequent recovery and reuse of the DES [69, 70]. Due to their generally low
vapour pressure, DES cannot be removed by evaporation, which limits straightforward
product isolation and subsequent solvent recycling [71]. To compete with current
extraction solvents, effective product recovery and solvent recyclability is required to
ensure process sustainability and circularity. Several approaches have been applied
for the recovery of DES (Figure 1.6).
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Figure 1.6 Schematic overview of possible product recovery strategies from DES via (a)
antisolvent addition, (b) liquid-liquid extraction, (c) adsorption and (d) membrane filtration.

1.6.1 Antisolvent extraction

Among the reported strategies for product recovery from DES, antisolvent addition is
one of the most widely applied methods [70]. In this strategy, a solvent is added to
disrupt DES-solute interactions, thereby reducing solubility and inducing precipitation
of the target compound. Water has frequently been used as antisolvent for the recovery
of compounds, including phenolics [72], flavonoids [73] and lignin [74] from DES.
Precipitation with water often takes several hours (up to 6 hours) at low temperatures
(0-4 °C) andis generally followed by vacuum evaporation or drying to remove the added
water, which is often operated for prolonged times at elevated temperatures (up to 105
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°C)[72, 75, 76]. Although effective, this approach generally requires subsequent water
removal, which can be energy-intensive, time-consuming, and costly at larger scale
[77].

Ethanol has also been widely explored as an alternative antisolvent, particularly for the
precipitation of polysaccharides from DES extracts [69]. In these systems, multiple
volumes of ethanol are commonly added, often followed by prolonged cooling or
standing periods to complete precipitation (e.g. 12 h at 4 °C) [78, 79]. Subsequent
centrifugation, washing, redissolution, and dialysis steps are frequently performed for
further purification [78]. While ethanol may reduce the need for high-temperature
evaporation compared with water-based antisolvent systems, these methods rely on
substantial solvent consumption, extended processing times, and multiple
downstream operations. In addition, certain DES components may themselves
precipitate or become destabilised upon alcohol addition, which can further
complicate solvent recycling [70].

1.6.2 Liquid-liquid extraction

Liquid-liquid extraction has also been explored for product recovery from DES by
contacting the extract with an immiscible organic solvent. Commonly reported
solvents include hexane [80], 1-butanol [81] and diethyl ether [82], allowing transfer of
the target compound into the organic phase followed by straightforward phase
separation. However, the use of volatile and potentially hazardous organic solvents
reduces the sustainability of this approach. In addition, its applicability is limited to
compounds that exhibit favourable partitioning between the DES and the selected
organic solvent.

1.6.3 Adsorption

Membrane filtration represents a promising downstream strategy for DES-based
processes, enabling selective product separation while allowing recovery and
recycling of the solvent. Different membrane-driven approaches have been explored
for DES recovery, including pressure-driven processes such as ultrafiltration,
concentration gradient-driven techniques such as dialysis, and electrically driven
separations such as electrodialysis [69]. Although research on DES-membrane
systems remains limited, coupled membrane configurations combining ultrafiltration
and electrodialysis have demonstrated potential for integrated product and solvent
recovery [83, 84]. However, energy demand and limited ease of scale-up may restrict
large-scale implementation of electrodialysis [85, 86]. Nevertheless, membrane
technologies remain promising for DES recovery and recycling, particularly
commercially established pressure-driven processes.
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Despite their operational simplicity and scalability, membrane-based approaches still
face several challenges when applied to DES-containing streams. The relatively high
viscosity of DES solutions can reduce mass transfer and increase susceptibility to
membrane fouling [70], thereby affecting separation efficiency and membrane lifetime.
In addition, membrane processes often require substantial water use for dilution,
washing, or diafiltration, which may compromise overall process sustainability. The
recovery of highly concentrated products and solvents can further be limited by
operational constraints [70], highlighting the need for optimised membrane designs
and process integration strategies for DES-based separations.

Overall, current recovery strategies demonstrate that product isolation from DES is
feasible, but often at the expense of process simplicity, solvent efficiency, and energy
demand (Table 1.1) To compete as sustainable alternatives to conventional solvents,
mild and effective solvent recycling must also be incorporated. This emphasises the
need for alternative separation concepts that enable direct product recovery while
preserving DES recyclability, while avoiding prolonged evaporation steps and the use
of toxic organic solvents.

Table 1.1 Product recovery strategies from DES

Method Advantages Disadvantages
Antisolvent Simple setup; highly effective for large  High water consumption; requires
extraction solids like lignin or oils; fast separation. high energy to evaporate the

antisolvent later; low yields for highly
polar compounds.
Liquid-liquid High recovery yield; can keep DES intact; Uses volatile organic solvents; risks
extraction does not require heavy dilutions. phase emulsification; cross-
contamination between phases.

Adsorption High selectivity; possibility to regenerate Requires a volatile elution solvent;
and reuse the resin adsorbent limited by adsorption capacity;
expensive
Membrane Allows precise fractioning by size; Membrane fouling; high viscosity of
filtration Chemical-free process; potential to DES drops flux; limited by high
scale up osmotic pressure

1.7.Process viability

Despite the promise of DES as selective and potentially recyclable processing media,
enhanced extraction performance alone does not necessarily translate into industrial
feasibility or environmental sustainability. The overall viability of DES-based processes
is determined by the full process chain, including solvent preparation, downstream
separation and product recovery, solvent regeneration, and associated water and
energy requirements. In particular, product recovery and solvent recycling operations
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may introduce additional process complexity and material requirements that
significantly affect both economic and environmental performance.

Consequently, evaluation of DES-based processes must extend beyond extraction
efficiency and consider the system as a whole. A comprehensive techno-economic
assessment (TEA) and life cycle assessment (LCA) are therefore required to evaluate
DES-based processes for both economic and environmental performance at process
scale. TEA provides quantitative insight into process economics, including capital and
operating expenditures, whereas LCA assesses environmental impacts associated
with resource consumption, energy use, emissions, and waste generation. Together,
these methodologies are essential to determine whether DES-based extraction
strategies can be translated into viable, scalable, and sustainable biorefinery
concepts.

1.8. DES-based circular seaweed biorefineries

Overall, the comprehensive evaluation of DES-based processingrequires an integrated
assessment across the entire value chain, beginning with molecular-level solvent
screening to understand solvent-solute interactions and predict selective affinities
toward target compounds and biomass components, thereby supporting the rational
selection of suitable DES. This should be complemented by validation and
optimisation of extraction conditions at laboratory scale to maximise product yields,
selectivity, and process performance. In parallel, mechanistic insight into biomass
disintegration and compound partitioning remains important for the targeted design of
improved DES-based extraction systems. In addition, efficient downstream separation
strategies are essential for the recovery of both target products and the DES itself,
enabling solvent recycling and the development of circular processing concepts. Such
recovery approaches should minimise energy demand, solvent losses, and additional
purification requirements to ensure practical implementation. Finally, techno-
economic assessment (TEA) and life cycle assessment (LCA) are required to determine
the industrial feasibility, environmental performance, and scalability of DES-based
biorefinery systems.

In the present work, this integrated framework was applied using brown seaweed
biomass as a case study to evaluate the potential of a complete, circular DES-based
multiproduct biorefinery process.

1.9. Aim and thesis outline

The aim of this thesis is to evaluate the feasibility of a circular DES-based multiproduct
biorefinery using brown seaweed biomass as a case study, by integrating molecular
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solvent screening, extraction process optimisation, while focussing on product
recovery and DES recycling.

In this thesis, the following research questions are addressed:

e What molecular descriptors and which DES screening criteria enable the
identification of solvent systems with high affinity and selectivity toward
alginate?

e To what extent does DES-based extraction improve alginate extraction and
preservation of properties relative to conventional processing?

e How can DES-based processing contribute to process intensification in brown
seaweed biorefineries?

e How can DES-based processes be designed to achieve effective and
sustainable product recovery and solvent recycling?

e How can biphasic DES systems couple biomass pretreatment and selective
multiproduct recovery within a single intensified process?

e Whatis the economic feasibility and environmental impact of a biphasic DES-
based brown seaweed biorefinery?

To address these research questions, this thesis is structured into several chapters. In
Chapter 2, a range of DES were computationally screened to evaluate their
interactions, affinity, and selectivity toward alginate. Based on these results, a subset
of promising DES was selected in Chapter 3 for experimental alginate extraction from
brown seaweed, followed by optimisation of extraction conditions using response
surface methodology. As alginate recovery from DES was not addressed in Chapter 3,
Chapters 4-8 focus on the development and evaluation of different strategies for
alginate recovery, DES regeneration, and solvent recycling.

In Chapter 4, the recovery of alginate and DES was investigated using pressure-driven
membrane separation as a proof-of-concept for full membrane-based separation. A
model mixture consisting of alginate dissolved in DES was employed to evaluate
technical feasibility and solvent recovery under controlled conditions. While the
approach demonstrated the potential of membrane-based DES recovery, the use of a
model system does not fully capture the complexity of real seaweed extracts, where
additional components may influence separation performance, and process stability.
Moreover, membrane processes remain associated with limitations such as high-
water demand, and operational complexity. Therefore, alternative phase-based
recovery strategies including three-phase partitioning, aqueous two-phase systems
and temperature-responsive DES systems, were investigated in the subsequent
chapters to enable integrated product separation and solvent recycling.

25



Chapter 1

As an alternative approach, Chapter 5 explores three-phase partitioning (TPP) using a
hydrophobic DES for the simultaneous extraction of alginate and pigments from
seaweed. In this system, the DES functioned both as a pretreatment medium for
alginate and as an extraction solvent for pigments, while its hydrophobic nature
facilitated recovery and reuse. Although effective, this approach requires dialysis for
alginate recovery from the salt-rich aqueous phase, and fucoxanthin was notrecovered
from the DES phase.

In Chapter 6, a thermo-separating aqueous two-phase system (ATPS) was developed
for the continuous and cyclic extraction and separation of alginate, employing a
temperature-responsive copolymer (EOPO) for product recovery. This system enables
successful recovery and recycling of both DES and EOPO. However, its complexity,
arising from the integration of multiple phase systems and recycling streams,
motivated the exploration of alternative approaches.

Accordingly, Chapter 7 evaluates temperature-responsive deep eutectic solvents
(TRDES) for continuous alginate extraction and recovery. Although DES recycling was
achieved, the requirement for potentially toxic components to induce temperature
responsiveness, along with the need for downstream dialysis of the aqueous alginate
phase, limits the overall sustainability of this approach.

Building on the strengths of previous systems developed Chapter 5 and Chapter 6,
Chapter 8 presents a DES-based aqueous two-phase system that integrates the
precipitation principle of three-phase partitioning. This approach enables direct
alginate isolation through precipitation, while maintaining solvent recyclability,
thereby simplifying downstream processing.

Subsequently, Chapter 9 investigates a DES-based biphasic system (FABU) for one-
pot multiproduct extraction, thereby enhancing product properties of alginate while
extracting pigments simultaneously.

To evaluate the feasibility of this approach, Chapter 10 presents a techno-economic
assessment (TEA) and life cycle assessment (LCA) of the biphasic DES-based
biorefinery system, assessing its economic feasibility and environmental performance.

Finally, Chapter 11 reflects on the major findings of the thesis, discusses limitations,
and presents an outlook and recommendations for further DES-based bioprocessing
and research.
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Figure 1.7 provides a schematic overview of the chapters included in this thesis.

|
‘ Chapter 2 “

iz J Screeninﬁ
Q extraction &
— Optimisation
1 1 | Chapter 3

|_recovery, DES
recovery & DES

- | - . — rec\/clin.j

Multiproduct

— process
( ‘ integration &
\ Chopter 10 TEA/LCA

Figure 1.7 Overview of the thesis structure. Chapters 2 and 3 (blue boxes) focus on DES
screening, alginate extraction, and process optimisation. Chapters 4-8 (green boxes) address
product recovery, DES regeneration, and solvent recycling strategies. Chapters 9 and 10 focus
on multiproduct process integration and the evaluation of techno-economic feasibility and
environmental performance through TEA and LCA.
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Abstract

Rational design of deep eutectic solvents (DES) for extraction of bioactives remains
limited by the lack of selective screening strategies, capable of discriminating between
structurally related compounds. In this work, a computational framework was
developed to enable selective DES screening for alginate solvation in the presence of
other polysaccharides laminarin and fucoidan. Atotal of 115 DES were evaluated using
COSMO-RS (Conductor-like Screening Model for Real Solvents) to predict relative
thermodynamic affinity, solubilisation capacity, and selectivity, allowing quantitative
comparison of solvent-polysaccharide interactions. The effects of hydrogen bond
acceptor (HBA) and hydrogen bond donor (HBD) identity, and HBA:HBD molar ratio
were systematically assessed to elucidate how solvent composition governs
electrostatic and hydrogen-bonding interactions with the target polymer. The results
demonstrate that structurally similar polysaccharides exhibit sufficiently distinct
interaction profiles to permit computational discrimination. The combined evaluation
of capacity and selectivity enabled comparative ranking of DES systems according to
predicted preferential affinity toward alginate. A performance index integrating both
metrics was established to rank DES according to defined solvation objectives. The
analysis further demonstrated that hydrogen-bonding characteristics, polarity, and
HBA:HBD ratio collectively govern the balance between solubilisation strength and
selectivity. Overall, this study presents a computational screening framework for
evaluating DES-polysaccharide interactions and identifying promising solvent systems
for selective alginate solvation. The proposed methodology may support future
experimental studies aimed at selective and sustainable extraction processes.
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2.1.Introduction

The search for alternative extraction solvents has gained significant attention due to
environmental and safety concerns associated with conventional organic solvents.
Deep eutectic solvents (DES) have emerged as a promising green alternative, offering
advantages such as low toxicity, biodegradability, and tuneable physicochemical
properties [87]. Deep eutectic solvents (DES) are formed by combining one or more
hydrogen bond acceptors (HBA) with one or more hydrogen bond donors (HBD). When
mixed in a specific molar ratio, these components interact through hydrogen bonding,
resulting in a significant depression of the melting point, leading to the formation of a
stable liquid mixture [9, 10].

DES have been successfully applied in the extraction of bioactive compounds from
seaweed [88], which is a rich and renewable source of diverse polysaccharides. Brown
seaweeds, in particular, contain alginate, fucoidan, and laminarin (Figure S2.1, Figure
$2.2). Among these, alginate is of special interest due to its gelling ability,
biocompatibility, and wide-ranging applications in the food, pharmaceutical, and
biomedical industries [89]. Alginate consists of linear copolymers of B-D-mannuronic
acid (M) and a-L-guluronic acid (G) residues arranged in homopolymeric and
heteropolymeric block structures (Figure S$2.1). For many of its applications,
especially in food and biomedical fields, high purity is essential, as residual
polysaccharides including fucoidan and laminarin (Figure S$2.2), can affect its
physicochemical properties and performance. Therefore, in addition to achieving high
extraction yields, the development of effective separation and purification strategies is
crucial when applying DES-based processes for alginate recovery.

However, the large chemical space of possible DES combinations makes the
experimental identification of suitable solvents time-consuming and costly. In liquid-
liquid extraction processes, the distribution of a solute between two phases is
governed by differences in chemical potential, which determine the solute’s affinity for
each phase [90]. This affinity is commonly expressed through thermodynamic
parameters such as the activity coefficient (y), which reflects the strength of solute-
solvent interactions. A low activity coefficient indicates favourable interactions and
thus a higher tendency of the solute to dissolve in that solvent phase. From these
parameters, distribution coefficients, selectivity, and solvent capacity can be derived,
which are key performance indicators in extraction processes.

Experimentally determining these thermodynamic properties for many potential DES
combinations would require extensive laboratory work. Therefore, computational
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screening approaches are increasingly employed to efficiently narrow down promising
candidates prior to experimental validation [32, 66]. The Conductor-like Screening
Model for Real Solvents (COSMO-RS) is a quantum-chemical model widely used to
predict thermodynamic properties of fluids and mixtures. By calculating the molecular
surface charge density and deriving the chemical potential of species in solution,
COSMO-RS enables the estimation of activity coefficients and, consequently, solute-
solvent affinities [67, 91]. In the context of alginate extraction, COSMO-RS can thus be
applied to screen DES systems based on their predicted affinity toward alginate,
accelerating the identification of effective and sustainable solvent systems while
reducing experimental effort. More broadly, this computational screening strategy can
be extended to other bioactive compounds, providing a general framework for rational
solvent selection in DES-based extraction processes.

Despite these advances, DES screening strategies have predominantly emphasised
extraction capacity or affinity for a single target compound, often without explicitly
considering solvent selectivity in complex biomass matrices [92, 93]. In the case of
brown seaweed, screening DES solely for alginate solubilisation therefore carries a
potential of co-extracting structurally related polysaccharides such as fucoidan and
laminarin (Figure S2.2), which can compromise the purity of the alginate fraction.
While COSMO-RS and related screening approaches have primarily been applied to
identify solvents with strong affinity or solubilisation capacity for a single component,
selective screening strategies that discriminate between structurally related
polysaccharides present in the same biomass remain comparatively underexplored.
As a result, identifying DES formulations that preferentially solubilise alginate while
minimising interactions with laminarin and fucoidan remains a bottleneck.

Addressing this challenge requires computational screening strategies that move
beyond solubility or affinity alone and incorporate comparative selectivity analysis. By
evaluating relative interactions between DES systems and multiple polysaccharides,
COSMO-RS may be used to identify solvent systems with predicted preferential
affinities toward alginate relative to laminarin and fucoidan. Such comparative
screening can provide insight into how DES composition influences thermodynamic
interaction trends between structurally related polysaccharides. More broadly, this
type of computational pre-screening approach may support future experimental
studies aimed at selective solvent development for biomass fractionation.

Therefore, this study aimed to investigate whether COSMO-RS-based computational
screening could be used to comparatively evaluate DES-polysaccharide interactions
relevant to alginate solvation. A total of 115 DES systems were assessed in terms of
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predicted capacity and selectivity toward alginate relative to laminarin and fucoidan,
with particular attention to the influence of HBA identity, HBD identity, and HBA:HBD
molar ratio. In addition, a performance index integrating both capacity and selectivity
was applied to comparatively rank DES systems according to predicted interaction
behaviour. The study further examines how solvent composition influences the
balance between solubilisation strength and selectivity, thereby providing insight into
DES structure—property relationships relevant to polysaccharide solvation.

Overall, this study investigates the use of computational screening to comparatively
evaluate DES—polysaccharide interactions relevant to alginate solvation. The present
work focuses on relative thermodynamic interaction trends at infinite dilution and does
not aim to directly predict full extraction performance from complex biomass systems.
Nevertheless, the framework provides insight into DES structure-property
relationships governing predicted capacity and selectivity and may support future
experimental studies aimed at solvent screening and biomass fractionation.
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2.2.Methodology

Alginate, fucoidan, and laminarin were selected for this study, as they represent the
major polysaccharides found in brown seaweed. For the computational screening, 12
HBAs and 53 HBDs were selected. In total, 115 DES systems were evaluated to
comparatively assess predicted capacity and selectivity toward alginate relative to
laminarin and fucoidan. Only DES systems previously reported in literature as liquid
and stable at the specified molar ratios were included in the screening. The selected
HBAs and HBDs are presented in Table S2.1.

2.2.1 COSMO-RS

COSMO-RS calculations were performed using COSMO-RS implementation within the
Amsterdam Modelling Suite (version 2022.103, Software for Chemistry and Materials
BV (SCM), Amsterdam, The Netherlands) was utilised within the Amsterdam Density
Functional (ADF) package for the computational analyses. Molecular geometries of the
polysaccharide fragments and DES constituents were geometry-optimised using the
universal force field (UFF), followed by quantum chemical calculations using the
GGA:BP86 density functional and TZP basis set. The o-profile, which represents the
surface charge density distribution of a molecule, was used to comparatively analyse
intermolecular interaction tendencies in different DES systems.

2.2.2 DES capacity and selectivity calculations

The extractive efficiency of a solvent is primarily governed by two main parameters:
selectivity and capacity at infinite dilution. These parameters can be calculated with
the activity coefficient. The activity coefficient describes the interaction between a
solute and solvent at aninfinitesimal concentration of the solute and can be calculated
using the chemical potential (Equation 2.1):

Yi =exp {%} (2.1)
where yis is the activity coefficient of compound iin phase S, uf is the chemical
potential of compoundiin phase S, uﬁ is the chemical potential of compound i ininan
ideal state (reference state), R is the molar gas constant and T is the absolute
temperature. Lower y values correspond to stronger solute-solvent interactions and
thus a higher thermodynamic affinity of the solute for the respective phase.

Within COSMO-RS, the activity coefficient at infinite dilution for alginate (y,’), fucoidan
(yF) and laminarin (y;°) was calculated for each selected DES. However, COSMO-RS
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cannot directly calculate the activity coefficient of polymers, since these quantum
chemical calculations would require large, expensive and time-consuming computer
resources [94]. Therefore, the studied polymers were represented using a fragment-
based trimer approach in which the o-profile of a representative monomer unit is
calculated and subsequently scaled to approximate the behaviour of the full polymer,
thereby avoiding computationally demanding calculations on the entire
macromolecule, as has been described previously [95].This fragment-based modelling
approach has been previously applied for computational studies of polymeric systems
[94, 96]. This approximation assumes that relative solvent affinity trends are primarily
governed by repeating-unit chemistry rather than full polymer chain architecture.
Consequently, the calculated activity coefficients should be interpreted as
comparative indicators of relative thermodynamic interaction tendencies rather than
quantitative predictors of absolute polymer solubility or extraction performance.

The activity coefficient was calculated according to the molar ratio composition of their
constituents [93]. Different combinations of HBAs and HBDs were selected, and the
molecular ratios were altered to assess the effect on the activity coefficient and
subsequently the capacity and selectivity. With the activity coefficient, the capacity
and selectivity for each DES could be calculated. The capacity indicates the maximum
solubility in the DES [93]. Accordingly, a higher capacity corresponds to a lower activity
coefficient and indicates a higher predicted maximum solubility of the solute in the
respective DES. The capacity towards alginate for each solvent was calculated as the
inverse of the activity coefficient at infinite dilution of alginate (Equation 2.2):

w_ 1
Cy = = (2.2)

The selectivity parameter quantifies the preferential solvation of alginate by a DES and
is defined as the ratio between the activity coefficient of alginate and that of either
fucoidan or laminarin, with higher values indicating greater discrimination in favour of
alginate. The selectivity of each DES towards alginate compared to fucoidan, was
calculated with the activity coefficients (Equation 2.3):

Sy p= YE (2.3)
Ya
Similarly, the selectivity towards alginate compared to laminarin was calculated as

(Equation 2.4):
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©

S =175 (2.4)
A

where y;°represents the activity coefficient of compound i at infinite dilution. Since
lower activity coefficients correspond to stronger solute-solvent interactions,
selectivity values greater than unity (S > 1) indicate a preferential affinity of the DES for
alginate over the competing polysaccharide. Increasing selectivity values therefore
reflect stronger discrimination in favour of alginate, whereas S = 1 suggests limited
differentiation between the compounds.

The total combined selectivity score for a DES towards alginate compared to fucoidan
and laminarin was calculated using both selectivity values (Equation 2.5):

Stotat = (Sa-r +Sa-1)/2 (2.5)

This parameter represents the overall discrimination of a DES for alginate relative to
both fucoidan and laminarin. Since selectivity values greater than unity indicate
preferential interactions with alginate, higher S;;.,values correspond to stronger
overall selectivity toward alginate. DES with larger combined selectivity scores were
therefore considered more promising candidates for selective alginate extraction.

2.2.3 Performance index calculations

The overall performance of each DES was evaluated using a Performance Index (P.l.),
defined as a weighted combination of the total selectivity and the alginate capacity
(Equation 2.6):

Performance Index (P.1.) = 0.25 Spo.q + 0.75C5 (2.6)

where Sg.,represents the combined selectivity toward alginate and Cg°denotes the
capacity for alginate. A larger weighting factor was assigned to the capacity term, as
strong alginate solvation was considered more critical for effective extraction
performance than selectivity alone. In general, solvents with high selectivity tend to
have a low capacity for target molecules due to strong but limited interactions, and vice
versa [93]. Selecting a solvent based solely on its ability to interact effectively, rather
than on its efficiency per volume, is not economically viable. Therefore, a solvent
combining both high capacity and high selectivity is essential to minimise solvent
usage while maximising targeted extraction [97]. Ideally, DES with both high capacity
and high selectivity are needed for extraction. The weighting factors were chosen to
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assign greater importance to capacity than to selectivity. Higher P.l. values indicate
DES systems with a more favourable balance between alginate solubility and
preferential selectivity over competing polysaccharides. DES with the highest P.I.
values were therefore considered the most promising candidates for experimental
validation.

2.2.4 Polarity

The overall performance of each DES was evaluated using a Performance Index (P.l.),
defined as a weighted combination of the total selectivity and the alginate capacity
(Equation 2.7):

Performance Index (P.1.) = 0.25 Spo,q + 0.75C5 (2.7

where Sg.q represents the combined selectivity toward alginate and C;denotes the
capacity for alginate. A larger weighting factor was assigned to the capacity term, as
strong alginate solvation was considered more critical for effective extraction
performance than selectivity alone. In general, solvents with high selectivity tend to
have a low capacity for target molecules due to strong but limited interactions, and vice
versa [93]. Selecting a solvent based solely on its ability to interact effectively, rather
than on its efficiency per volume, is not economically viable. Therefore, a solvent
combining both high capacity and high selectivity is essential to minimise solvent
usage while maximising targeted extraction [97]. Ideally, DES with both high capacity
and high selectivity are needed for extraction. The weighting factors were chosen to
assign greater importance to capacity than to selectivity. Higher P.l. values indicate
DES systems with a more favourable balance between alginate solubility and
preferential selectivity over competing polysaccharides. DES with the highest P.I.
values were therefore considered the most promising candidates for experimental
validation.
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2.3.Results and discussion

2.3.1 o-profile analysis of polysaccharides

Alginate, fucoidan and laminarin were analysed using their o-profile, which illustrates
the charge density distribution across the molecular surface. Within this profile,
regions with charge densities below -0.085 e/R? correspond to hydrogen bond donors,
whereas areas exceeding +0.085 e/A%indicate hydrogen bond acceptors [98]. Surfaces
with charge densities ranging from -0.085 to +0.085 e/A” are considered too non-polar
to participate in hydrogen bonding.

The o-profiles and o-potentials can be used to predict the chemical nature of the
polysaccharides, including the polarity and hydrogen-bonding. This, in turn, can be
used to guide solvent selection by identifying molecular polarity and interaction
patterns, enabling comparative evaluation of solute-solvent compatibility [99]. The o-
profiles of the polysaccharides show that each compound has surface charge
densities distributed across both polar and non-polar regions (Figure 2.1), indicating
that hydrogen bonding, Van der Waals forces, and hydrophobic interactions likely
contribute to their extraction behaviour [97].
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Figure 2.1 o-profiles of alginate (red), fucoidan (blue) and laminarin (grey).

For alginate, two main polar peaks (-0.007 and 0.009 e/A?) are observed in the hydrogen
bond acceptor and donor regions (Figure 2.1). The polar peaks are associated with the
presence of hydroxyl groups in D-mannuronic acid and L-guluronic acid, which arise
due to the electronegativity difference between oxygen and hydrogen. Conversely, the
non-polar regions correspond to neutrally charged areas containing C-H bonds. These
findings indicate that alginate may exhibit favourable interactions with solvents
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possessing both hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA)
functionalities [100].

The o-profiles of fucoidan and laminarin showed differences in their interaction
potentials. Fucoidan exhibited three major peaks (-0.006, 0.001 and 0.008 e/A?) in the
non-polar region coming from fucoidan’s backbone and alkyl groups, together with a
small, lower-intensity peak in the HBA region, possibly from sulphate or carboxyl
groups and a broad, low-intensity peak in the HBD region, likely from the hydroxyl
groups (Figure 2.1). This indicates that fucoidan is largely dominated by hydrophobic
surface areas, with only limited hydrogen-bonding capacity. In contrast, laminarin
displayed one high-intensity peak in the non-polar region, coming from the
hydrophobic surface areas of the backbone of laminarin, a medium-sized peak in the
HBA region, probably coming from oxygen atoms in hydroxyl groups and glycosidic
linkages, and a small peak in the HBD region due to hydroxyl groups present (Figure
2.1). Compared to fucoidan, laminarin therefore shows a more pronounced hydrogen
bond acceptor character, which may facilitate stronger interactions with hydrogen
bond donor solvents as well as non-polar interactions.

Overall, although all three polysaccharides exhibit both polar and non-polar surface
regions, clear differences are observed in their o-profile distributions. Alginate shows
more pronounced hydrogen bond donor and acceptor peaks, indicating a stronger
polarinteraction capacity, whereas fucoidan is predominantly non-polar and laminarin
exhibits a more moderate hydrogen bond acceptor character. These differences
indicate that alginate possesses a sufficiently distinct interaction profile compared to
the othertwo polysaccharides, suggesting that computational discrimination based on
relative intermolecular interaction tendencies may be feasible. Based on this
molecular differentiation, further comparative analysis screening through capacity and
selectivity calculations can be conducted (Section 2.3.2). It should be noted that o-
profile analysis reflects relative intermolecular interaction tendencies and does not
fully capture the effects of polymer molecular weight, conformational flexibility, or
biomass matrix interactions on experimental extraction behaviour.

2.3.2 Structure-property relationships

2.3.2.1 DES affinity towards alginate

The capacity of 115 DES combinations towards alginate was assessed via COSMO-RS
(Table S2.1). The five DESs with the highest capacities were ChCl:Thiourea (4828),
Bet:1,4-Butanediol (3287), ChCl:1,2-Butanediol (2135), ChCl:Isosorbide (1902) and
ChCl:Methyldiethanolamine (1546) (Table S2.1).
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The high predicted affinity of ChCl:Thiourea, Bet:1,4-butanediol, ChCl:1,2-butanediol,
ChCl:Isosorbide, and ChCl:Methyldiethanolamine towards alginate may be attributed
to their ability to establish multiple stabilising interactions with the polymer. In DES-
polysaccharide systems, such interactions have been identified as the main drivers of
solvation behaviour, where DES components effectively compete with intramolecular
polysaccharide hydrogen bonds and promote polymer dissolution [101, 102]. These
DESs contain hydrogen bond donors (HBDs) rich in hydroxyl (-OH) or amine (-NH)
groups (Table S$2.2), which facilitate extensive hydrogen-bonding networks with the
hydroxyl and carboxylate functionalities of alginate (Figure S2.1). ChCl:Thiourea
exhibited the highest affinity for alginate, likely due to the complementary roles of its
components. Thiourea contributes versatile hydrogen-bonding interactions, acting as
a donor through its -NH groups and as an acceptor via its C=S moiety (Table S2.2),
while the choline cation can engage in electrostatic interactions with alginate’s
negatively charged carboxylate groups. Importantly, unlike acidic DES systems, these
components are less likely to promote protonation of alginate’s carboxylate groups,
thereby preserving its polyanionic character and solubility. Previous studies have
shown that the dissolution of polysaccharides such as cellulose increases with DES
basicity, indicating that stronger hydrogen-bond-accepting components enhance
disruption of intermolecular hydrogen-bond networks [101]. Although alginate differs
structurally due to its polyanionic nature, a similar mechanism may contribute to the
enhanced predicted affinity observed for amine-based DESs in this study.

2.3.2.2 Effectof HBD

The effect of the HBD on the capacity and selectivity of the 115 DESs towards alginate
was evaluated using COSMO-RS. The choice of HBD clearly influenced the predicted
solvent capacity (Figure 2.2). DESs containing polyol- and amine-based HBDs
exhibited high affinities towards alginate, whereas acid-based HBDs resulted in
consistently lower capacities for both ChCl and Bet as HBAs. As discussed previously
(Section 2.3.2.1), polyol- and amine-containing HBDs provide multiple hydroxyl or
amine functionalities that promote extensive hydrogen-bonding interactions with the
hydroxyl and carboxylate groups of alginate. This trend is consistent with previous
studies [62, 63], which reported increased dissolution and extraction behaviour using
polyol-based DESs such as ethylene glycoland 1,2-propanediol, attributed to their high
hydroxyl density and strong hydrogen-bonding capability. However, since these
studies did not target specific polysaccharides, the reported improvements may reflect
a combination of increased overall solubilisation and altered selectivity, underscoring
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the importance of distinguishing between extraction efficiency and selective extraction
behaviour.
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Figure 2.2 Effect of the HBD on the solubility capacity for (a) choline chloride as HBA and (b)
Betaine as HBA.

The capacity results indicate that acidic DESs are not suitable for alginate extraction
(Figure 2.2, Table S2.1). This behaviour can be attributed to protonation of alginate’s
carboxylate groups under acidic conditions, which neutralises its negative charge and
weakens electrostatic interactions with cationic HBAs, thereby reducing solubility and
interaction strength [103]. Nevertheless, literature reports that carboxylic acid-based
HBDs can effectively interact with hydroxyl-containing polysaccharides and have been
successfully applied in pectin extraction and biomass pretreatment processes [103—
105]. This suggests that although acidic DESs are unfavourable for direct alginate
solubilisation, they may be valuable as pretreatment agents capable of disrupting
structural polysaccharide networks and enhancing accessibility for subsequent
extraction steps.

When assessing the effect of different HBDs on the selectivity of ChCl-based DESs
towards alginate, ChCl:Menthol (ChCl:Men) exhibited the highest predicted selectivity
(Figure 2.3). In contrast to the capacity screening, where other DESs showed superior
performance, this highlights that selectivity and capacity are governed by different
interaction mechanisms and must be evaluated independently. The performance of
ChCl:Menthol could be attributed to its relatively low polarity [106] and limited
hydrogen-bonding capacity compared with more hydrophilic DESs such as
ChCl:Thiourea (Table S2.1). The reduced polarity of ChCl:Menthol disfavours the
solvation of highly charged polysaccharides such as fucoidan, whose extensive
sulphate groups require a strongly polar environment for stabilisation. Similarly,
laminarin, being neutral and structurally compact with fewer accessible hydroxyl
groups, forms limited specific interactions with the solvent. Alginate, which possesses
both carboxylate and hydroxyl functionalities and exhibits intermediate polarity among
the studied polysaccharides, can still establish sufficient hydrogen bonding with
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menthol’s hydroxyl group and electrostatic interactions with the choline cation. As a
result, although ChCl:Menthol does not maximise overall predicted capacity, it may
preferentially stabilise alginate relative to the other polysaccharides.

a) b)

ChCI:Gly Bet:14-B
Chl:MDEA Bet:Gly

ChCl:1,2-B
Bet:Tre

ChClilso
Bet:Fruc

ChCl:ThioU
ChCl:Men Bet:Man

0 100 200 300 400 500 0 50 100 150 200 250 300 350
Selectivity Selectivity

Figure 2.3 Effect of the HBD on the selectivity for (a) choline chloride as HBA and (b) Betaine as
HBA.

In contrast, ChCl:Thiourea forms multiple strong hydrogen bonds with all three
polysaccharides, leading to high overall solubilisation but reduced discrimination
between them. Therefore, the enhanced selectivity of ChCl:Menthol arises from its
lower polarity and limited hydrogen-bonding network, which accentuates differences
in charge density and hydrophilicity between the polysaccharides.

For the betaine-based DESs, Betaine:mannose (Bet:Man) exhibited the highest
selectivity for alginate, followed by betaine:1,4-butanediol (Bet:1,4-B). While diol- and
polyol-based HBDs generally demonstrated favourable selectivity, notable differences
were observed among them (Figure 2.3, Table S$2.1). Mannose possesses a relatively
rigid pyranose structure, which results in a well-defined spatial distribution of hydroxyl
groups [107]. This structural rigidity may promote more cooperative and consistent
hydrogen-bonding interactions with alginate’s regularly distributed carboxylate and
hydroxyl functionalities. In contrast, fructose can adopt multiple cyclic and
conformational forms [108], leading to a more variable hydroxyl arrangement that may
reduce interaction specificity and facilitate interactions with competing
polysaccharides such as fucoidan and laminarin.

These observations suggest that, beyond hydroxyl group density, the rigidity and spatial
organisation of HBD functional groups can influence selectivity in betaine-based DESs,
likely by affecting the balance between specific and non-specific hydrogen-bonding
interactions.
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2.3.2.3 Effect of HBA

The type of HBA strongly influenced the predicted capacity of the DES towards alginate
(Figure 2.4). When glycerol or lactic acid was used as HBD, the highest capacities were
obtained with betaine as HBA (748 and 3.7 for Bet:Gly and Bet:LA, respectively). In
contrast, lower capacities were observed for DESs containing TEA
(tetraethylammonium chloride) or TBAC (tetrabutylammonium chloride) as HBA.

The reduced capacity of TEA- and TBAC-based systems may be related to their higher
logP values (4.84 and 5.31, respectively) compared to the other HBAs (Table S2.1),
indicating a more hydrophobic character that limits favourable interactions with the
polyanionic alginate. These findings suggest that HBA polarity and ionic character play
a critical role in promoting complementary electrostatic and hydrogen-bonding
interactions.

a) b)
Bet:Gly Bet:LA
chel:Gly AALA
Proline:LA

Proline:Gly
Men:LA

TEA:Gly
ChCLLA
TBAC:Gly TEALA
CA:Gly TBAC:LA

0 100 200 300 400 500 600 700 800 0.0 0.5 1.0 15 20 25 3.0 35 4.0

Capacity Capacity

Figure 2.4 Effect of the HBA on the solubility capacity for (a) glycerol as HBD and (b) lactic acid
as HBD.

As shown in Figure 2.4, the choice of HBA substantially influences the predicted
solubility capacity of a DES, even when the HBD is fixed. This indicates that, beyond
hydrogen-bond donation from the HBD, the polarity and ionic character of the HBA play
a decisive role in governing interactions with the polyanionic alginate. In particular,
HBAs with lower hydrophobicity and stronger charge complementarity appear to
promote more favourable interactions. These findings are consistent with literature
highlighting the importance of complementary solvent-polymer interactions in
polysaccharide dissolution [101, 109].

Interestingly, different trends were observed for solvent selectivity (Figure 2.5). Among
DESs containing glycerol as HBD, TEA:glycerol exhibited the highest selectivity (237),
which may be attributed to strong electrostatic interactions between the cationic
tetraethylammonium ion and the negatively charged carboxylate groups of alginate
[110]. These interactions likely promote preferential stabilisation of alginate relative to
competing polysaccharides with different functional group chemistry. In contrast,
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betaine is a zwitterionic HBA containing both a quaternary ammonium and a
carboxylate group [111]. While this dual functionality enhances overall hydrogen-
bonding capacity and improves general solubilisation, it may reduce electrostatic
specificity, resulting in lower selectivity compared to TEA-based DESs. For DESs
containing lactic acid as HBD, consistently low selectivities were obtained (0.40-2.60),
suggesting that the acidic character of the HBD may dominate the interaction
behaviour and limit the influence of HBA variation on selectivity (Figure 2.5). Notably,
these trends differ from the capacity results, where certain DES, for instance TEA-
based, showed relatively low solubilisation capacity despite their high selectivity. This
contrast demonstrates that capacity and selectivity are governed by distinct
interaction mechanisms.

a) b)

Bet:Gly BetLA
ChCI:Gly LA
Proline:LA

Proline:Gly
Men:LA

TEA:Gly
ChCILA
TBAC:Gly TEALA
CA:Gly TBAC:LA

0 50 100 150 200 250 0 0.5 1 15 2 25 3
Selectivity Selectivity

Figure 2.5 Effect of the HBA on the selectivity for (a) glycerol as HBD and (b) lactic acid as HBD.

While overall polarity and hydrogen-bonding ability enhance solubilisation, specific
electrostatic complementarity between the HBA and alginate appears to drive
preferential stabilisation. Therefore, tuning the HBA structure provides a means to
steer solvent systems towards either higher solubility or greater specificity, depending
on the targeted extraction objective.

2.3.3 Effect of HBA:HBD molar ratio

The effect of the HBA to HBD molar ratio on the capacity and selectivity of DES towards
alginate was investigated. For the selected DES, the HBA:HBD ratios were varied
across 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, and 1:4 for both choline chloride- and betaine-based
systems (Figure 2.6). Interestingly, varying the HBA:HBD ratio affected capacity and
selectivity in opposite directions for the two HBAs (Figure 2.6). For ChCl-based DESs,
decreasing the HBA:HBD ratio from 4:1 to 1:4 led to an increase in both capacity and
selectivity (Figure 2.6 a-b), whereas for Bet-based DESs, the same change caused a
decrease in these parameters (Figure 2.6 c-d).
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Figure 2.6 Effect of the HBA:HBD ratio for choline chloride-based DES on the (a) capacity and (b)
selectivity, and the effect of the HBA:HBD ratio for betaine-based DES on the (c) capacity and (d)
selectivity. HBA:HBD ratios of 4:1, 3:1, 2:1, 1:1, 1:2, 1:3 and 1:4 were assessed.

These opposing trends can be explained by the distinct hydrogen-bonding
characteristics of the two HBAs. Choline chloride acts as a hydrogen-bond acceptor
via the chloride ion, while the choline cation’s hydroxyl group can also participate in
hydrogen-bond donation [112]. Additionally, the cationic choline moiety provides
electrostatic stabilisation of alginate’s carboxylate groups. Increasing the HBD
proportion therefore strengthens the hydrogen-bond network and enhances solvation
capacity. Betaine, in contrast, is a zwitterionic species that functions primarily as a
hydrogen-bond acceptor. Its carboxylate group forms strong interactions with
hydrogen-bond donors, but excess HBD can oversaturate these acceptor sites,
disrupting the optimal HBA-HBD balance. As demonstrated by Abranches et al. [113],
betaine-based DESs exhibit unusually strong interactions between HBA and HBD
within a narrow compositional window, and excess HBD destabilises the structured
network. Consequently, decreasing the HBA:HBD ratio in betaine-based DESs
weakens betaine-HBD interactions, reducing alginate solubilisation, whereas a higher
betaine proportion favours ionic and hydrogen-bonding interactions with alginate’s

carboxylate groups.

These results demonstrate that the solubilisation and selectivity of DES are governed
by the balance between hydrogen-bond donors and acceptors, and that the optimal
HBA:HBD ratio depends on the HBA. This illustrates that both the choice of HBA and its
ratio with the HBD must be considered in tandem to achieve selective solubilisation.
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These insights establish guiding principles for DES composition, providing a foundation
for systematic performance screening and the identification of optimal formulationsin
subsequent computational studies.

2.3.4 Performance index

The performance Index (P.l.) provides a metric to evaluate the combined performance
based on the capacity and selectivity. Pl values ranged from 0.05 for TBAC: Acetic acid
to 3679 for DES ChCl:Thiourea (Table S2.1). The five DES with highest P.l. were
ChCl:Thiourea, Bet:1,4-B, ChCl:1,2-B, ChCl:Iso and ChCl:MDEA). These DESs were
subsequently analysed in greater detail based on their predicted interaction behaviour
toward alginate. Sensitivity analysis using alternative weighting factors produced
comparable ranking trends (Table S2.1), indicating that the overall DES ranking was not
strongly dependent on the selected weighting scheme.

The capacity-selectivity scatter plot (Figure 2.7) exhibited a diagonal arrangement of
DESs, reflecting the interdependence between solubilisation capacity and selectivity
towards alginate. DESs positioned in the lower-right region, including TEA:glycerol
(selectivity of 238, capacity of 25), exhibits high selectivity but moderate capacity,
indicating potential for high-purity alginate isolation, whereas DESs in the upper-right
region, including ChCL:MDEA (selectivity of 187, capacity of 1546) achieves both high
capacity and moderate selectivity, favouring maximal extraction yields. These
observations suggest that solvent selection that solvent choice may be tailored
according to the target outcome, depending on whether stronger predicted capacity or
higher predicted selectivity is prioritised.
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Figure 2.7 Selectivity versus the capacity for alginate of the 115 DES. Red diamonds indicate the
5 highest-ranked DES.
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These results indicate that this computational screening approach provides a rapid
and rational manner to identify promising DES candidates for alginate extraction. While
experimental validation remains essential, the method substantially reduces the
number of solvents to be tested. By calculating the activity coefficients from a variety
of HBA and HBD combinations, the capacity and selectivity of each DES can be
comparatively assessed, allowing solvent systems to be evaluated based on either
stronger predicted solubilisation or higher predicted selectivity, as summarised in
Figure 2.8. Importantly, this approach may also be applicable to other extraction
processes and target compounds. Furthermore, it allows solvent selection to be
tailored depending on whether stronger predicted solubilisation or selective
intermolecular interactions are prioritised, thereby providing insight into DES
structure—property relationships.

However, it should be noted that favourable thermodynamic predictions do not
necessarily directly translate into high experimental extraction yields, as extraction
performance is also influenced by factors such as biomass disruption efficiency, mass
transfer limitations, solvent viscosity, and interactions with other biomass
constituents. In addition, the fragment-based trimer approximation represents local
intermolecular interactions rather than full polymer behaviour. Nevertheless, this
approach provides valuable insight into solvent-solute interactions and serves as an
effective pre-screening tool to narrow down suitable DES candidates prior to
experimental evaluation.

Input solvent candidates
¥
Activity coefficient calculation ln(yfw) = “é;“:
L RT
¥
DES capacity
1 solubility 1 purity  [€—> C ngE‘S =1 / }/l—m
C > 1000 C>25
¥
DES selectivit: YE o0
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Ya 4
v
Overall DES selectivity
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¥
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Figure 2.8 Process overview for selective DES design for alginate solubilisation.
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2.4.Conclusion

This study demonstrated that computational screening can be used to comparatively
evaluate DES-polysaccharide interaction trends for structurally related
polysaccharides. Initial o-profile analysis revealed distinct surface charge
distributions among alginate, laminarin, and fucoidan, indicating differences in
predicted intermolecular interaction behaviour between the polysaccharides.
Systematic evaluation of hydrogen bond donor and acceptor identity, as well as
HBA:HBD molar ratio, showed that solubilisation capacity and selectivity are governed
by distinct yet interrelated interaction mechanisms. While overall polarity and
hydrogen-bonding capacity primarily influence predicted solubilisation extent,
electrostatic complementarity and functional group organisation may contribute to
preferential stabilisation. Importantly, solvent composition and molar ratio must be
considered in tandem, as their combined effects influence the balance between
predicted selectivity and solvation strength. Integration of capacity and selectivity into
a unified performance index enabled comparative solvent ranking based on predicted
interaction behaviour.

Overall, this work presents a computational screening approach for evaluating DES-
polysaccharide interactions and identifying promising solvent systems for alginate
solvation. Although the present framework focuses on comparative thermodynamic
interaction trends at infinite dilution, the approach may support future experimental
solvent screening studies and provide insight into DES structure-property
relationships relevant to biomass fractionation.
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2.5.Supplementary information

B-D-mannuronic acid a-L-guluronic acid

I\ |
[ 1 [ 1

Figure S2.1 Chemical structure of part of alginate, represented by linked B-D-mannuronic acid
and a-L-guluronic acid monomers.

The chemical structure of fucoidan is composed of a-L-fucopyranose residues linked
by (1»3) or (1>4) or alternating (1»2) and (1->3) glycosidic bonds. It is branched
featuring sulfation at C-2 or C-4 positions. Laminarin is composed of linear backbone
of $(1>3)-D-glucopyranose units.

a)

Figure $2.2 Chemical structures of (a) fucoidan and (b) laminarin.
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Table S2.2 Molecular structures of the five deep eutectic solvents with the highest predicted

alginate solubilisation capacities based on computational screening.
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Abstract

This study demonstrated an effective method for extracting alginate from the brown
seaweed Ascophyllum nodosum using deep eutectic solvents (DES), achieving a higher
yield than traditional alkaline extraction methods. Eight choline chloride-based DESs
were tested, with DES ChCl:Urea (1:2) yielding the most alginate. The extraction
conditions were optimised using response surface methodology (RSM), which
identified the biomass to liquid ratio as the most significant factor influencing
extraction efficiency. The optimised parameters resulted in a 74% extraction efficiency
of alginate. Characterisation through FTIR and size exclusion chromatography showed
that the extracted alginate was comparable to that obtained via the conventional
alkaline extraction method. Overall, DES extraction offers a more efficient and
sustainable alternative to conventional methods, which typically extract only 10% to
24.5% of total alginate.
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3.1.Introduction

There is a pressing need to adopt green biorefinery technologies for the sustainable
extraction of bioactive compounds from biomasses, as current methods often rely on
environmentally and health hazardous solvents. These conventional extraction
techniques not only involve toxic solvents but also generate significant chemical waste
due to the lack of solvent regeneration. The food processing sector has expanded
dramatically over the past decade, particularly regarding products rich in biologically
active compounds. Consequently, the efficacy and safety of food extraction
techniques have gained increased attention. This has led to a surge in research
focused on developing new extraction methods that are not only rapid and cost-
effective but also more efficient and environmentally friendly, thereby enhancingyields
and extract quality without the use of potentially harmful organic solvents [114]. The
use of green solvents is a critical area of study in pursuit of sustainable development
goals.

Deep eutectic solvents (DES) offer a promising alternative as green solvents for
bioactive compound extraction [115-117]. DES are recognised as excellent substitutes
for organic solvents due to their simple manufacturing process, low cost, potential
biodegradability and negligible toxicity [9, 10, 118]. They have emerged as versatile and
effective solvents with proven applications in a variety of processes, including the
extraction of a wide range of food components. Composed of a combination of
hydrogen bond donors (HBD) and hydrogen bond acceptors (HBA), DES demonstrate a
melting point depression when mixed in specific ratios, resulting in a liquid at a certain
temperature [14, 15].

DES have been effectively utilised for extracting various biological compounds, such
as polysaccharides, lipids and phenolic compounds, from diverse biomass sources
including plants, microalgae and lignocellulosic biomass [32, 115, 119-121]. However,
there is limited research on the use of DES for extracting phycocolloids from seaweed
biomass. Brown seaweeds predominantly consist of phycocolloids, with alginate
comprising approximately 30-35% of their dry weight. Alginate, found in the cell walls
of brown seaweed, consists of the uronic acids B-D-mannuronic acid and a-L-
guluronic acid (Figure S3.1). These two uronic acids are present in varying sequences
and ratios [122]. This hydrocolloid is widely used as a thickening and stabilising agent
in the food and pharmaceutical industry due to its ability to form stable gels [123].
Current alginate extraction methods involve harsh chemicals, including formaldehyde,
under acidic and alkaline conditions across multiple processing stages, leading to
excessive water use and high energy consumption [56, 124]. Moreover, these methods
only yield 10% to 24.5% of the total alginate [122, 125, 126].
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As a more sustainable alternative, DES could be used for alginate extraction from
brown seaweed. Das et al. [119] reported a maximum extraction yield of 60.25% k-
carrageenan from the red seaweed Kappaphyccus alvarezii using ChCl:glycerol (1:2)
(10% water). Another study applied microwave-assisted DES extraction from Fucus
vesiculosus, achieving 11.63% vyield of polysaccharides using DES ChCl:1,4-
butanediol (1:5) with 32% of water [127]. Similarly, ultrasound-assisted DES extraction
of polysaccharides from Sargassum horneri yielded 11.31% using ChCl:1,2-
propanediol (1:2) with 30% water [63]. Additionally, Saravana et al. [128] demonstrated
that 28.12% alginate could be extracted from Saccharina japonica using subcritical
water extraction with ChCLl:Gly (1:2) containing 70% of water. Due to the high water
content, this solution cannot be classified as a DES and is considered as a subcritical
water extraction with solubilised HBA and HBD components.

While the aforementioned studies achieved considerable extraction yields, they
employed additional techniques alongside DES. There is currently no literature on the
use of DES as sole extracting agent for alginate. By omitting additional techniques such
as ultrasound, microwave or subcritical water assistance, the extraction process could
be simplified, reducing both equipment and operational costs.

In this research, alginate was extracted from brown seaweed Ascophyllum nodosum
using eight different choline chloride-based deep eutectic solvents as a more
sustainable extraction method. Prior to extraction, the interactions between the DES
and alginate were evaluated through o-potential using COSMO-RS (Conductor-like
Screening Model for Real Solvents), a quantum chemistry-based method that predicts
the behaviour of compounds in solvents. This theoretical approach assessed the
compatibility of the DESs with alginate extraction. The effects of various operating
parameters, including extraction temperature, time, biomass content, and water
contentinthe DES, were experimentally analysed using response surface methodology
(RSM), significantly increasing alginate yield compared to traditional alkaline
extraction. Additionally, the extracted alginate was characterised using FTIR and SEC
analysis. These results indicated that alginate extracted with DES was similar to
alkaline extraction regarding functional groups. Overall, this study demonstrates that
DES-based extraction of alginate can not only surpass currentindustrial yields but also
improve process efficiency, positioning DES as a highly promising extraction agent for
alginate in the food sector. This approach not only supports sustainable production but
could also enhance alginate’s functional properties, making it ideal for diverse food
application. This work sets a foundation for future DES-based processes that can
improve both extraction efficiency and the quality of food-grade products.
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3.2. Materials and methods

3.2.1 Materials

All chemicals used were purchased from Sigma Aldrich (Merck). DESs were prepared
using the following materials: choline chloride (= 98%), urea (= 99.5%), imidazole (=
99%), thiourea (= 98%), methyldiethanolamine (= 99%), ethylene glycol (= 99.8%),
glycerol (> 99.5%), levulinic acid (= 98%) and acetic acid (= 99%). For the uronic acid
assay, a 0.125% solution of carbazole (purity = 95%) in absolute ethanol (= 99.9%) was
prepared and a 5 mM solution of sodium tetraborate (= 99%) in concentrated sulfuric
acid (95-98%) was prepared. The carbazole and sodium tetraborate solutions were
stored inthe darkat 4 °C. Fresh Ascophyllum nodosum was provided by project partner
Algaia (France) in March 2023 (Figure S3.2). The seaweed was frozen using liquid
nitrogen and stored at -80 °C until it was used for extraction. Before extraction, the
seaweed was freeze dried and subsequently crushed into powder by grinding it with a
mortar and pestle.

3.2.2 Instrumentation

The Tecan Infinite M200 plate reader was used for alginate quantification. The
extracted alginate, the DES and DES constituents were analysed with Fourier transform
Infrared Spectroscopy (FTIR). FTIR Nicolet Summit X attenuated total reflection (ATR)
FTIR Spectrometer (ThermoFisher Scientific) was used, with a range of 400-4000 cm™".
For alginate size determination, HPLC size exclusion chromatography (SEC) was used
[129]. Standards of pullulan, ranging from 0.18 to 1250 kDa were used. An AdvanceBio
SEC 300A (2.7 pm 7.8 * 300 mm) was used for determining the size. Alginate was
detected by a DAD detector (203 nm), while pullulan was detected by RID [129]. A 0.1
M ammonium phosphate buffer (pH 4.4) was used with a flow rate of 0.8 mL/min.

3.2.3 Methods

3.2.3.1 DES preparation

For extraction of alginate, eight different deep eutectic solvents were used (Table 3.1
and Supplementary Information Table $3.1). These DESs were selected to study the
effect of choline chloride-based DES with different HBDs on the extraction yield of
alginate. The selected ratios were obtained from literature (Table 3.1). These DESs
were prepared by combining the HBA and HBD in the appropriate ratios and were
heated in a water bath at 80 °C until a transparent solution was obtained. For the DES
ChCl:l and ChCL:ThioU 20 wt% of water was added and for ChCl:Gly and ChCl:LevA 10
wit% of water was added.
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Table 3.1 Deep eutectic solvents and the molar ratios used for alginate extractions.

DES HBA HBD Ratio Abbreviation Reference
DES1 ChCl  Urea 1:2 ChCl:U [130, 131]
DES2 ChCl Imidazole 3.7 Chctl [132]
DES3 ChCl Thiourea 1:2 ChCLl:ThioU [130, 131]
DES4 ChCl Methyldiethanolamine 1:6 ChCLMDEA [133]
DES5 ChCl Ethylene glycol 1:2 ChCLEG [119]
DES6 ChCl Glycerol 1:2 ChCLl:Gly [119]
DES7 ChCl Levulinic acid 1:2 ChCl:LevA [134]
DES8 ChCl  Acetic acid 1:2 ChCLAA [135]

3.2.3.2 Extraction and quantification of alginate

Alginate was extracted from A. nodosum with eight different DESs. For initial
extractions, 500 mg of powdered seaweed was added to 10 g of DES and this was
vortexed before it was put in a water bath for the extraction [119]. Extractions were
performed at 80 °C for 1 hour and samples were vortexed every 10 minutes. For the
extraction optimization, these extraction conditions were altered. As control method,
the conventional alkaline extraction was performed. For alkaline extraction, acid water
containing H.SO, (pH 1.9) was added in a 1:1 (w/w) ratio to seaweed and this was set
for one hour at room temperature. Next, Na,CO3; was added in a ratio 0.0325:1 (w/w)
for aone hour extraction at 65°C. Extractions with the different DESs and controls were
performed in triplicates. After extraction, the samples were centrifuged and the
supernatant was used for analysis of alginate content (Figure 3.1). For the total alginate
content determination of A. nodosum, 10 mg of A. nodosum was hydrolysed using 2.5
M H,SO, and incubated at 96 °C for 3 hours, after which 2.5 M NaOH was added to
neutralise the samples. Alginate quantification was performed using the 96-well plate
uronic acid carbazole reaction as proposed by Cesaretti et al. [136]. The alginate yield
was quantified using Equation 3.1:

Cextract

Yield (%) = —2fL__ 100 (3.1)

MpiomassXdry

where C,..rqct 1S the concentration of the extract, p,is the density of the solvent,
Mpiomass 1S the weight of the initial biomass and x4, is the weight fraction of the
biomass that is dry biomass. With this expression the yield is a function of the dry
biomass weight.

64



Alginate extraction and optimisation

3.2.3.3 Characterisation of alginate and DES

The alginate extracts were subsequently isolated and purified by first precipitation with
calcium chloride dihydrate 1% w/v, followed by two washing steps with 80% ethanol.
The precipitated alginate was dried under nitrogen and analysed with FTIR. FTIR was
selected due to its widespread application and established reliability in the
characterisation of seaweed polysaccharides [119, 128, 137]. Extracts with the
conventional alkaline extraction method and DES extraction were compared. The
optimal DES and its components were also analysed using FTIR, a commonly used and
suitable method for characterising DES [138-140]. For alginate size determination,
HPLC size exclusion chromatography (SEC) was used (Section 3.2.2) [129].

Asophyllum
nodosum DES

Quantification

r il S
— &
S = A4
Drying, Sieving Extraction  Centrifugation Separation,
Milling Purification

Characterisation
Figure 3.1 Pictorial representation of the alginate extraction process with deep eutectic
solvents.

3.2.3.4 COSMO-RS evaluation

COSMO-RS (Software for Chemistry and Materials BV (SCM), Amsterdam, The
Netherlands) version 2022.103 within the Amsterdam density functional (ADF) package
was used for the COSMO-RS analyses [67]. The molecular geometry of all used
molecules was pre-optimised using a universal force field (UFF) at density functional
level GGA:BP86 basis set TZP. The o-profile and o-potential analyses of alginate and
the DESs were conducted with COSMO-RS. The monomer D-mannuronic acid was
considered using the polymer function, considering the o-profile of an average
monomer. A representation of the alginate polymer was obtained by multiplying the
monomer o-profile by a factor equal to the number of repeat units in the polymer. In
this way, a o-profile for the polymer was created while not being an exorbitantly
expensive calculation. Previous research showed that this trimer representation was
sufficiently accurate for calculating various thermodynamic properties while not being
an expensive and time-consuming calculation [141, 142].
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3.2.3.5 Optimisations study

The software Design-Expert 13 (version 13.0.14) was used for the optimisation study.
Response surface methodology (RSM) combined with Box Behnken Design (BBD) was
used to study the influence of four different factors on the extraction yield of alginate
(Table 3.2). A three-level BBD was used, as this has widely been applied in literature
for optimising DES extraction conditions [32, 62, 128, 143, 144]. The factors extraction
temperature (40 to 95 °C), extraction time (0.25 to 3 hours), biomass to DES amount
(2.5 to 25% w/v) and water content in the DES (0 to 30 wt %) were considered in the
optimisation of alginate extraction (Table 3.2). These values were selected to have a
broad range of extraction conditions, therefore allowing to study interactions of these
factors. Within BBD, first and second order coefficients can be investigated. The
optimisation experiment consisted of 25 runs, with 5replicates and 5 lack-of-fit points.
As a response, the alginate extraction yield was selected, expressed as a function of
the dry biomass weight.

Table 3.2 The factors and three levels per factor for the BBD experiment.

Factor Level

-1 0 1
Extraction temperature (°C) 40 60 95
Extraction time (hours) 0.25 1.5 3
Biomass (% w/v) 2.5 10 25
Water content (wt %) 0 10 30

Subsequently, the extraction conditions were optimised using a numerical solution of
the software, displaying a desirability of 1. For this, the response (alginate yield) was
set at a maximum. Experimental validation was performed in triplicate with these
optimised conditions.

3.2.3.6 Statistical analysis

All experiments were performed in triplicates. Statistical analysis for the extraction
yield of alginate with different solvents was performed by Duncan’s multiple range test.
P values < 0.05 were considered statistically significant. Error bars represent the
standard deviations of the triplicate measurements. For the optimization study, the
model was verified using an analysis of variance test (ANOVA) to validate the accuracy
of the predictive model.
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3.3.Results and discussion

3.3.1 DES-alginate molecularinteractions

Alginate and the different DESs can be evaluated using their o-profiles and o-potentials
(Figure 3.2 and Figure 3.3), which represent the charge density distribution of the
molecular surface. In this way, predictions regarding the performance of the solvents
in the extraction of alginate can be made. The hydrogen bond donating region is located
at less than -0.085 e/A?, while the hydrogen bond accepting region is present at greater
than +0.085 e/A?[93]. The molecular surface is considered too non-polar to contribute
to hydrogen bonding when its value is between -0.085 and +0.085 e/A2. The o-profile of
alginate indicates that predominantly polar regions are present alongside some non-
polar regions within the molecule (Figure 3.3). The o-potential of alginate and the DESs
were used to assess the affinity of alginate towards the DESs. Identifying
complementary interactions would enhance the compatibility between the DES and
the compound [93, 145]. Higher negative values of the o-potential y-axis (chemical
potential) indicate a stronger interaction between compounds, while increased
positive values suggest repulsive forces [93, 99]. The o-potential of alginate shows
negative values in both the HBD and HBA regions (Figure 3.2). In the non-polar region,
the values are positive. Polar peaks are attributed to the OH-groups present in D-
mannuronic acid, which contribute to the difference in electronegativity between the
O and H, while the non-polar regions are attributed to the neutrally charged areas
containing C-H atoms. This suggests that alginate is likely to dissolve in solvents
containing both HBD and HBA regions. However, slightly more negative values are
observed inthe HBD region, indicating that a DES with marginally better HBA properties
could be a more suitable extractant.

HBA region

HBD region i Non-polar
0.1 |

B A

-0.010i -0.005 0000  0.005 425

-0.1

-0.3

1/A2? (kcal/mol)

-0.7

-0.9

o (e/A?)
-#-Alginate ¢~ ChCl:U —<ChCl:I -#-ChCl:ThioU - ChCI:MDEA —#-ChCl:EG -#-ChCl:Gly -4-ChCl:LevA —ChCL:AA

Figure 3.2 o-potential of alginate (red), ChCl:U (blue), ChCL:I (orange), ChCl:ThioU (grey), ChCl:MDEA
(yellow), ChCL:EG (light blue), ChCL:Gly (green), ChCL:LeVA (dark blue), ChCL:AA (brown).

67



Chapter 3

All DESs showed a similar o-potential, with slight positive values in the non-polar
regions and negative HBA and HBD regions (Figure 3.2). Similar o-potentials indicate
that there is an affinity between the DES and the compound [146]. Due to the presence
of both HBA and HBD groups, alginate could form hydrogen bond interactions with all
studied DES. In particular, ChCl:U, along with ChCl:I and ChCl:LevA, shows a
symmetric curve with a slightly stronger HBA region than HBD, indicating that
complementary hydrogen bonding interactions could occur between the OH groups of
alginate and cholinium cations acting as HBA (Figure 3.2, Figure S3.3). Hence, these
solvents could potentially extract more alginate compared to the other solvents.
However, interactions in the non-polar region may also influence the extraction
mechanism [145], potentially contributing to variations in experimentally observed
extraction yields.

T
HBD region Nonspolar HBA region

P (o)

2 F

0 " n n " n s n n
-0.025 -0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0.020 0.025

o (e/A?)

Figure 3.3. o-surface (top) and o -profile (graph) of alginate. The red parts of the o -profile
represent electronegative regions of the molecule, while blue indicates electropositive regions.
Green areas represent neutral regions.

Additionally, it must be noted that, apart from the interactions between DES and
alginate, other interactions could also occur during alginate extraction. Compounds
present in the cell wall, such as laminarin and fucoidan, could interact with the DES,
as well as hydrophilic proteins, thereby influencing the extraction efficiency. In
Ascophyllum nodosum, the protein content is relatively low, comprising only 5-10%
DW [147]. As a result, proteins were excluded from consideration. The majority of the
carbohydrate fraction in A. nodosum consists of alginate (15-30% DW), with smaller
contributions from laminarin (0-10% DW) and fucoidan (4-10% DW) [147]. Given their
lower contents of laminarin and fucoidan, it is likely that most interactions will occur
between the DES and alginate.
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Based on o-potential analysis, complementary interactions of hydrogen bonding
interactions between the HBD and HBA of alginate and the DES could occur. Thus,
according to these analyses, all DES should be able to interact with alginate and were
subsequently used for the extraction of alginate from A. nodosum.

3.3.2 Alginate extraction

Alginate was successfully extracted with the DESs used in this study and with the
alkaline extraction control. Among the DESs, extraction yields ranged from 5.58 +
1.71% per DW for ChCLl:U, t0 2.15 + 0.33% for ChCLl:AA (Figure 3.4). From total alginate
content determination in the biomass (Section 3.2.3.2), it was determined that A.
nodosum biomass contained approximately 27% alginate in dry weight. This indicates
that with ChCLl:U, an extraction efficiency of 20.7% was reached (20.7% of the total
alginate content was extracted) while with ChCL:AA this was 7.9%. DESs ChCL:ThioU
and ChCl:l also extracted similar amounts of alginate compared to ChCLl:U, with yields
of 5.20% + 0.81 g /g DW (19.3% alginate extraction efficiency) and 4.68 + 0.37% g/g DW
(17.3% of alginate extraction efficiency), respectively. Variations in extraction
efficiency within the same DES were probably due to the sensitivity of the colorimetric
assay. For future studies, alternative quantification methods beyond colorimetric
assays could be employed, such as HPLC, to enhance accuracy and specificity in
measurement. The alkaline control showed similar extraction yields compared to DES
extraction, with an extraction yield of 4.9 + 0.6% (Figure 3.4).

Some DES showed decreased extraction yields compared to others. However, the o-
potential plots for most DESs were similar. This could indicate that the interaction
between DES and biomass is an important factor to consider for the ability to extract
compounds from biomass. Previous studies have shown that certain DESs can affect
the permeability and availability of intracellular components in plant cell walls,
microalgae and bacteria [148-150], indicating that factors beyond the affinity of the
DES for the product may be crucial for extractions.

Even though the conventional method extracted similar amounts of alginate compared
to DESs (Figure 3.4), the DES process is intensified compared to alkaline extraction.
With the applied DES extraction, only one extraction step of an hour is applied. Alkaline
extraction comprises of two one-hour steps, including soaking in acid conditions,
followed by alkaline extraction. Besides, the usage of DES in the alginate extraction
process could decrease the high water usage currently employed in the alkaline
process. Industrial alginate processing methods require approximately 1000-1500 m?
of water per ton of sodium alginate produced [151]. Additionally, a milder extraction
can be performed using DES compared to alkaline extraction, making use of extraction
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solvents that are environmentally less harmful. Nevertheless, a concrete techno-
economic analysis and life cycle assessment (LCA) need to be conducted to compare
these processes and assess the sustainability of DES [152].

a
a
a a !
a
a
b
i b
Alkaline ChCl:U ChCl:ThioU ChCl:1 ChCI:MDEA  ChCLEG ChCl:Gly  ChCl:LevA  ChCL:AA

Figure 3.4 Extraction yields of alginate with different DESs and alkaline extraction (control).
Extraction yields are expressed as a percentage of alginate extracted per dry weight content.

Extraction yield (%)
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So far, the focus has only been on the DESs, while the operating extraction parameters
(temperature, extraction time, the water content of the DES and the biomass to DES
ratio) were fixed. The obtained alginate extraction (20.7% of the total alginate for
ChCl:U) with DES could possibly still be improved further. By testing different
extraction conditions, the influence of these different parameters and the main
influential contributors can be assessed. By understanding these influences on the
extraction process, the alginate extraction yield could be enhanced. To further improve
the obtained extraction yield of alginate by using DES, an optimization was performed
with one of the DESs for the extraction temperature, extraction time, the biomass to
solvent ratio and the water content in the DES.

3.3.3 Optimisation of alginate extraction

To enhance the alginate extraction yield, four factors were optimised using ChCL:U.
DES ChCLl:U was selected due to the highest alginate extraction efficiency obtained
with this DES before optimization (Section 3.3.2). The data was analysed with multiple
regression with a reverse square root transformation. Based on this, an equation was
formed (Equation 3.2). This equation describes the interaction between the extraction
yield of alginate and the extraction factors. The quadratic polynomial equation
obtained, was:

Yield = 0.4514 - 0.0364 A-0.0109 B + 0.1828 C - 0.0329 D + 0.0565 AB - 0.0215 AC
+0.0380 AD + 0.0154 BC + 0.0611 BD +0.0022 CD - 0.0124 A*+0.0175B?-0.0135 C* +
0.0894 D

(Eq. 3.2)
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Within the optimisation study, 25 experimental runs were performed using a BBD
(Table S3.3). This model was verified using an analysis of variance test (ANOVA), which
validated the accuracy of the predictive model (Table S$3.2). The R? value of this model
was 0.9706, and the Adjusted R?and Predicted R? (0.9293 and 0.8097, respectively) had
a difference of less than 0.2, indicating these are in reasonable agreement.
Furthermore, the value of adequate precision was found to be 19.069. This value
should be greater than 4 for the model to be useful in navigating the design space.

The overall model was found to be significant, with a p-value of < 0.0001 and a non-
significant lack of fit value of 0.3345 (Table 3.3). The Model F-value of 23.55 indicates
that the model is significant, with only a 0.01% chance that an F-value this large could
occur due to noise.

The significant model terms include temperature (A), biomass concentration (C), water
content (D), and temperature with time (AB), temperature with water (AD), time with
water (BD) as well as the quadratic water term (D?), all with p-values less than 0.0500.
In contrast, the terms time (B), temperature with biomass (AC), time with water (BD),
biomass with water (CD) were not significant, as they had a p value above 0.05. The
quadratic terms for temperature (A2?), time (B2 and biomass (C?) were also not
significant (Table 3.3).

Subsequently, RSM 3D surface plots were generated to analyse the interactions
between various factors affecting the alginate extraction yield. The biomass content (p
< 0.0001) was identified as the primary influential factor on the extraction yield (Table
3). Regardless of the temperature, time and water content of the DES, the 3D surfaces
indicated that the highest extraction efficiencies were obtained with the lowest
biomass concentration (2.5% w/v) compared to solvent added (Figure S3.4).
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Table 3.3 Analysis of variance (ANOVA) test for response surface of the quadratic model for the
alginate extraction efficiency.

Source Sum of df Mean F-value p-value

Squares Square
Model 0.7586 14 0.0542 23.55 <0.0001 significant
A-Temperature 0.0192 1 0.0192 8.33 0.0162 significant
B-Time 0.0014 1 0.0014 0.5880 0.4609 not significant
C-Biomass 0.4097 1 0.4097 178.01 <0.0001 significant
D-Water 0.0153 1 0.0153 6.67 0.0273 significant
AB 0.0290 1 0.0290 12.62 0.0053 significant
AC 0.0050 1 0.0050 2.18 0.1703 not significant
AD 0.0149 1 0.0149 6.46 0.0293 significant
BC 0.0018 1 0.0018 0.7922 0.3944 not significant
BD 0.0257 1 0.0257 11.17 0.0075 significant
CDh 0.0000 1 0.0000 0.0212 0.8871 not significant
A? 0.0006 1 0.0006 0.2535 0.6255 not significant
B? 0.0013 1 0.0013 0.5526 0.4744 not significant
c? 0.0005 1 0.0005 0.2010 0.6635 not significant
D? 0.0271 1 0.0271 11.76 0.0064 significant
Residual 0.0230 10 0.0023
Lack of Fit 0.0138 5 0.0028 1.50 0.3345 not significant
Pure Error 0.0092 5 0.0018
Cor Total 0.7816 24

Extraction vyields increased due to higher mass transfer at lower biomass
concentrations. Furthermore, the surface plots demonstrated that high temperature
(Figure S3.4b) and extended extraction time, combined with low biomass content
(2.5% w/v), resulted in increased extraction efficiency compared to lower
temperatures or shorter extraction times. Higher temperatures reduce the viscosity of
the DES, thereby enhancing mass transfer during extraction.

The significant impact of the biomass to solvent ratio on the extraction efficiency could
be attributed to the diffusion of alginate into the DES. An increased extraction efficiency
at lower biomass to solvent ratios may arise from an increased concentration gradient
between the biomass and solvent [153, 154]. In a study focussed on polyphenolic
extraction with DES, an increase in solid to liquid ratio significantly enhanced the
extractionyield for each studied DES [154]. It was noted that a higher amount of solvent
could enhance contact between both phases and enhance penetration into the cell
matrix. Therefore, increased extraction efficiency at lower biomass to solvent ratios
(2.5% biomass) could lead to a better diffusion of alginate in the DES, enhancing the
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extraction efficiency. Dardavila et al. [153] conducted extractions of phenolic and
carotenoid compounds from the microalga Chlorella vulgaris, finding an optimal
biomass to solvent ratio of 1:40 (2.5% biomass) after optimisation. Yue et al. [144]
investigated ultrasound-assisted DES extraction of palmatine and berberine from
Phellodendron chinense Schneid, obtaining an optimized biomass to solvent ratio of
1:30 (3% biomass). Our model suggests that further lowering the biomass-to-DES ratio
could increase yield. However, a too low solid to liquid ratio makes the process
impractical due to excess solvent, leading to challenges such as increased solvent use
and sample concentration. Thus, a biomass to solvent ratio of 2.5% was chosen for
further experiments.

Additionally, the 3D surface plots indicated that the water content of the DES
influenced the extraction efficiency, particularly at low biomass concentrations
(Figure 3.5 a-b). A short extraction time (0.25 h) yielded the highest alginate extraction
with a high temperature (95 °C) and a water content in the DES of approximately 20 wt%
(Figure 5a). In contrast, a longer extraction time (2.8 h), at a low extraction temperature
(40 ©°C), resulted in higher alginate extraction efficiency with a water content of
approximately 15 wt% (Figure 3.5b). This difference in optimal water content in the DES
may be attributed to hydrogen bonding availability and the diffusion rates. At a short
extraction times and high temperatures, an increased water content in the DES can
enhance hydrogen bonding with alginate, making it more accessible. Conversely, at
longer extraction times and lower temperatures, the water content can be reduced due
to the extended extraction duration.

Similar trends were observed in interaction between the extraction time and water
content at different temperatures (Figure 3.5 c-d). When a lower extraction
temperature (44 °C) was employed, a longer extraction duration resulted in higher
alginate extraction yields (Figure 3.5c). Extraction efficiencies remained sub-optimal
regardless of the water content at shorter extraction times. However, a high extraction
temperature (90 °C) increases alginate extraction efficiency when a short extraction
time (0.25 h) was used (Figure 3.5c¢). Additionally, as extraction time increased from
0.25 to 3 hours, the optimal water content slightly increased from approximately 11 to
18 wt% (Figure 3.5d). Over time, the available alginate in the biomass decreases,
making it less accessible. However, the increased water content improves the
diffusion coefficient, helping to maintain sufficient alginate extraction efficiency.
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Figure 3.5 3D surface plots of alginate extraction efficiency with ChCL:U for interaction with (A)
temperature and water content (biomass content =2.5%, time = 0.25 h), (B) temperature and water
(biomass content = 2.5%, time = 2.8 h), (C) extraction time and water content (biomass content =
2.5%, temperature = 43.9 °C) and (D) extraction time and water content (biomass content =2.5%,

temperature =90 °C.

When comparing response surface methodologies for DES extractions from different
biomasses, itis evident that optimal settings and interactions vary for each application.
A study by Wojeicchowski et al. [32] found that increasing the extraction temperature
enhanced antioxidant extraction from rosemary, using a DES composed of 15 wt% of
N3333ClL, 55 wt% of 1,2-propanediol and 30 wt% of water. Additionally, a solid to liquid
ratio of approximately 1:21 (4.8% of biomass) was identified as optimal. Saravana et al.
[128] reported a sufficient solid to liquid ratio at 1:30 (3% of biomass) for extraction with
the DES ChCL:Gly (1:2) (70% water) during subcritical water extraction from Saccharina
japonica. They noted no significant impact for changing the water content of the DES
between 50 and 70 wt%. In contrast, our study did observe a notable impact of the
water content on alginate extraction, as here the water content remained lower (0-30
wt %), thus maintaining the DES hydrogen bonding. Shang et al. [62] studied
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polysaccharide extraction using microwave-assisted DES extraction from Fucus
vesiculosus. In their study, extraction with DES ChCl:1,4-butanediol (1:5) showed that
only the water content (p=0.0029) was significant, while other factors, such as the solid
to liquid ratio, did not significantly affect the results (p=0.3601). Given that the biomass
content was the most influential parameter in this study, it suggests that extraction
parameters differ among various brown seaweed species and DES.

These studies indicate that the influence of extraction parameters varies depending on
the biomass, the extracted compound, and the composition of the DES used.
Therefore, when investigating the extraction of a specific compound, all extraction
parameters and different DESs must be considered.

Subsequently, optimised conditions were experimentally tested to increase the
alginate extraction yield. A value of 20.02% = 1.5 of alginate was extracted per g DW
when operating at 93.89 °C, for 1.69 hours, with 2.54% biomass and a water content of
16.89 wt% (Figure S3.5). With these optimised conditions, approximately 74% of the
total alginate content was extracted from brown seaweed using solely DES as the
extraction method. The yield obtained from the optimisation extraction was similar to
the yield (20.6%) predicted by the model. Optimised DES extraction (74% extraction
efficiency) thus greatly exceeds the conventional alginate extraction methods, which
currently have alginate extraction efficiencies between 10% and 24.5% [122, 125, 126].

3.3.4 Alginate and DES characterisation

3.3.4.1 Alginate characterisation

The extracted alginate was identified using FTIR spectroscopy and SEC, to determine
whether these different extraction procedures vyield alginate with similar
characteristics. The DES extraction with ChCl:U was compared to the current alkaline
extraction (Figure 3.6). The spectra of isolated alginate for both extracts contained
clear bands at 1400 and 1600 cm™, corresponding to carboxyl group (C=0) stretching
(Figure 3.6). These two bands are characteristics of alginate [155]. Additionally, a
broad band at 3300 cm™ and a weak band at 2925 cm™ were observed, correlating to
hydrogen-bonded O-H and C-H stretching vibrations, respectively [155]. The bands at
813 and 900 cm™ are assigned to a-L-gulopyranuronic asymmetric ring vibration and to
the mannuronic acid residues, respectively, which are representative of alginate [122].
The molecular size of the extracted alginate from both the DES and alkaline methods
was identified using SEC. From the standards, a polynomial equation was obtained
with an R? of 0.9857 (Figure S3.6). The DES extracts contained, on average, 44% of
alginate above 40 kDa, while the alkaline extract contained 55%. The molecular size of
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the DES extract above 40 kDa was 582 kDa, while for the alkaline extract, it averaged
438 kDa (Figure 3.6).

—Alkaline —DES

<40kDa__Size (kDa) |>40 kDa _Size (kDa)
DES 56% 25 44% 582
Alkaline 45% 6.2 55% 438

Alkaline

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm')

Figure 3.6 FTIR spectrum from alkaline extraction (1) and DES extraction (2) and molecular size
distribution of isolated and purified alginate.

Based on the FTIR and SEC results, it can be observed that alginate extracted with DES
does not differ significantly from that obtained through the current alkaline extraction
process. Similar functional groups were detected in both extracts, and the extracted
alginate displayed comparable molecular weights. Therefore, the DES extraction is
unlikely to affect the extracted alginate differently compared to the alkaline method.
Additionally, the molecular sizes of the extracted alginate were similar.

3.3.4.2 DES characterisation

FTIR spectroscopy was used to characterise DES ChCLl:U, to analyse functional groups
and assess hydrogen bond interactions between the hydrogen bond acceptor and
donor [156]. Additionally, the integrity of the DES after addition of water, applied in the
optimised extraction settings, was assessed. The FTIR spectra of pure choline chloride,
pure urea and ChCLl:U without water and with the optimal water content (16.89 wt%)
were evaluated (Figure 3.7).

For pure choline chloride (Figure 3.7a), vibration bands at 3290 and 3020 cm™ were
present, corresponding to O-H and C-H stretching vibrations, respectively [157]. The
band at 1490 cm™ corresponded to an alkyl group [157, 158]. For pure urea (Figure
3.7b), the bands at 3455 and 1625 cm™ are due to N-H stretching and deformation
frequencies, respectively, while the band at 1677 cm™ corresponds to C=0 stretching.
C-N stretching is indicated at 1455 cm™[159]. The DES ChCL:U showed bands at 3390-
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3220 cm™, corresponding to the stretching bands of O-H and N-H groups (Figure 3.7c).
The N-H bands appeared as deformed group due to hydrogen bond formation between
urea and choline [160]. Previous research determined that hydrogen bonding with this
DES occurs through the NH group of urea and the Cl of choline [161], confirming the
trends observed in the FTIR spectra. Between the pure DES and the DES containing
16.89 wt% water (Figure 3.7d), no clear differences were observed, indicating that the
DES maintained its hydrogen bonding between the HBA and HBD.

From the FTIR spectra, it was concluded that different functional groups from choline
chloride and urea were present in the formed ChCL:U DES. Thus, the FTIR peaks
observed in the formed DES indicate that the functional groups of the DES derive from
those of choline chloride and urea. Upon the addition of water, the functional groups
remain intact, thereby preserving the structure of the DES.

—ChCl —U —ChCLl:U —ChClL:U (16.89% water)

LN

C
1625 1455
L 3290 1490
3020
A
3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm")

Figure 3.7 FTIR spectrum of pure choline chloride (A), pure urea (B), eutectic mixture ChCLl:U (1:2)
(C), and ChCLl:U (16.89 %wt water) (D).

After optimising the DES extraction, an extraction efficiency of 74% of the total alginate
was achieved, exceeding the conventional alkaline extraction method. Furthermore,
the DES extraction using the natural deep eutectic ChCl:Urea could be a milder and
more intensified process that does not employ toxic chemicals. ChCl:Urea is
composed of non-hazardous substances and exhibits good biodegradability and
relatively low ecotoxicity [162]. Deep eutectic solvents could be utilised for industrial
applications to extract various bioactive components and can be applied to different
biomasses due to their high extraction yields. A standardised methodology is needed
to simplify the screening of DESs based on specific products, applications, and
biomass types. When examining factors such as extraction temperature, duration,
water content in the DES, and biomass concentration, it becomes clear that optimal
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conditions are strongly dependent on the type of biomass and the desired extracted
product. The primary influential factor for alginate extraction is the biomass to DES
ratio. Additionally, the selection of DES, along with the specific compound to be
extracted is crucial, as DES can have a disruptive effect on the biomass. Nevertheless,
using DES as the sole extraction agent for alginate could serve as an intensified,
suitable, and more environmentally friendly alternative to conventional extraction
methods.

One of the main challenges remainingis the recovery of the extracted compounds from
the DES and the recycling of the DES. Due to the low vapour pressure of these solvents,
they cannot be evaporated. Suitable separation methods for recovering the DES from
alginate need to be assessed before this process can be applied industrially and the
solvent can be reused. The potential of using switchable DES for alginate extraction
and separation should be considered, such as pH (acid base) [163, 164], temperature
[165, 166] and CO, [167, 168] responsive DESs. These switchable DES could facilitate
product recovery while allowing for solvent recycling. The effectiveness of these
solvents for alginate separation needs further investigation.
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3.4.Conclusion

This study investigated alginate extraction from Ascophyllum nodosum using eight
different deep eutectic solvents (DESs) and optimised the process for maximum yield.
Initial screening revealed that the DES-based process successfully extracted alginate
with final product characteristics comparable to those obtained through traditional
extraction. Among the solvents tested, ChCl:Urea (1:2 molar ratio) achieved the
highest alginate yield at 5.58 + 1.71% of dry weight. To further improve extraction, key
parameters—extraction time, temperature, biomass-to-solvent ratio, and DES water
content—were optimised. Results from ANOVA and response surface methodology
(RSM) indicated that the biomass to solvent ratio was the most significant factor, with
a 1:40ratio maximisingyield, likely due to enhanced alginate diffusion into the DES. For
lower biomass levels, the water content of DES also influenced efficiency. Short
extraction times (under one hour) resulted in higher yields with increased water
addition (20 wt%) compared to longer extraction times, where only 15 wt% water was
preferred. Under optimized conditions, the process achieved a yield of 20.02 + 1.5%
alginate per dry weight, which is 74% efficiency relative to total alginate content. FTIR
and SEC analyses confirmed that DES-extracted alginate closely resembled
traditionally extracted alginate, supporting DES as a mild, effective, and sustainable
alternative for industrial extraction. This foundational work suggests that DES-based
technology could be further explored in future studies to characterise the techno-
functional properties of alginate for enhanced applications.
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3.5.Supplementary Information

B-D-mannuronic acid a-L-guluronic acid

| I\
[ | [ |

Figure S3.1 Chemical structure of part of alginic acid, represented by linked B-D-mannuronic
acid and a-L-guluronic acid monomers.

Figure S3.2 Fresh Ascophyllum nodosum from Algaia used in the study.
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Table S3.1 Molecular structures of the DES combinations used in this work.

DES HBA HBD
DES1 Choline chloride: Urea cl:H3 0
(1:2) - P§
NZCl
e/ ~"on HaN" "NH;
HyC
DES2 Choline chloride: CH,
Imidazole (3:7) | // "\‘
NI CI™
e ] S o )
HyC N
H
DES3 Choline chloride: CH,
Thiourea (1:2) | S
NI CI™
He™/ OH )I\
H,C HoN NH,»
DES4 Choline chloride: CH,
Methyldiethanolamine | HO\/\N/\/OH
. NZ.CI™
(1:6) he ] > Non |
H,C
DES5 Choline chloride:
CH
Ethylene glycol (1:2) ¢ HO/\/OH
NI CI™
e/ N o
H,C
DES6 Choline chloride: CH, OH
Glycerol (1:2) N HO\)\/OH
Hac// \/\OH
HaC
DES7 Choline chloride: CH (0]
Levulinic acid (1:2) | N HO)J\/\’(CH:B
NI CI™
Hc”/ N Non o)
H,C
DES8 Choline chloride: Acetic CH,
acid (1:2) Lo Q
e, \/\
“3&30/ ont CHgy~ ~OH
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Table S3.2 ANOVA fit values for the predictive model of alginate extraction.

Factor Factor

Std. Dev. 0.0480 R? 0.9706

Mean 0.5047 Adjusted R? 0.9293

C.V. % 9.50 Predicted R 0.8097
Adeq Precision 19.0694

Solution for optimised alginate extraction conditions, with response (yield) set at a

maximum.

]

0.25 3 25

40 95 25

C:Biomass = 2.54031

AT =93.896 B:Time = 1.6984

o 30 1.1264 18.0495

D:Water = 16 8938 Yield = 20 6393

Figure S3.3 Optimised alginate extraction solution with a desirability of 1.

¢ logMw O Log Mw (model) —Poly. (log Mw)
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R2=0.9857
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Figure S3.4 Standard curve of pullulan standards for size exclusion chromatography.
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Chapter 4

Abstract

Deep eutectic solvents (DES) are green alternatives for conventional solvents. They
have gained attention for their potential to extract valuable compounds from biomass,
such as seaweed. In this framework, a case study was developed to assess the
feasibility of pressure-driven membrane processes as an efficient tool for the recovery
of deep eutectic solvents and targeted biomolecules. For this purpose, a mixture
composed of the DES choline chloride and ethylene glycol (ChCLEG) 1:2, water and
alginate was made to mimic a DES extraction from seaweed. An integrated separation
process design was proposed where ultrafiltration-diafiltration-nanofiltration (UF-DF-
NF) was coupled. UF and DF were found to be effective for the separation of alginate
with an 85% yield. DES was likewise recovered by 93%, proving the membrane
filtrations’ technical feasibility. The NF performance to separate the DES from the
water, for its recycling, laid by a 45%-50% retention and a final concentrated DES
solution of 18%(v/v).
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4.1.Introduction

The use of biomass to obtain bioproducts through biorefinery has become more
feasible over the last years [169]. For sustainability reasons biorefineries must focus
onthe reduction of waste streams and hazardous chemicals employed [170]. Common
extraction techniques still involve an unsustainable series of strong mineral acids and
alkaline treatments [171]. To evade environmentally benign processes, new-age
solvents such as deep eutectic solvents (DESs) have emerged as a promising
alternative to conventional solvents, due to their sustainable nature and the possibility
of intensifying processes by the prevention of mechanical cell disruption [172, 173].

DESs are composed of two (or more) compounds (a hydrogen bond donor -HBD- and a
hydrogen bond acceptor -HBA-) that form a eutectic mixture when added in a specific
molar ratio [174]. When compared to conventional solvents or even earlier-considered
“green” solvents as ionic liquids (ILs), DESs exhibit lower to no toxicity, have lower
production costs, are renewable and biodegradable [175, 176]. Furthermore, DESs
have been praised for their excellent solvent capabilities, and their thermodynamic
characteristics such as high thermal stability, low volatility, low vapor pressure, and
tuneable polarity [9, 117]. As a result of their proven technical feasibility, DESs can be
implemented for the development of sustainable and circular biorefineries [177, 178].
Nevertheless, DESs are difficult to separate from their extracted products due to the
low volatility and low vapour pressure and strong intramolecular interactions with the
extracted products as well [179]. The challenge on back extraction limits the use of
DESs in the industrial and commercial market, as recovery and recycling are important
for the reduction of costs and carbon footprint [178].

Separation processes such as liquid-liquid extraction, solid-liquid extraction,
crystallization, short-path distillation, and anti-solvent addition have been studied for
DES. Results, however, have not been consistent, mostly due to scarce research and
yield variability in dependence on targeted compound and type of DES used [69].
Membrane processes have a lower energy consumption, higher flexibility, lower cost-
to-performance ratio, and favour more recycling when compared to other separation
processes [180]. Thus, membrane processes have been listed as alternatives for the
recovery and recycling of DESs.

Despite this, too little research has been performed employing this type of separation
process. As a matter of fact, only a coupled ultrafiltration and electrodialysis module
has been used as was reported previously in the work by Liang et al. [83], where DES
was recovered with a yield of 97%. This result shed light on the potential application of
membrane technology for the recovery and recycling of DESs.
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The aim of this study is to explore the use of a coupled membrane filtration system for
the separation of a bioproduct from DES, while recycling the solvent. This is used as a
case study and proof of concept, for the first time, under the seaweed biorefinery
scope. Alginate was the target molecule, because it currently recovered from seaweed
in an unsustainable process [181]. The DES selected was choline chloride — ethylene
glycol 1:2 (ChCL:EG 1:2), as it has been reported to have significant extraction yield of
alginate from brown seaweed [128]. Physiochemical parameters of this DES were
assessed experimentally and via the software COSMO-RS. An ultrafiltration-
diafiltration process was applied to separate alginate and recover the DES by washing
it out. Different pressure levels, concentration factors and water content were
evaluated for their impact on the membrane separations. A nanofiltration unit was
further coupled to the process to concentrate the DES by permeating water through the
membrane to explore the feasibility of stream recirculation.
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4.2. Materials and methods

4.2.1 DES preparation

The DES ChCL:EG was prepared in a 1:2 molar ratio, by mixing choline chloride and
ethylene glycol (Sigma Aldrich) at 80 °C in a water bath for 1 h until a translucid liquid
was obtained. The molecular weight (MW) of this DES is 263.76 g/mol. Due to the
hygroscopic nature of choline chloride, the Metrohm KF Coulometer was used to verify
the absence of water (<0.65 wt.%) in the produced DES.

4.2.2 DES physicochemical characterisation

The Anton Paar ViscoQC 300 Rotational Viscometer was used to measure the viscosity
of the DES over a temperature range between 25 °C — 70°C.

Viscosity can be described by the Arrhenius-type model, (Equation 4.1), which is the
most used [182]. Here, no (mPa-s) is a constant, Ea (kJ/mol) the activation energy, R =
8.314 J-mol/K the ideal gas law constant, and T (K) the temperature.

—Ea

1n = NoeRT. (4.1)

The software COSMO-RS (Conductor-like Screening Model for Real Solvents) was used
for the confirmation of the DES’s affinity towards alginate, and for generating the
activity coefficient plot. The Mettler Toledo Seven Compact Conductivity Meter was
employed to measure the conductivity of the DES. Due to the known relationship
between conductivity and DES fraction, it has been proposed as a fast and efficient
method to quantify DES in streams [183, 184]. The DES presence in the different
streams was measured by correlating it with a DES ChCLl:EG 1:2 conductivity standard
calibration curve, shown in Figure 4.1.
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Figure 4.1 Conductivity as a function of the DES ChCL:EG 1:2 molar fraction.
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4.2.3 Sample preparation and alginate determination

Samples consisting of DES/H,0 in 10%, 25%, 50% (v/v%) were prepared to evaluate the
effect of water during the membrane filtrations. Alginic acid sodium salt from brown
algae (Sigma Aldrich) was added to each sample in a concentration of 1 g/L to mimic a
mixture from an alginate extraction. Alginate determination was carried out following
the 96-well plate uronic acid carbazole reaction proposed by Cesaretti et al. [136]. The
reagents carbazole, sulphuric acid, sodium tetraborate, absolute ethanol and D-
galacturonic acid were obtained from Sigma Aldrich.

4.2.4 Membranes

For the UF- DF experiments, a polyethersulfone (PES) ultrafiltration flat sheet
membrane (LY series) from Synder Filtration™ with molecular weight cutoff (MWCO) of
100 kDa was used.

For the NF experiments, a spiral wound membrane (GE series) made of polyamide-TFC
from SUEZ with a MWCO of 1000 Da and an effective membrane area of 0.37 m? was
employed.

4.2.5 Ultrafiltration and diafiltration set-up and experimental procedure

Dead-end ultrafiltration was performed in a pressurized and mechanically stirred set-
up, utilizing a Millipore Stirred Cell (Amicon® Stirred Cell 400 mL) with an effective
membrane area of 44.2 cm?. The stirrer velocity was kept constant throughout all
experiments at 400 rpm (1.57 m/s). The pressure levels of 1.4, 2.0, 2.8 bar were tested
for each of the samples with a volume of 200 mL. The experiments ran for 120 min,
which provided enough time to reach a steady-state condition. Analysis of variance
(ANOVA) was performed to test the effects of the conditions. Before each experiment,
the membranes were flushed with MilliQ water under pressure, and permeability tests
were performed at the same pressure levels of all experiments. The UF/DFs were
performed in the same set-up. The pressure was kept constant at 1.4 bar based on the
preliminary UF experimental results. Three different volumetric concentration factors
(VCF=2, 3, 4) were investigated and MilliQ water was added as diafiltrate buffer to bring
the total volume back to the original volume after each filtration. Diavolumes (N) were
performed in each experiment until the conductivity in the permeate laid below 1
mS/cm, as that indicated that the DES concentration was insignificant and therefore
washed-out. All tests were performed at room temperature. The permeate flux was
calculated by first sampling over time and weighting on an Ohaus™ Explorer™ analytical
balance and subsequently converted to volumes utilizing the density, as shown in
Equation 4.2:
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1m
/= Yy (4.2)
Where Jis the permeate flux ((L/(m2h)), A is the effective membrane area (m?), p is the
density (g/L), m the weight of the permeate (g), and At the time the sample was

collected (h).

The alginate rejection was defined by Equation 4.3 [185]:

o[

ln(VCF)] (4.3)

Where R is the rejection of alginate expressed in percentage, Cr and Cg are the

concentrations of alginate in the feed and retentate, respectively. VCF is the volumetric
\%
—E where Vrand Vx are the volumes of the feed and

concentration factor (given by: v
R

retentate, respectively).

DES recovery was calculated following Equation 4.4.

F
%RDES = VD}E"S * 100 (4‘4)
2 VpEs
Where %Ros is the recovery of the DES and V¢ the volume of the DES in the initial
feed solution and V}:s the volume of DES permeated from each stage of the UF/DF.

4.2.6 Nanofiltration set-up and experimental procedure

Nanofiltration of the resulting DES/H,O mixture post UF/DF was done in a continuous
pilot and spiral wound set-up [186, 187]. The feed solution, comprised of DES/H,0O ata
6.4% (v/v%) ratio, was circulated with an operational crossflow velocity of 0.1 m/s.
Pressure levels of 10, 15 and 20 bar were set. The temperature was held constant
throughout the experiments at 25+0.5°C. Each condition ran for 45 min to reach steady
state. After the time had elapsed, samples from the permeate and retentate were
collected to analyse the DES fraction in each stream. Cleaning-in-place (CIP) was
performed before and after the experiment following the cleaning procedure from
Sealed Air, Diversey Care (The Netherlands).
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4.3. Results and discussion

4.3.1 DES characterisation

The viscosity and activity coefficient of the DES ChCL:EG (1:2) were assessed for the
membrane filtration case study. Viscosity can be one of the main roadblocks of DESs
for practical purposes due to mass transfer limitations [188, 189]. The viscosity of the
DES showed no shear rate dependency on the viscosity, indicating Newtonian fluid
behaviour. Moreover, the relation between viscosity and temperature fitted validly
within an Arrhenius model (Ea = -27.03 kJ/mol and no = 8.52x10* mPa-s, Figure 4.2).
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Figure 4.2 Experimental and calculated viscosity values for the DES ChCL:EG 1:2 over a range of
temperatures.

The viscosity of the DES at 25°C (47.8 mPa-s) was approximately 50 times higher than
that of water, thus posing possible mass transfer challenges during extraction. To
improve mass transfer of alginate to the DES, either the temperature or the water
content of the DES can be increased. The first option would require extra energy input
for heating and the viscosity would still be approximately 10-fold higher than water
(Table 4.1). On the contrary, the addition of 25% water decreases the viscosity fivefold,
and a fifteen times decrease is obtained when 50% of water is added. This decrease in
viscosity not only allows better mass transfer, but also it can avoid membrane fouling
during the separation process [190].

Table 4.1 Viscosity of DES ChCL:EG 1:2 at different concentrations.
DES concentration v/v% / (mol. fraction, x)

100% (1) 50% (0.07) 25% (0.04) 10% (0.07)
V() 1.00 4.77 7.32 18.03
n (mPa-s) 47.82 3.20 1.60 1.12
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Water addition does impact, however, the activity coefficient (y) of the DES. The activity
coefficient describes the thermodynamic intermolecular interactions and is used for
the evaluation of the extracting capacity of solvents [191, 192]. For extraction operating
conditions, yvalues from 10 to 100 indicate weaker interactions, whereas values below
10 indicate strong interactions between solute and solvent [193]. The y- value of
ChCL:EG (1:2) in a mixture with water remains within practical purposes limits until the
point where the mixture is composed of less than 0.01 mole fraction DES (Figure 4.3).
Therefore, for this study the DES/H,O ratios presented (Table 3.1) were selected to
evaluate its effect on the membrane filtration performance.
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Figure 4.3 Activity coefficient of DES ChCL:EG 1:2 and water as a function of the DES mol
fraction.

4.3.2 Ultrafiltration and diafiltration

Dead-end ultrafiltration was carried out to understand what the effects of the water
content and the pressure are on the DES on the filtration performance when alginate
is targeted to be retained. The permeability of the flat sheet membrane was found to
be 64.1x1.1 L/(m?-h-bar). The permeate flux behaviour for each DES/H,0 ratio with 1
g/L alginate is shown in Figure 4.4.
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Figure 4.4 Permeate fluxes at 10%, 25% and 50% DES/water ratios under three pressure levels.
The PES membrane had a cut-off of 100 kDa.

A significant decrease in flux occurs as the DES concentration is increased.
Nonetheless, the pressure levels do not affect the permeate flux (p > 0.05), thus an
increase in pressure would not directly translate into a flux increase. This behaviour
may be attributed to two factors. On one hand, the viscosity of the solvent is higher as
the DES concentration increases. In accordance with Fick’s Law and the Einstein
Stokes relation, this will result in diffusion limitation through the membrane [194]. On
the other hand, formation of a layer on the membrane surface, either by alginate or
species of the DES, could have developed and hindered permeation through the
membrane. This in turn would prevent the pressure from having a direct effect on the
permeate flux. Alginate was successfully rejected as shown in Table 4.2. At a DES /H,0
ratio of 50%, the alginate rejection was lower. A possible explanation could be that the
diffusivity of the solutes affected the mass transfer mechanism at the polarization
layer.

Table 4.2 Alginate and DES rejections at different DES/water concentrations and pressures.

Alginate rejection 1.4 bar 2.0 bar 2.8 bar
10% DES/H-0 0.95 0.95 0.96
25% DES/H»0 0.92 0.93 0.94
50% DES/H>0 0.82 0.81 0.84
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Conductivity measurements were done to quantify the DES in the permeate stream and
evaluate its recovery. For the 10%, 25% and 50% samples, the DES recovery was
47.9%¥2.7%, 32.6x0.9% and 16.1+1.4%, respectively. Based on the results,
ultrafiltration-diafiltration (UF/DF) steps were carried out to fully recover the DES while
retaining the alginate. The ultrafiltration works as a pre-concentration step, whereas
the diafiltrations are targeted to wash out the DES. This type of configuration, with
involving DESs, has been reported previously by Gholami et al. [195]. For this coupled
membrane process, the pressure was set at 1.4 bar, and a 25% DES/H,O ratio was
used. The latter is due to its resemblance to a pure DES extraction on fresh seaweed
which contains approximately 80% water. Besides, it has been reported that a high
water content in DES (*70%) improves polysaccharide extraction yield from brown
seaweed [128, 196]. Furthermore, at a 25% v/v DES/H,0, values for both viscosity and
the activity coefficient are within operating conditions (Table 4.1). The volumetric
concentration factor (VCF), defined in Section 4.2.6, and the number of diavolumes
(N) were variables that were studied. Figure 4.5 shows the behaviour of the UF/DF
permeate flux over time. Since the concentration of the DES decreases in every
filtration step by the addition of water in each diavolume, the solution becomes less
viscous, resulting in an increasing flux pattern of 1.90, 2.49, and 2.51 times for the VCF
2,3,4, respectively. The diavolume additions are graphically seen as the peaks in each
of the curves.
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Figure 4.5 UF/DF permeate fluxes over time.

Conductivity measurements revealed that after 4 filtrations (UF - 3 DF), the maximum
possible recovery of the DES was reached for the three of the conditions (82.2%, 93.3%,
93.5%), as shown in Figure 4.6. Additionally, the rejection coefficient of the membrane
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for the DES was found to be 0.37+0.06. No difference between the experiments with a
VCF of 3 and 4 was observed. However, for a VCF of 2, the recovery of the DES laid
below 90%. This could be due to the bigger volume still held at the retentate side
compared to the other two conditions.
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Figure 4.6 DES ChCL:EG 1:2 recovery as a function of filtration steps.

Based on the experimental results, proving the efficacy of UF/DF for DES and alginate
separation, a separation process design is proposed in Figure 4.7. This overall process
is a coupled cascade membrane filtration system with three final outlet streams. In this
process, the feed solution enters a continuous ultrafiltration-diafiltration system with
a working pressure of 1.4 bar. The ultrafiltration step is applied as a pre-concentration
step to reduce the volume and to keep the alginate retained. The diafiltrations will
dilute the previous retentate stream in order to permeate the DES and to retain
alginate. The DF process with a VCF of 3 can be regarded as most suitable option out
of the tested conditions. This is due to the high DES recovery yield (93.3%) obtained
here and the lower processing time required than a VCF of 4. After the UF/DF, the
permeated total volume had a 6.4% (v/v) DES/H,O concentration, thus being highly
diluted. Therefore, a nanofiltration was coupled to the process design to further
concentrate the DES and to possibly recover both streams.

96



Membrane-based DES recovery
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Figure 4.7 Proposed integrated separation process for alginate retention and DES recovery and
recycling.

4.3.3 Nanofiltration

Nanofiltration was performed in a pilot spiral wound single-stage configuration,
graphically shown by Montesdeoca et al. [186]. The separation of the DES ChCLEG (1:2)
from water was studied. This allows for solvent recirculation, as well as reutilisation of
the water stream. The feed for the nanofiltration was a 6.4% (v/v) DES/H,0 solution
permeated after the UF/DF. The permeability of the spiral wound membrane was 2.12
L/(m?-h-bar). Figure 4.8 shows the results from the NF experiments. The permeate flux
increased linearly in each pressure level, meaning that the flux was not hindered in the
studied pressure range.

After reaching steady state, the permeate conductivity was measured to quantify the
DES that passed through the membrane. Retention of the DES was found to lay at
44.2%, 45.0% and 51.7% for the pressure levels of 10, 15 and 20 bar, respectively. The
results are in agreement with previous studies. Abels et al. [183] reported that at lower
feed mass fractions, the applied pressure plays a main role in the separation of the
solvent from the aqueous mixture. Haerens et al. [184] used a nanofiltration and
reverse osmosis (RO) module to separate the DES ChCL:EG (1:2), obtaining just a 20%
retention with the NF and up until 88% with the RO. The higher retention obtained
compared to the previously mentioned study, could be due to the dissociation of the
DES into its components and possibly the chlorine ion adsorbing to the membrane due
to its negative charge.
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Figure 4.8 Permeate flux and DES recovery during the nanofiltration experiment. The process
was configured in a pilot spiral wound set-up.
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4.4.Conclusion

The use of deep eutectic solvents in acommercial scale can be hindered by difficulties
in the separation of extracted compounds, and the recovery of them. In this study, the
concept to use ultrafiltration/diafiltration and nanofiltration was proven to be effective
as a sustainable alternative for the separation and recovery of deep eutectic solvents
and alginate. And for the first time a membrane filtration separation process design
involving DESs was proposed for a seaweed biorefinery case study. The process
consisted of coupled membrane filtrations (UF-DF-NF), with the aim of separating
alginate from a DES/H,O mixture. Ultrafiltration and diafiltration effectively separated
alginate with an 85% yield from the DES, and the DES was recovered by 93%.
Nanofiltration underperformed to further purify the recovered DES, as the DES ChCL.EG
1:2 was retained to a final 18% concentration (v/v%). Further research on the
separation of DES from water is recommended and different pressures and MWCO to
be tested. Notwithstanding, this case study approach leads to conclude that there is
technical feasibility for the use of pressure driven membrane processes for the
separation of targeted biomolecules from DESs. Likewise, the use of membrane
filtrations may be used for the recovery and recycling of deep eutectic solvents.
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Abstract

Conventional alginate extraction methods from brown seaweed typically rely on harsh
chemicals that are not reused, and valuable pigments are lost during this process. This
study applied a novel approach utilising reusable natural deep eutectic solvents (DES)
in three-phase partitioning (TPP) to simultaneously extract alginate and pigments from
Saccharina latissima. The hydrophobic DES effectively released alginate from the algal
cell wall in the aqueous phase and served as a solvent for pigment extraction.
Computational screening confirmed that all selected DES had an affinity for pigments
chlorophyll a and fucoxanthin, while alginate extraction confirmed their role in
disrupting the algal cell wall. Extraction conditions were optimised, resulting in an
alginate yield of 101.8 + 3.1 mg/g DW compared to 55.3 = 14.1 mg/g DW for
conventional alkaline extraction. According to physicochemical characterisation
through FTIR and M/G ratio (mannuronic to guluronic) analysis, the extracted alginate
was comparable to that obtained via alkaline extraction, exhibiting similar functional
groups and M/G ratios. The DES was reused successfully, showing that it could be
reused for up to seven extraction cycles, during which pigments accumulated. After
the seventh cycle, alginate yield declined, likely due to partial transfer into the DES
phase, possibly driven by reverse micelle formation in the system. This study highlights
a novel, mild multiproduct approach of a DES-based TPP system, enhancing economic
feasibility by employing gentler and quicker extraction conditions. It facilitates the
concurrent recovery of alginate and pigments while allowing for the repeated reuse of
the DES.
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5.1.Introduction

The need for alternative, greener extraction solvents is becoming increasingly urgent
due to the environmental and health risks associated with conventional solvents [197].
Traditional solvents can be toxic, flammable, and volatile, contributing to pollution,
human health issues, and hazardous waste. Therefore, the development of
sustainable alternative solvents is essential. Deep eutectic solvents are an emerging
class of novel solvents that could potentially replace these organic extraction solvents
[198, 199]. DES are solvents composed of one or more hydrogen bond donors (HBD)
and hydrogen bond acceptors (HBA), that are formed upon a large depression in
melting point when mixed at a certain ratio. They are favourable solvents due to their
low volatility, ease of preparation, low costs, and potential recyclability [10, 200, 201].

Over the past decades, DES have gained attention in a wide range of fields, including
pharmaceuticals [202, 203], separation processes [203], and renewable energy [204].
Thanks to their tuneable properties and environmental compatibility, these solvents
are being explored for applications such as drug solubilization, metal recovery, and
used as electrolytes in energy systems [205, 206]. Specifically, DES have been
successfully used to extract various bioactive compounds, including polysaccharides
[119, 207], lipids [208], proteins [209], and polyphenols [72] from diverse biomass
sources, including plants, microalgae, and seaweed. However, many studies do not
report on recovery and reuse, which compromises the environmental sustainability of
the process. The overall impact is also strongly influenced by the preparation step, as
the choice of constituents used to form a DES largely determines it environmental
footprint [152, 210]. Furthermore, Life Cycle Assessment (LCA) studies have
demonstrated that DES can be more sustainable than conventional organic solvents,
provided they are efficiently recovered and reused [211]. Yet, their low vapour pressure
poses challenges for product isolation and solvent recovery, meaning that research on
reuse strategies remains limited and warrants further investigation [70].

Seaweed emerges as an attractive, sustainable, renewable biomass for DES extraction
due to its high abundance, rapid growth rate, and diverse biochemical composition.
Brown seaweeds, in particular, are rich in compounds such as alginate, fucoidans, and
valuable pigments [212]. Among these components, alginate stands out for its
versatility and wide range of applications (Figure S5.1). This polysaccharide is widely
used within a variety of sectors, including food processing as a thickening and gelling
agent and medicine for drug delivery and tissue engineering [123]. In addition to its
polysaccharide content, brown seaweed is a rich source of high-value pigments,
including chlorophylls and fucoxanthin (Figure S5.2). Chlorophyll a is a bioactive
compound with health-related benefits, including antimutagenic and antioxidant
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activities [213]. Fucoxanthin is a xanthophyll that exhibits antioxidant, anti-
inflammatory, and anti-cancer properties [214, 215]. Due to their market value and
diverse biological activities, both pigments present a wide range of potential
applications. Conventional alginate extraction methods typically rely on hazardous
chemicals and involve multiple acidic and alkaline processing steps, resulting in
excessive water consumption and high energy demand [56, 124]. Additionally,
pigments are lost during the process and cannot be recovered due to the harsh
chemical conditions employed.

Our previous study demonstrated that alginate can be efficiently extracted using DES
[100]. However, DES reuse was not addressed, as alginate recovery relied on
precipitation. Direct extraction with hydrophilic DES complicates recovery due to
strong hydrogen bonding. Moreover, the study focused solely on alginate, without
considering the recovery of other valuable compounds such as pigments, limiting full
biomass utilisation. To overcome these challenges and maximise biomass utilisation,
hydrophobic DES offer a promising alternative. They could be applied as a novel
approach for indirect alginate extraction while facilitating easy DES recovery and
subsequent reuse. As an extraction agent, hydrophobic DES would allow alginate to
migrate to a separate, hydrophilic phase. Simultaneously, hydrophobic DES could also
be employed for pigment extraction from brown seaweed. Several studies have already
demonstrated the effectiveness of DES in extracting pigments from various biomasses,
including brown seaweed [216], microalgae [93] and plants [217].

Building on this concept, three-phase partitioning (TPP) with DES presents an
innovative approach to further enhance the extraction process. TPP is a liquid-liquid
extraction technique that enables the simultaneous concentration and purification of
biomolecules. It offers a mild and efficient approach for separating alginate and
pigments from brown seaweed. In traditional TPP systems, an organic solvent and an
aqueous salt solution are usually applied to the biomass [218], resulting in three
distinct phases: an organic top phase containing pigments or lipids, a middle phase
containing the residual biomass, and an aqueous bottom phase containing
polysaccharides or soluble proteins. Replacing the widely used toxic solvent t-butanol
with DES [219-221] could enhance the environmental sustainability of the system
while preserving its extraction efficiency. DES have already been successfully
integrated into TPP systems for the extraction and purification of polysaccharides from
grape seeds [163] and tomato peroxidase [222]. However, they have not yet been
applied in a multiproduct approach, utilising both the salt and DES phases. The dual
application of DES as both a biomass pretreatment agent for alginate release and an
extraction solvent for pigments represents a novel and innovative approach to
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integrated biorefinery processes. This strategy enhances resource efficiency and has
the potential to maximise the economic viability of the process through the
simultaneous recovery of both high- and low-value products, while enabling DES
reuse.

In line with this, this study developed a three-phase partitioning system that uses
natural deep eutectic solvents for a multi-product extraction of alginate and pigments
from Saccharina latissima. Nine DES were computationally evaluated with the
software COSMO-RS (Conductor-like Screening Model for Real Solvents) to evaluate
their pigment extraction capabilities. This was followed by laboratory testing to
determine their alginate extraction yield. Under optimised conditions, the DES’s reuse
potential within a three-phase partitioning (TPP) system was assessed while enabling
pigment accumulation in the DES phase. This study introduces an innovative and
sustainable multi-product approach to extract various compounds from brown
seaweed efficiently.
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5.2. Materials and methods

5.2.1 Materials

Brown seaweed Saccharina latissima was harvested in May 2023 from Kamperland
(Zeeland, The Netherlands). The collected biomass was stored at -80 °C until it was
utilised. Prior to extraction, the biomass was ground into a fine powder using a
GRINDOMIX GM 200 (Retsch) grinder. The ground seaweed was then freeze dried until
it reached a dry weight content of at least 93% After freeze drying, the seaweed was
sieved using 710 pm and 90 pm mesh sizes. The fraction between 90 and 710 pm was
collected and used for subsequent extraction. To extract and isolate bioactive
compounds from the seaweed using TPP, nine different DES were employed. Fatty
acid-based and linalool-based HBAs and HBDs were selected (Table 5.1). Dodecanoic
acid (purity 98%), octanoic acid (purity > 99%), nonanoic acid (purity > 97%), decanoic
acid (purity > 98%), hexanoic acid (purity > 98%), linalool (purity > 97%), ammonium
sulphate (purity > 99.5%), Jeffamine D-230, hydrochloric acid (purity 37%), menthol
(purity 99%) and thymol (purity >98.5%) were purchased from Sigma Aldrich (Merck).

Table 5.1 Composition of DES used in this study.

HBA HBD Moleratio Reference

DES1 Dodecanoic acid Octanoic acid 1:1 [163]
DES2 Dodecanoic acid Nonanoic acid 1:1 [163]
DES3 Dodecanoic acid Decanoic acid 1:1 [163]
DES4 Dodecanoic acid Hexanoic acid 1:1

DES5 Octanoic acid Decanoic acid 2:1 [223]
DES6 Linalool Dodecanoic acid 1:1

DES7 Linalool Decanoic acid 1:1 [224]
DES8 Linalool Nonanoic acid 1:1 [224]
DES9 Linalool Octanoic acid 1:1 [224]

5.2.2 DES preparation

The DES were prepared according to the heating method [200]. The HBA and HBD were
mixed in the appropriate molar ratio provided from literature and experimental
screening (Table 5.1). The mixture was then heated at 50 °C for approximately 15
minutes until a translucent solution was formed. These DES solutions were
subsequently used for the extraction of alginate and pigments with TPP.
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5.2.3 Computational DES screening for pigment affinity

The software COnductor-like Screening MOdel for Real Solvents (COSMO-RS) was
applied for the initial affinity screening of the pigments chlorophyll a and fucoxanthin,
and for determining the octanol-water partitioning coefficient (logP) of the DES and
pigments. The octanol-water partitioning coefficient (logP) was estimated using
COSMO-RS to assess the hydrophobicity of both the DES and pigments. Less polar
compounds have higher logP values than polar compounds. COSMO-RS is a quantum
chemical software that can predict the thermodynamic properties of fluid mixtures
[141]. With COSMO-RS (Software for Chemistry and Materials BV (SCM), Amsterdam,
The Netherlands), the DES were screened by generating the activity coefficient of the
solvents, followed by calculating the capacity of each DES. The activity coefficient (y)
is defined as the ratio of a species' activity to its mole fraction, and it reflects the
deviation from ideal solution behaviour. It represents the interaction between the
pigments and each DES at infinite dilution. COSMO-RS within the ADF (Amsterdam
Density Functional) was used for screening. The settings used were selected according
to Xu et al. [93]. The capacity of each solvent, indicating the maximum solubility in the
DES, was calculated using the inverse of the activity coefficient as shown in Equation
5.1:

Capacity = 1/y (5.1)

where y represents the activity coefficient of chlorophyll a or fucoxanthin at infinite
dilution in the solution.

5.2.4 Alginate extraction, characterisation and quantification

Alginate was extracted by combining dried seaweed and an ammonium sulphate
solution (30 wt%) with a DES in a solid to liquid ratio of 1:40. Ammonium sulphate was
chosen as salt in the aqueous phase due to its widespread use in three-phase
partitioning [221, 222, 225, 226]. The DES and ammonium sulphate were added in a
0.5:1 volume ratio. As a control, alginate was extracted with only the ammonium
sulphate solution. A second control involved alkaline extraction to allow comparison
with conventional alginate recovery methods. For alkaline extraction, acid water
containing H,SO4 (pH 1.9) was added to the seaweed in a 1:1 (w/w) ratio and left to rest
atroom temperature for one hour. Next, Na,CO; was added in a ratio of 0.0325:1 (w/w)
to the stream for a one-hour extraction at 55 °C [56]. The extractions were performed
at 55 °C for 30 minutes, and the solutions were vortexed every 5 minutes. After
extraction, solutions were centrifuged, resulting in a three-phase separation. The DES
phase and precipitation phase were separated from the bottom salt solution phase.
The salt phase was dialysed and thereafter analysed for alginate content.
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Subsequently, extraction time, extraction temperature, solid to liquid ratio, mass
fraction of ammonium sulphate, type of salt, and DES to salt ratio were altered to
assess the influence of these factors on the extraction yield. For alginate
quantification, a colorimetric assay adapted from Cesaretti et al. [136] was used. The
alginate extraction yield was determined following Equation 5.2:

Yield ( mg ) _ Cextract*Vtotal 62

g bw Mpiomass*XDW

where Coytract 1S the concentration of the extract, my;,mass 1S the weight of the initial
biomass, xpy, is the weight fraction of the dry biomass and V;;; is the total volume of
the extract.

The alginate fraction obtained through TPP was dried and subsequently characterised
using Fourier transform Infrared Spectroscopy (FTIR), and its spectral profile was
compared to those of alginate extracted via alkaline and acid treatment. Additionally,
the DES fraction before and after extraction was characterised using FTIR. Spectral
analysis was performed with a Nicolet Summit X attenuated total reflection (ATR) FTIR
Spectrometer (ThermoFisher Scientific), covering a range from 400-4000 cm™.

The mannuronic to guluronic (M/G) ratio of the extracted alginate was determined
through methanolysis, followed by high-performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD), as described by Bojorges et al.
[227]. The analysis was conducted using a Dionex ICS-6000 system (Thermo Fisher)
equipped with a CarboPac 1 mm column. Alginate extracted using DES was compared
to that obtained through conventional alkaline extraction. The extracted alginate was
precipitated using 80% ethanol with 1% NaCl, followed by two washing steps with 80%
ethanol. The samples were subsequently re-solubilised in Milli-Q water, and 50 L
aliquots were used for methanolysis.

5.2.5 Pigment extraction and quantification

Pigments chlorophyll a and fucoxanthin were extracted in the DES phase under the
previously mentioned conditions (Section 5.2.4). Pigment quantities were estimated
using a UV-Vis microplate reader (TECAN Infinite M200) as this provides a rapid and
non-destructive means for assessing pigment contents in solution [89] and has been
applied for quantification [228]. The absorption spectra of the DES were measured
from 300 to 800 nm. Chlorophyll and fucoxanthin contents were estimated using
calibration curves established in DES1, based on absorbance at 667 nm for chlorophyll
(R%=0.9985) and 457 nm for fucoxanthin (R?= 0.9967), as shown in Figure $5.3 [228].
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5.2.6 DESreusing

To reuse the DES fraction, the optimal DES was selected, and optimal extraction
conditions were applied. The multiproduct extraction of alginate and pigments was
performed 12 times to assess the impact on the yield by reusing the DES fraction.
Alginate content and pigment extraction yields were assessed per extraction cycle.

Figure 5.1 gives a schematic overview of the integrated multi-product extraction,
phase separation and DES regeneration process. Initially, seaweed is added to the DES
and aqueous salt solution to facilitate the simultaneous extraction of alginate and
pigments. Following extraction, phase separation results in three distinct fractions: (1)
a hydrophobic DES-rich upper phase containing lipophilic pigments, (2) an aqueous
salt-rich lower phase containing solubilised alginate, and (3) an intermediate solid
fraction composed of undissolved residual biomass. The DES phase containing
pigments is recovered and reused for subsequent extraction cycles, while the alginate
fraction is dialysed. The residual biomass fraction is discarded.

5.2.7 Alginate determinationin DES

To determine the potential alginate content in the hydrophobic DES, the DES was
switched to a hydrophilic solution to release the alginate content. This was achieved
by adding water to the DES in a 5:1 ratio, along with Jeffamine D-230 at a 1:10 ratio
relative to water, to increase the pH and induce the formation of a hydrophilic fraction
(Figure S5.4). The aqueous fraction was precipitated and subsequently analysed with
Dionex through methanolysis (Section 5.2.4).
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Figure 5.1 General overview of multi-product brown seaweed biorefinery using three-phase
partitioning with a hydrophobic DES and an ammonium sulphate aqueous solution.
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5.3. Results and discussion

5.3.1 DES screening for alginate and pigment extraction

Before assessing the ability of each DES to release alginate from the cell wall within the
TPP, the affinity of these DES towards pigments was determined computationally. This
assessment ensured that the DES selected for subsequent alginate extraction with TPP
could also effectively extract pigments, thereby enabling a multi-product biorefinery. A
multiproduct biorefinery approach maximises biomass valorisation by allowing the
extraction of not only alginate but also high-value pigments, thereby enhancing both
economic viability and sustainability. This integrated strategy aligns with circular
bioeconomy principles by reducing waste, diversifying product streams, and meeting
the growing demand for natural bioactives in food, cosmetic, and pharmaceutical
sectors [229].

5.3.1.1 Pigment affinity screening

The capacity of each DES and benchmark solvent ethanol was calculated as the
inverse of the activity coefficient at infinite dilution (Section 5.2.3). The solvent
capacity indicates the maximum amount of pigment that can be dissolved in DES,
making it an important parameter to consider for extraction solvents. Screening results
from COSMO-RS showed that all DES have affinity with the pigments chlorophyll a and
fucoxanthin, with capacities ranging from 2.14 x 10* to 2.99 (Table 5.2). When
comparing the linalool-based DES (DES6-DES9) with the fatty acid-based DES, we
observed that the fatty acid-based DES (DES1-DESS5) had higher capacities for both
pigments. This difference could be due to the lower logP of linalool compared to the
C9, C10, and C12 fatty acids (Table S$5.1). Capacities could reach a factor 10* for
chlorophyll a, while for fucoxanthin, this could reach a factor of 10° (Table 5.2). For
fucoxanthin, the capacity decreased with increasing chain length of the carboxylic acid
HBD in dodecanoic acid-based DES. Conversely, an increased capacity was observed
for chlorophyll a as the carbon chain length of the HBD increased when using
dodecanoic acid as HBA. The difference in capacities could be due to the higher logP
chlorophyll exhibits (18.4) compared to fucoxanthin (13.6) (Table S5.1), indicating its
greater hydrophobicity. This suggests that chlorophyll has a stronger affinity toward
more non-polar solvents. Fatty acid-based DES, composed of long hydrophobic
chains, exhibit a lower polarity than DES based on monoterpenes like linalool (Table
S$5.1). As a result, these fatty acid-based solvents provide a more compatible
environment for solubilising highly non-polar compounds such as chlorophyll, which
may explain their higher extraction capacity in this case compared to fucoxanthin.
Moreover, each DES displayed a higher capacity compared to the benchmark
extraction solvent ethanol, highlighting their superior solubilising ability for algal
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pigments. This supports the potential of DES as promising green alternatives for
efficient and selective pigment extraction.

By plotting the o-potential of the pigments and DES, we could assess the affinity of the
pigments towards the DES [93]. o-Potential plots provide insight into the interaction
tendencies between the pigments and the DES. A more negative o-potential indicates
a stronger attractive interaction, whereas less negative or positive values suggest
weaker affinity or repulsion between the species [93, 99]. As observed from the o-
potential, chlorophyll a and fucoxanthin display high negative values in their HBD
regions and positive values in both the neutral and HBA regions (Figure S5.5). This
indicates that these pigments can be solvated best in DES with strong HBD groups,
meaning DES with more negative o-potential values in the HBD region (o < -0.085 e/A%)
(Figure S5.5). Additionally, to enhance the extraction efficiency of DESs for both
pigments, the DES should exhibit negative o-potential values in the HBA region to
enable strong complementary interactions with the pigments, together with increased
capacity values (Table 5.2). The fatty acid-based DES (DES1-5) have stronger negative
values in the HBA region (>+0.085 e/A?) compared to the linalool-based DES (DES6-9)
(Figure S5.5). This indicates that the fatty acid-based DES have a stronger affinity with
HBA molecules compared to the linalool-based DES. Additionally, the fatty acid-based
DES display less negative values in the HBD region (<-0.085 e/A?) compared to the
linalool-based DES, thereby having less affinity to HBD molecules.

As aresult, the fatty acid-based DES should solvate the pigments more effectively than
the linalool-based DES due to complementary hydrogen bonding interactions that can
occur, thereby reducing the self-association between the HBA and HBD of the DES.
Due to the high capacity all DES exhibited for chlorophyll a and fucoxanthin (Table 5.2),
all DES were considered in the TPP for alginate extraction.

Table 5.2 Calculated capacities of DES and ethanol for chlorophyll a and fucoxanthin.

Chlorophyll a Fucoxanthin
DES1 2.04%10° 210%10°
DES2 2.10 x 10% 2.02 x 10°
DES3 2.14x 10% 1.94 % 10°
DES4 1.88 x 10 2.93 % 103
DES5 1.88 x 107 2.31 % 10°
DES6 1.12x 10" .87
DES7 1.08 x 10° 3.15
DES8 1.36 x 10 3.89
DES9 7.98 2.99
Ethanol 8.86x 10° 3.01x 10"
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5.3.1.2 Alginate characterisation and isolation

Alginate was successfully extracted with TPP using the nine studied DES (Figure 5.2).
During the extraction process, the hydrophobic DES interact with seaweed biomass
primarily through hydrogen bonding and hydrophobic interactions. These DES may
disrupt the polysaccharide-rich cell wall structure, aiding the release of alginate. Due
to alginate’s hydrophilic and anionic nature, it has limited solubility in the hydrophobic
DES phase. Therefore, the aqueous phase permits the selective migration of alginate
into the aqueous phase. In the aqueous phase, alginate can strongly interact with
ammonium sulphate through electrostatic interactions between the negatively
charged carboxylate groups on the alginate backbone and the positively charged
ammonium ions [230], thereby influencing the solubility of alginate [231].

Among the DES types, DES1 (dodecanoic acid: octanoic acid) resulted in the highest
alginate release, with an extraction yield of 55.7 + 6.4 mg alginate per g DW. The control
using the conventional alkaline extraction resulted in similar amounts of alginate with
ayield of 55.3 £ 14.1 mg/g DW (Figure 5.2). DES1 and DES2 performed comparably to
the alkaline extraction regarding alginate yield (Figure 5.2), while the other DES had a
lower performance compared to the alkaline extraction. Although the alkaline
treatment provides an extraction yield similar to those of DES1 and DES2, this method
can be objectionable for safety, environmental and engineering (corrosion) reasons, as
it requires strong alkaline and acidic conditions. Furthermore, solvent regeneration
cannot be applied with this treatment.

When only the aqueous salt solution was applied without adding a DES, the extraction
yields were considerably lower (4.8 = 1.2 mg/g DW) compared to extracting with salt
and DES (Figure 5.2). This indicates that, even though the hydrophobic DES is not
directly involved in extracting alginate, the DES can act as a synergistic extracting agent
together with the aqueous phase, facilitating enhanced alginate extraction into the
aqueous salt phase. Previous studies have demonstrated that certain DES can affect
the permeability and integrity of the cell walls of plants [149, 163, 232] and microalgae
[148]. Therefore, in the TPP system, alginate could have been released in the aqueous
phase through the disruption of the cell wall with DES. However, scanning electron
microscopy would be required to confirm this. Hydrophobic DES can disrupt cell walls
primarily by reconfiguring the hydrogen-bond network within structural
polysaccharides of the biomass [206]. The hydrophobic DES constituents interact with
non-polar cell wall regions through van der Waals forces [37], enhancing membrane
permeability, thereby facilitating the release of compounds, including alginate. It must
be noted that the effect of a single component (HBA or HBD separately) could also
influence permeability rather than the DES. However, comparing DES and single
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components is difficult because part of the used fatty acids are in a solid state at room
temperature as single components, resulting in less exposure to cellular material [33].
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extraction with only salt (ammonium sulphate) were used as controls.

For the dodecanoic acid-based DES (DES 1-4), it was observed that increasing the
chain length of the HBD resulted in a decrease in alginate extraction yield. (Figure 5.2).
Conversely, for the linalool-based DES (DES 6-9), using dodecanoic and decanoic acid
as HBD resulted in a higher alginate extraction yield compared to using nonanoic and
octanoic acid as HBDs (Figure 5.2). Differences in alginate yield may be due to the
differences in polarity of these DES. The DES with the lowest alginate extraction yields
(DES5, DES8 and DES9) displayed a logP below 4 (3.9, 3.8 and 3.6, respectively) (Table
$5.1), while all the other DES had logP values larger than 4. However, DES3 displayed
a logP of 5.1 and had a decreased yield compared to DES1 and DES2. This suggests
that a certain degree of non-polarity (logP between 4 and 5) of the DES is required to act
on the algal cell wall and to destabilise it. Furthermore, greater hydrophobicity of DES
could cause more alginate to migrate into the aqueous phase because of repulsion
between alginate molecules and the hydrophobic solvent, enabling alginate to
partition into the more hydrophilic phase.

For the dodecanoic acid-based DES, an increased chain length of HBD decreased the
alginate extraction yield (Figure 5.2). These observations are in line with Chen et al.
[163], where grape seed polysaccharides were extracted in a TPP system using fatty
acid-based DES. Here, the highest extraction yield of polysaccharides was also
obtained with dodecanoic acid: octanoic acid. The viscosity of the DES may be a factor
influencing the extraction yield. Out of the dodecanoic acid-based DES, DES1
displayed the lowest viscosity.
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The higher extraction yields observed with dodecanoic acid-based DES compared to
linalool-based DES may be due to the ability of fatty acids to interact with the
seaweed's cell wall. Cao et al. [172] stated that hydrophobic DES containing fatty acids
can interact with the outer cell membrane of recombinant E. coli cells, causing it to
destabilise. When fatty acids are deprotonated, they can function as surfactants
known for their cell-disrupting properties [33]. As the permeability of the outer
membrane increases, the hydrophobic DES can penetrate the inner phospholipid
layer, thereby disrupting the phospholipid bilayer. This phenomenon could have led to
the release of more alginate with the dodecanoic acid-based DES compared to the
linalool-based DES.

In a separate study on the pretreatment of lighocellulosic biomass with hydrophilic
DES [233], it was demonstrated that choline chloride-based DES disrupts the cell wall
structure by dissolving lignin from the lignocellulosic microfibrils. This disorganisation
led to an increased cellulose availability. In another study performed by Huang and
coworkers [234], a choline chloride-based DES (choline chloride: formic acid 1:2) was
used as a pretreatment to extract lipids from the microalga Nannochloropsis oceanica.
Density Functional Theory (DFT) calculations revealed that DES could disorganise the
intermolecular interactions between microalgal molecules through the reconstruction
of the hydrogen bond network, therefore increasing lipid availability for extraction. In
our study, the hydrophobic DES may have disrupted the cell membrane, while also
disorganising the algal cell wall. This could have facilitated the penetration of the
aqueous salt phase, enhancing the release of alginate. As a result, the application of
DES likely led to a significant increase in alginate extraction yield compared to using
the aqueous solution alone.

Given its high alginate extraction efficiency and strong capacity for chlorophyll a and
fucoxanthin, DES1 was chosen for further single-factor experiments.

5.3.2 Extraction conditions

TPP is a technique that involves both extraction and separation within a one-pot
system. Operational parameters can affect the system’s extraction yield. Therefore,
the effect of extraction time, extraction temperature, the concentration of ammonium
sulphate, the liquid to solid ratio, DES to ammonium sulphate ratio and the type of salt
on the alginate yield were studied (Figure 5.3 a-e).

5.3.2.1 Extractiontime

The extraction time was assessed, ranging from 5 to 60 minutes. The alginate extraction
yield initially increased between 5 and 10 minutes, then gradually decreased from 20
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to 60 minutes (Figure 5.3a). The highest alginate extraction yield of 86.6 + 13.0 mg/g
DW was achieved after just 10 minutes of extraction. In contrast to traditional alkaline
extraction, which generally involves one hour for the acid treatment followed by an
additional hour of alkaline extraction (Section 5.2.4), TPP extraction is more time-
efficient. The decrease in yield from 10 to 60 minutes (Figure 5.3a) could be attributed
to the increased dissolution of other components [163] and an increase in viscosity of
the DES over time [206]. However, a notable reduction in alginate yield was observed
at 60 minutes, suggesting that alginate might be partially transferred into the DES
phase due to the saturation of the DES. This could occur through the formation of
reverse micelles, created by the algal phospholipids or proteins, as they can act as
surfactants [235], similar to methods used for encapsulating polysaccharides,
proteins and enzymes [236].

5.3.2.2 Extraction temperature

The effect of the extraction temperature was investigated across a range of 20 to 70 °C.
The alginate extraction yield increased with increasing temperature, reaching its
highest value of 100.2 + 2.4 mg alginate/g DW at 70 °C (Figure 5.3b). The increase in
yield with higher temperatures (Figure 5.3b) may be due to the reduced viscosity of the
DES at elevated temperatures, which enhances mass transfer [220, 237]. In addition,
higher temperatures within the TPP can lead to increased thermal molecular
movement [163], facilitating the formation of more hydrogen bonds, as more hydroxyl
groups of alginate are exposed. This results in increased solubility of alginate in the
aqueous phase, yielding a higher extraction [221]. Additionally, higher temperatures
can help in rupturing the cell wall [238], thereby improving the alginate accessibility.
Even though the alginate yield increased with increased temperatures, fucoxanthin is
susceptible to thermal degradation above 36 °C [93]. For energy efficiency and pigment
protection, 35 °C was chosen as the optimal extraction temperature.

5.3.2.3 (NH,).S0O, concentration

The mass fraction of (NH,),SO,4 was tested from 0 to 40 wt%. The alginate extraction
yield increased as the amount of (NH4),SO, rose to 15 wt%, above which the alginate
yield gradually decreased (Figure 5.3c). A clear optimum was observed at 15 wt%, with
an extraction yield of 124.6 = 18.1 mg/g DW. The increased presence of (NH4).SO, in
the solution enhanced the alginate extractionyield, as NH," and SO, ions help stabilise
macromolecular interactions [221]. Specifically, NH," ions can interact with the
negatively charged carboxylate groups on alginate, reducing intermolecular
aggregation and thereby enhancing alginate solubilisation [231]. However, further
increases in the mass fraction of (NH4),SO, led to a decrease in yield, likely due to
reduced dissolution as the aqueous layer became increasingly saturated [219, 239].
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This saturation reduced the amount of water available for dissolving alginate, lowering
the extraction yield. Additionally, higher salt concentrations can interfere with
hydrogen bonding between alginate and water, further decreasing the yield [240].
Therefore, a 15 wt% mass fraction of (NH,),SO, was selected as optimal.

5.3.2.4 Liquid to solid ratio

Total liquid (DES and ammonium sulphate solution) to solid ratios ranging from 30:1 to
70:1 were evaluated. The extraction yield improved as the liquid to solid ratio
increased, with a maximum extraction yield at a ratio of 60:1 (48.8 £ 15.8 mg/g DW)
(Figure 5.3d). Further increasing the ratio to 70:1 did not result in a higher extraction
yield. Higher liquid to solid ratios provide a larger extraction volume, allowing more
alginate to dissolve in the aqueous phase. A 60:1 ratio was found to be optimal for
alginate extraction, as increasing the ratio to 70:1 did not result in a further
improvementin yield. When applying low liquid to solid ratios, the extraction yield was
low (Figure 5.3d). This could be due to solubility-limited extraction, in which alginate
reaches saturation in the aqueous phase [241]. On the other hand, mass transfer
constraints could have caused no extraction improvement from 60:1 to 70:1. An
insufficient amount of extractant results in incomplete extraction, while excessive
amounts lead to waste and negatively impact the extraction process [163, 240].
Therefore, a 60:1 ratio was selected as the ideal for extraction.

5.3.2.5 DESto saltratio

Various DES to salt volume ratios, ranging from 0.25:1 to 3:1, were tested. It was found
that increasing the amount of DES relative to salt resulted in higher alginate extraction
yields (Figure 5.3e). The highest extraction yield, 98.3 = 15.8 mg/g DW of alginate, was
achieved with a 2:1 DES to salt ratio. Increasing the concentration of DES could
enhance van der Waals interactions with hydrophobic regions of the cell structure [37],
thereby improving membrane permeability and promoting the release of alginate.
However, increasing the volume ratio to 3:1 resulted in a reduced extractionyield (38.6
+ 8.6 mg/ g DW). The optimal DES to salt ratio was determined to be 2:1 (Figure 5.3e),
aligning with findings from previous studies [237, 242]. At lower DES to salt ratios, the
DES and (NH,),SO,4 cannot effectively synergise, compromising the system’s stability
[163]. These findings suggest that DES enhances the buoyancy of macromolecules,
including alginate, facilitating its separation into the aqueous phase while solubilising
the lipid fraction into the DES [220]. Further increasing the amount of DES may raise
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the system’s overall viscosity, which could impede mass transfer of alginate to the salt
phase [237]. Thus, a 2:1 DES to salt volume ratio was selected as the optimal condition.
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Figure 5.3 Effect of (a) the extraction time, (b) extraction temperature, (c) mass fraction of
(NH4)2S04, (d) the liquid-solid ratio and (e) the DES to salt ratio on the extraction yield of alginate.
Conditions were standardised at 30 wt% (NH4)>S0Oa4, 55 °C, liquid-solid ratio of 60:1, 30 minutes
extraction time and a DES:salt ratio of 0.5:1 when one of the extraction parameters was altered.

5.3.3 Extraction optimisation and characterisation

Subsequently, the optimal extraction conditions were selected for DES reusing, except
for the extraction temperature. For temperature, 35 °C was selected. The following
conditions were applied: 10 minutes, 35 °C, 15 wt% (NH,),SO,, liquid to solid ratio of
60:1 and DES to salt of 2:1. For temperature, the suboptimal extraction condition at 35
°C was selected as higher temperatures lead to increased energy consumption. Under
optimised conditions, 101.8 = 3.1 mg/g DW of alginate was extracted, while 0.144 mg/g
DW and 0.026 mg/g DW of chlorophyll a and fucoxanthin were obtained, respectively.
Taking into account that S. latissima contains approximately 19% alginate and 90% of
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the biomass is dry weight, this indicates that approximately 55% of the total alginate
content was extracted.

Although a temperature of 35 °C was chosen, which was not the optimal temperature,
high alginate extraction yields were still achieved under the optimised conditions. This
temperature, combined with optimal extraction parameters, could have facilitated a
synergistic effect, resulting in a high yield with a relatively low extraction temperature.
Additionally, lower extraction temperatures are advantageous for pigment extraction
[93]. Compared to the initial extraction conditions, the optimised process employed
shorter extraction times, lower temperatures, and reduced salt concentrations,
thereby enhancing its economic viability.

Compared to other novel extraction methods, similar yields were achieved. Direct
alginate extraction using hydrophilic DES choline chloride: urea (1:2) resulted in 74%
alginate after optimisation [100]. However, the reuse of DES was not examined since
alginate was recovered through precipitation. Additionally, the approach focused only
on alginate extraction, without considering the recovery of other valuable bioactive
compounds. In a study by Bojorges et al. [243], hydrostatic pressure-assisted
extraction was used for S. latissima, using 0.1 M NaHCO; for 2 hours at room
temperature. An alginate yield of 13.9% was obtained, which is significantly lower than
the TPP extraction of alginate. Moreover, the treatment is relatively long (2 hours
compared to 10 minutes), and no other compounds were extracted. Saravana et al.
[128] employed subcritical water extraction at 125°C and 10 bar using a choline
chloride: glycerol (1:2) DES containing 70% water, achieving an alginate yield of 28%.
Despite its potential, this approach yielded lower extraction efficiencies and requires
high-pressure equipment, which increases capital investment and raises safety and
material corrosion concerns.

The FTIR spectra of alginate extracted using TPP and alkaline treatment exhibited
similar characteristic patterns (Figure 5.4). Both extracts exhibited peaks at 1020 cm™
and 1080cm™, aswellas at 1600 cm™ and 1400 cm™'. Additionally, a minor peak at 2900
cm™ was detected for both extracts (Figure 5.4). The sharp peaks observed at 1080 and
1020 cm™" are attributed to mannuronic and guluronic acid units [244]. The peaks
around 1600 and 1400 cm™" correspond to the asymmetric and symmetric stretching
modes of carboxylate groups, respectively [244-246]. Additionally, the low-intensity
peak at 2900 cm™' is associated with -CH, groups [245]. The presence of these
characteristic bands indicates that the proposed TPP system is effective for extracting
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alginate from brown seaweed, producing a profile similar to that of the conventional
alginate extraction method.
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Figure 5.4 FTIR spectra of alginate extracted with DES-based three-phase partitioning and
conventional alkaline extraction.
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The M/G ratio is an important factor in alginate extraction, as it impacts the physical
properties of the alginate [227]. Alginates with a higher M/G ratio generally form more
permeable gel matrices, whereas those with a lower M/G ratio produce mechanically
stronger structures. This difference is attributed to the higher affinity of guluronic acid
blocks for calcium ions, which leads to enhanced cross-linking and gel strength
compared to mannuronic acid blocks [247].

The M/G ratio of alginate extracted using the TPP system was 1.05 * 0.00, whereas the
conventional alkaline extraction yielded a higher ratio of 1.57 + 0.02. These values are
comparable to values reported in literature (ranging from 1.17 to 1.40) for S. latissima
[227, 248] indicating that the M/G ratios of TPP and alkaline extraction methods are
similar. However, alginate extracted with TPP could probably produce stronger and
less permeable gels, whereas the conventional method could yield softer and more
elastic gels. Both the FTIR analysis and M/G ratio results suggest that alginate extracted
and recovered using TPP is comparable to that obtained through conventional alkaline
extraction, with similar functional groups and M/G ratios. Therefore, physicochemical
characterisation indicates that TPP could be a viable method for alginate extraction.
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5.3.4 DESreuse

5.3.4.1 Pigment extraction

Reusing the DES was conducted to evaluate the alginate and pigment yield per
extraction cycle. As the DES is reused without removal of pigments, it is anticipated
that chlorophyll and fucoxanthin will progressively accumulate until the solvent
reaches saturation. The extraction yield for both chlorophyll and fucoxanthin increased
from cycles 1 to 10 (Figure 5.5). For chlorophyll a, the extraction yield reached a
plateau at cycle 7 (1.98 = 0.04 mg/g DW) with no further increase up to cycle 12. The
yield for fucoxanthin increased up to cycle 6 (0.18 = 0.00 mg/g DW), followed by a
decrease in cycle 7. Extraction yields increased again between cycles 7 and 12,
reaching 0.21 = 0.21 mg/g DW. The fluctuating fucoxanthin yields could be due to
partial degradation of this pigment in the DES.
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Figure 5.5 Extraction yield of (a) chlorophyll a and (b) fucoxanthin when reusing the DES fraction.

Previous research focused on fucoxanthin extraction from S. latissima [216] found an
optimised extractionyield of 0.137 mg fucoxanthin/g DW and 0.08 mg/g DW chlorophyll
using menthol: levulinic acid (1:1). These results are similar to the fucoxanthin yields
obtained in our study after seven reuse cycles of the DES. In a study by Fernandes et al.
[249], fucoxanthin yields ranging from 0.02 to 0.12 mg/g DW were obtained from S.
latissima using acetone containing 0.05% butylated hydroxytoluene, depending on the
season. These values are comparable to those achieved with the TPP system. In
contrast, Martins et al. [228] reported 1.96 mg/g DW and 4.93 mg/g DW of fucoxanthin
and chlorophyll, respectively, when using a phosphonium-based ionic liquid combined
with sunflower oil. Although high pigmentyields were obtained, the isolation step relies
on back-extraction using toluene, which limits the process's suitability for sustainable
industrial applications. However, it must be noted that fucoxanthin content is subject
to seasonal variation as well as differences related to the geographic location of
seaweed collection [250]. Therefore, direct comparison of pigments extracted per dry
weight between different studies is challenging due to variability.
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To evaluate the DES extract, FTIR analysis was conducted on both the pure DES and
the DES extract. The pure DES exhibited characteristic peaks, including a strong
stretching vibration of the carbonyl group (COOH) at 1703 cm™'anda bendingvibration
of the hydroxyl group (-OH) in the carboxyl functional group at 917 cm™ [163] (Figure
$5.6). Upon extraction, the DES extract exhibited additional peaks that could be
attributed to the presence of fucoxanthin and chlorophyll. Specifically, the low-
intensity absorption at 3427 cm™ corresponds to O-H stretching vibrations, presentin
fucoxanthin [89], while distinct carbonyl (C=0) groups were observed through a high-
intensity peak at 1623 cm™ [89, 251], which is consistent with functional groups found
in chlorophyll and fucoxanthin. These additional peaks may suggest the solubilisation
of these compounds in the DES.

For product recovery, a biphasic system can be employed, as proposed by Kholany et
al. [216]. By introducing a hydrophilic choline chloride-based DES, fucoxanthin and
chlorophyll can be effectively separated, with fucoxanthin partitioning into the
hydrophilic phase. Subsequently, fucoxanthin can be recovered through water
addition to the hydrophilic DES. Chlorophyll remains in the hydrophobic DES and could
be directly applied, for instance, for cosmetic applications [216].

5.3.4.2 Alginate extraction

DES reusing was performed for twelve cycles using the optimised extraction conditions
(Figure 5.6). Per extraction cycle, the alginate yield was determined in the aqueous
phase. Interestingly, the alginate extraction yield decreased from cycle 1to 3 (101.8 =
3.1to54.1 +12.5 mg/g DW) and increased again from cycle 4 (95.4 + 15.2 mg/g DW) up
tocycle 7(118.0 £22.4 mg/g DW). From cycle 8, the alginate yield decreased again. The
decrease in extraction yield from cycle 1 to 3 and from cycle 7 could be due to
increased dissolution of other components in the DES, therefore lowering the
effectiveness of the DES [163]. However, this does not explain the increase in alginate
yield from cycle 4 to 7. As discussed in Section 5.3.2, this trend could be due to the
formation of reverse micelles by the DES, capturing alginate in the DES phase. An
overview of the extracted target analytes and approximate quantities are given in Table
5.3.

Table 5.3 Approximate concentrations of alginate, chlorophyll a, and fucoxanthin after seven
extraction cycles with DES1.
Target analyte Alginate Chlorophyll a Fucoxanthin

mg/g DW 118.0£22.4 1.98 +0.04 1.4%10"
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Figure 5.6 Extraction yield of alginate when reusing the DES fraction twelve times.

5.3.5 Proposed extraction mechanism

As previously mentioned (Section 5.3.2), the fluctuations in alginate yield could be
attributed to the formation of reverse micelles, potentially caused by the release of
phospholipids or proteins acting as emulsifiers when DES is applied to the biomass.
However, the fatty acid-based DES could also play a role in reverse micelle formation,
as studies have reported the use of fatty acids in reverse micellar systems [252, 253].
Bukman et al. [252] utilised dodecanoic acid, hexadecenoic acid and octadecanoic
acid to extract methylene blue from an aqueous solution via reverse micelle formation.
Under optimised conditions, this method achieved a dye removal efficiency of 99%.

The combination of phospholipids from the seaweed and fatty acids from DES is
hypothesised to have promoted enhanced micellar formation. A study by
Kittipongpittaya et al. [254] examined the influence of phospholipids and free fatty
acids on reverse micelle formation. Their findings demonstrated that higher fatty acid
concentrations significantly increased the concentration of micelles. This effect was
attributed to the ability of fatty acids to alter the pH, which enhanced the positive
charge on the phospholipid head groups. The resulting electrostatic repulsion between
phospholipid molecules further facilitated the formation of reverse micelles. Penttila
et al. [253] found that adding fatty acids to phospholipids improved the stability of
reverse micelles against precipitation. Additionally, it was observed that the cores of
the reverse micelles expanded, allowing them to accommodate more water.
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To confirm the presence of alginate in the DES phase, this phase was converted into an
aqueous solution by adding water and an amine solution (Section 5.2.7). Notably,
mannuronic and guluronic acid were detected in the aqueous DES phase (Figure S5.7),
suggesting that alginate was indeed present in the DES. Therefore, alginate may have
been encapsulated within reverse micelles formed by phospholipids released during
DES treatment, in combination with fatty acids present in the DES. This process could
have facilitated the transfer of alginate to the upper phase (Figure 5.7). Initially, the
fatty acid-based DES functioned as a pretreatment, disintegrating the algal cell wall
and releasing the alginate. During this release, phospholipid fractions and fatty acids
from the DES could have interacted, forming reverse micellar structures (Figure 5.7).
These micelles, present in the DES fraction, could encapsulate alginate, thereby
reducing the alginate yield in the agueous phase. The formation and release of reverse
micelles may account for the fluctuations in extraction yield across the extraction

cycles.
@ Alginate
‘—;Phospholipid
Fatty acids T Hydrophilic head
d + Hydrophobic tail
@ ®
DES o #f
= N/
" .l— *
Aqueous
phase
DES
Seaweed cell Seaweed cell disrupted Reverse micelle formation

Figure 5.7. Proposed TPP extraction mechanism with fatty acid-based DES.

Given the low total lipid content (0.69-1.88 % per DW) [255] and protein content (5-13%
per DW) [209] in brown seaweed, reverse micelle formation is likely primarily driven by
the addition of fatty acids. To evaluate the role of fatty acids in this system, a different
hydrophobic DES without fatty acids was used in TPP. When TPP extraction was
performed with menthol: thymol (1:1), a different trend emerged when the DES was
reused five times (Figure $5.8). The alginate extraction yield decreased from cycles 1
t02(95.9+4.8 mg/gto 87.4 + 5.5 mg/g) and did not significantly change between cycles
3 and 5 (Figure S5.8). No fluctuations in alginate yield were observed, likely due to the
absence of fatty acids. The decrease in yield between cycles 1 and 3 is probably
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attributed to the accumulation of impurities in the DES. The stable yield observed in
cycles 3to 5 suggests that alginate may have been encapsulated when using fatty acid-
based DES, possibly enhanced by phospholipid release from the seaweed. To
overcome this limitation, reverse micelle structures can be destructed [252]. Through
basification, the fatty acids can form a homogeneous aqueous phase, thereby
releasing the micelle structure [237]. This, in turn, could result in alginate release. The
DES can be recovered through subsequent acidification and reused within the TPP
extraction.

Biodegradable fatty acids and terpenes are relatively inexpensive compounds and
display low solubility in water, making them suitable, bio-based hydrophobic
extraction solvents [93, 256]. Moreover, they can be easily reused and facilitate
simultaneous pigment extraction in three-phase partitioning. Overall, natural
hydrophobic DES based on fatty acids are suggested to be effective both as biomass
pretreatment for alginate release from the cell wall and as an extraction solvent for
pigments. For the first time, a DES-based TPP was employed to enable a multi-product
biorefinery, wherein the DES served a dual function as both pretreatment agent and
extractant. Reuse of the DES up to seven cycles resulted in a relatively stable alginate
yield and pigment saturation, demonstrating its potential for sustainable and efficient
resource utilisation.
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5.4.Conclusion

This study investigated the use of natural deep eutectic solvents (DES) in three-phase
partitioning (TPP) as a novel and mild approach for simultaneous extraction and
purification of alginate and pigments from Saccharina latissima as an alternative to
conventional alkaline processing. A multi-product DES-based TPP was employed, with
DES functioning as both a pretreatment and extraction solvent. Alginate extraction
showed that hydrophobic DES disrupted the algal cell wall, releasing alginate in the
aqueous phase while extracting pigments with DES. DES1 (dodecanoic acid: octanoic
acid) yielded the highest alginate output (55.7 £ 6.4 mg/g DW). A short extraction time
(10 minutes) at a low temperature (35 °C) improved alginate yield to 101.8 = 3.1 mg/g
DW. The DES proved reusable for up to seven extraction cycles, although partial
alginate transfer into the DES phase was observed due to reverse micelle formation.
This work highlights the multi-product potential of the DES-based TPP system,
improving economic viability through milder and shorter extraction conditions while
facilitating the recovery of both alginate and pigments, along with DES reuse.
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5.5. Supplementary information

The chemical structure of the alginate monomers B-D-mannuronic acid (M) and a-L-
guluronic acid (G) monomers. linked by 3-1,4-glycosidic bonds. Their composition and
arrangement of M and G blocks can vary depending on the seaweed species and

seasonal conditions.
B-D-mannuronic acid a-L-guluronic acid

A |
[ | [ |

Figure S5.1 Chemical structure of part of alginic acid, represented by linked B-D-mannuronic
acid and a-L-guluronic acid monomers.

The molecular geometries of chlorophyll a and fucoxanthin were pre-optimised using
a universal force field (UFF) at density functional level GGA:BP86 basis set TZP. The
surface charge densities (Figure $5.2) were used as an input for predicting the activity
coefficients for each DES.

Figure S5.2 Molecular structures of pigments (A) chlorophyll a and (B) fucoxanthin. Blue regions
represent the hydrogen bond donating areas, red regions represent the hydrogen bond accepting
areas, and green regions represent the non-polar surface areas.
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Pigment quantities were estimated using the calibration curves prepared in DES, with
an R?= 0.9985 at 667 nm and R? = 0.9967 at 457 nm for chlorophyll and fucoxanthin,
respectively.
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Figure S$5.3 Calibration curves of (A) chlorophyll a and (B) fucoxanthin in DES1. (C) UV-vis spectra
of fresh and used DES1.

128



Three-phase partitioning for multiproduct extraction and DES reuse

The hydrophobic DES was switched to an aqueous solution to determine the potential
alginate content in this phase. The DES was made aqueous through the addition of
water in a 5:1 ratio to DES, together with Jeffamine D-230 in a 1:10 ratio to water. The
obtained fraction was analysed for alginate.

Recycle

Water DES Increase
oS DES addition pH — e
(hydrophobic)
water (hydrophilic)
Gisclpitais M Precipitate
phases
=alt Sl pe—— > Alginate Alginate
(NH,),S0,4

Figure S5.4 Schematic overview of alginate determination in the reused DES phase.

The octanol-water partitioning coefficient (logP) was estimated in COSMO-RS to
assess the hydrophobicity of the DES and pigments. The LogP estimations were used
for assessing both the pigment affinities towards each DES and were used to assess
the degree of hydrophobicity needed for alginate release.

Table S5.1 LogP values of DES constituents, DES1-DES9 and pigments.

Compound LogP

Linalool 3.5979
Dodecanoic acid 5.6841
Octanoic acid 3.3123
Nonanoic acid 4.0838
Hexanoic acid 2.3744
Decanoic acid 4.5908
DES1 4.4982
DES2 4.8839
DES3 5.1375
DES4 4.0293
DES5 3.9516
DES6 4.6410
DES7 4.0943
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Figure S5.5 o-potential of chlorophyll a, fucoxanthin and DES1 to DES9.

FTIR of the DES fraction from DES1 was performed before and after extraction with TPP,

to characterise the DES and its distinctive peaks, and to evaluate the presence of

pigments.
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Figure S5.6 FTIR spectra of pure DES and the DES after extraction within TPP.
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The Dionex ICS-6000 system was used for the identification of mannuronic and
guluronic acid in the hydrophobic DES phase, as an indication for the presence of
alginate in the hydrophobic DES phase.
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Figure S5.7 Chromatogram of recycled DES phase from 15 to 22 minutes.

Three-phase partitioning was performed with DES menthol: thymol (1:1), to evaluate
the potential role of the fatty acids in reverse micelle formation, affecting the alginate
yield as observed in the studied fatty acid-based DES. Conditions used were the same
as the optimal extraction conditions for DES1.

Three-phase partitioning was performed with DES menthol: thymol (1:1), to evaluate
the potential role of the fatty acids in reverse micelle formation, affecting the alginate
yield as observed in the studied fatty acid-based DES. Conditions used were the same
as the optimal extraction conditions for DES1.
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Figure S5.8. Extraction yields of alginate in the reusing test of menthol:thymol DES.
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Abstract

Deep eutectic solvents (DES) have emerged as green alternative extraction solvents.
However, challenges in DES recovery and recycling limit their broader application. In
this study, a novel thermo-separating aqueous two-phase system (ATPS) was
developed for the continuous, cyclic extraction and separation of alginate from
Laminaria digitata using DES and temperature-responsive copolymers. The system
enables a novel approach by repeatedly reusing both the DES phase and the EOPO
copolymer phase five times, thereby reducing waste generation and enhancing
process sustainability. This research demonstrated that DES can be efficiently
recycled for ten cycles using temperature-responsive ethylene oxide-propylene oxide
(EOPQO) copolymers, remaining stable yields. For the extraction and subsequent
separation of alginate, three different DESs were evaluated, all of which demonstrated
to extract and recover alginate. DESs ChCl:Ethylene glycol and ChCl:Urea exhibited a
preference for EOPO1000 (66 and 75% recovery, respectively), whereas Bet:Urea
achieved the highest recovery with EOPO3900 (66% recovery). Subsequent recycling of
the recovered DES showed that DES could be recycled for ten cycles, maintaining
stable extraction yields between 74 and 86 mg alginate/g DW and alginate recovery
yields of 55 to 65%. Furthermore, combined DES and EOPO recycling could be
performed for up to five cycles while maintaining an alginate recovery yield between 50
and 65 mg/g DW. This thermo-separating ATPS presents a novel, circular and
sustainable approach for DES recycling compared to the non-circular conventional
alkaline extraction. This proposed method can be applied in a simple and effective
manner to both recover and recycle DES.

134



Temperature-responsive ATPS for DES recovery and recycling

6.1.Introduction

Many industrial processing and extraction methods currently depend on conventional
organic solvents, such as methanol, ethanol and sulphuric acid, which pose
environmental, health and safety risks and are often not recycled, generating chemical
waste [257-259]. To address these issues, alternative and more sustainable processes
are being investigated [260-262], with particular focus on green solvents. One
promising class of solvents are deep eutectic solvents (DESs). These solvents offer
several advantages over traditional solvents, including lower toxicity, biodegradability,
and the potential for recycling [117, 263]. DES are solvents composed of one or more
hydrogen bond donors (HBD) and one or more hydrogen bond acceptors (HBA), formed
upon a large depression in melting point when mixed at a certain ratio [9, 264].

One potential application of DES is the extraction of valuable marine constituents. For
instance, alginate, a polysaccharide present in the cell wall of brown seaweed [265], is
widely employed as a thickening agent in food processing and in diverse biomedical
applications [123]. Brown seaweeds contain approximately 20-35% dry weight of the
phycocolloid alginate [266]. Alginate is composed of two uronic acids: B-D-
mannuronic acid and a-L-guluronic acid (Figure S6.1), with their composition and
arrangement varying depending on the seaweed species, habitat, and seasonal
conditions [267]. Conventional processes for alginate extraction from seaweed rely on
large amounts of harsh solvents and often yield limited efficiency [56, 124]. Hence,
there is a strong need to develop novel and sustainable processes, such as the use of
DES for alginate extraction and recovery.

Recent studies have demonstrated that DES are effective for extracting
polysaccharides from a variety of biomass sources, including seaweed [62, 100],
molluscs [268], plants [79, 269] and fungi [270]. However, DES are characterised by
their low vapour pressure, which complicates both solvent recovery and product
isolation. As a result, DES removal is typically performed through ethanol [63] or
isopropanol [119] precipitation, followed by multiple washing steps and vacuum
evaporation. Wu et al. [79] and Wang et al. [78] employed ethanol precipitation
combined with dialysis. Shang et al. [62] used a brominated macroporous resin to load
the DES phase, followed by washing with water. Although polysaccharides were
successfully recovered, the DES was simultaneously washed out and therefore could
not be reused.

To enhance process sustainability in industrial applications, DES recycling is essential.
Zhang et al. [270] recovered both polysaccharides and DES by repeatedly adding the
DES to anhydrous ethanol for precipitation. The DES-ethanol precipitate was distilled
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via rotary evaporation, allowing the DES to be reused for up to five extraction cycles.
While antisolvent addition is a straightforward and selective approach, it poses
challenges in process control due to potential loss of DES components. In addition,
anti-solvent removal often requires long evaporation times (16-24 hours) [77], and
some DESs may themselves precipitate upon alcohol addition, further limiting their
recyclability [70]. Membrane-based separation processes, especially electrodialysis
combined with ultrafiltration [83, 84], have been used for DES recovery and product
separation [271]. Liang et al. [84] demonstrated the recycling of DES up to four times
using ultrafiltration coupled with bipolar membrane electrodialysis. Although these
techniques are easy to operate and cost-effective, they impose strict requirements on
membrane performance due to the high viscosity of DES solutions, which increases
the risk of membrane fouling [272]. Moreover, the recovery of concentrated extract is
limited by concentration constraints inherent to the process [70].

In this context, aqueous two-phase systems (ATPS) present a promising and
environmentally friendly alternative for recovering polysaccharides from DES and the
potential recycling of the DES itself. ATPS is a liquid-liquid fractionation method that
relies on the immiscibility of two aqueous solutions at specific concentrations [273]
and is widely used for gentle, efficient, and straightforward separation of biomolecules
and cells [274]. Several ATPS types have been explored, including polymer-polymer,
polymer-salt, alcohol-salt, and thermo-separating polymer-salt systems [275, 276].
Among these, thermo-separating ATPSs are particularly attractive due to their ability to
induce phase separation and product recovery simply by altering the temperature [277,
278]. These systems have been applied in the purification of several biomolecules,
including anthraquinones [279], saccharides and proteins [280], vitamin B12 [281],
lincomycin [282] and tea saponins [283]. Thermo-separation is achieved by increasing
the temperature to a point at which the copolymer becomes insoluble, resulting in
phase separation. Ethylene oxide-propylene oxide (EOPO) is a thermo-sensitive
copolymer that can induce phase separation upon temperature changes [284]. EOPO
has been used for EOPO-salt ATPS separation methods to separate products based on
temperature change, including peptides [285], hyaluronic acid [284], polysaccharides
[286] and polyphenols [287]. Limited studies have explored the use of thermo-
separating aqueous two-phase systems (ATPS) for product recovery from DES. Gao et
al. [288] demonstrated that polysaccharides extracted from Camellia oleifera using
DES could be recovered using a temperature-responsive ATPS, achieving recovery
yields of up to 86%. Similarly, Zhou et al. [289] showed that polysaccharides from
American ginseng could be extracted with DES and subsequently recovered through a
thermo-separating ATPS. However, in both studies, while the polysaccharides were
successfully recovered, the DES was notreused in subsequent extractions. Recovering
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both the bioactive compounds and the DES is essential for enhancing the sustainability
of DES-based extraction processes by minimising solvent waste.

In the present study, we aimed to develop a novel and circular thermo-separating ATPS
for the simultaneous recovery of functional alginate and recycling of both DES and
EOPO after extraction from the brown seaweed Laminaria digitata. Various DESs and
ethylene oxide—propylene oxide (EOPO) copolymers were evaluated to determine the
most effective combination for alginate recovery. A recycling study was conducted to
assess the extraction efficiency and recovery yield of the reused DES. In addition, the
feasibility of the combined recycling of EOPO and DES was investigated, allowing
repeated reuse of both phases, thereby minimising waste generation. Overall, this
study introduces an innovative and sustainable method for alginate recovery from DES
while enabling effective solvent recycling, without significantly compromising
extraction yields. These findings lay the groundwork for more environmentally friendly
DES-based extraction processes, where both product and solvent can be efficiently
recovered and DES can be reused.
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6.2. Materials and methods

6.2.1 Materials

Brown seaweed Laminaria digitata was used for the extraction of alginate. Sun-dried L.
digitata was obtained from Algaia in March 2023 (Figure S6.2). Before use, the biomass
was shredded, its dry weight was determined, and it was sieved using 710 pm and 90
pum mesh sizes. The fraction between 90 and 710 um was collected and stored at 4 °C
for extraction. For alginate extraction and isolation, three DESs were used, containing
15 wt% of water (Table 6.1, Table S6.1). As HBA, either choline chloride or betaine was
used and as HBD, ethylene glycol or urea was used.

Table 6.1 Composition of DESs used in this study.

HBA HBD Mole Abbreviation Viscosity ? Density @
ratio (mPa*s) (g/cm?)
DES 1 Choline  Ethylene 1:2 ChCLEG 17.11 1.105
chloride  Glycol
DES 2 Choline  Urea 1:2 ChCl:U 7.36 1.142
chloride
DES 3 Betaine Urea 1:2 Bet:U 91.48 1.195

2Measured at 20 °C.

The DES constituents choline chloride (298%), betaine (298%), ethylene glycol (299%),
and urea (299.5%) were purchased from Sigma-Aldrich (Merck). EOPO copolymers
with Pluronic® 10 wt% PEG block-copolymers (PEG-PPG-PEG) with average molecular
weights of 1000, 2500 and 3900 were purchased from Sigma-Aldrich (Merck).

6.2.2 DES preparation and characterisation

The DESs were prepared using the heating method [200]. The HBA and HBD were mixed
in a molar ratio of 1:2 (Table 6.1) with 15 wt% of water, and this was put in a water bath
at 80 °C for one hour until a transparent solution was obtained. Subsequently, the
formed DES was used for the extraction of alginate. The dynamic viscosity of each DES
and EOPO was measured over a temperature range from 20 °C and 60 °C with 10 °C
intervals using an Anton Paar rotational viscometer (Anton Paar ViscoQC 300
Rotational Viscometer) with measuring probe B-SC4-18. The density of the DES and
EOPO was measured using an Anton Paar density and sound velocity meter (DSA
5000M) at 20 °C.
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6.2.3 Alginate extraction and quantification

Three DESs were used to extract alginate from L. digitata (Table 6.1). A solid:liquid ratio
of 1:40 was applied [119]. The extractions were performed at 80 °C for one hour. During
the extractions, the samples were regularly vortexed. As a control, alkaline extraction
was performed. Acid water containing H.SO, (pH 1.9) was added in a 1:1 (w/w) ratio to
the seaweed, and this was set for one hour at room temperature. Subsequently,
Na,CO; was added in a ratio of 0.0325:1 (w/w), and the extraction was performed for
one hour. DES and alkaline extractions were performed in triplicate. After extraction,
the samples were centrifuged, and the supernatant was taken for alginate
quantification. Quantification was performed using a method adapted from Cesaretti
etal.[136]. Subsequently, the DES layer was separated from the supernatant and used
for the first ATPS. The alginate extraction yield from L. digitata represents the quantity
of alginate obtained using DES per gram of dry seaweed, and was determined using
Equation 6.1:

mg ) _ Cextract*Vtotal (6.1)
g bw Mpiomass*XDW

Extraction yield (

where Coyiract 1S the concentration of the extract, my;omass 1S the weight of the initial
biomass, xpy, is the weight fraction of the dry biomass and V;,; is the total volume of
the extract.

6.2.4 Alginate isolation

6.2.4.1 Aqueous two-phase separation between EOPO and DES

To all DESs, EOPO was added to obtain an EOPO wt% of either 30%, 40%, 50%, 60% or
70% (Table 6.2). For each DES, EOPO copolymers with molecular weights of 1000,
2500, and 3900 were added to facilitate aqueous two-phase separation (Table 6.2).
After EOPO addition, the solution was mixed thoroughly for 15 minutes and left for at
least one hour until phase separation was observed. The EOPO-containing layer was
subsequently transferred to the second ATPS to recover alginate from the EOPO phase
(Figure 6.1).

Table 6.2 Different variables tested per DES in the first ATPS.

EOPO1000 EOP0O2500 EOP0O3900
EOPO (wt %) 30 30 30

40 40 40

50 50 50

60 60 60

70 70 70
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6.2.4.2 Temperature-dependent aqueous two-phase separation

For the removal of alginate from the EOPO layer, a temperature-dependent aqueous
two-phase separation was used (Figure 6.1). To the isolated EOPO fraction, water was
added in a 1:1 mass ratio. The solution was vortexed to mix the two layers. Once the
EOPO was dissolved, the solution was heated at 60 °C for at least two hours until phase
separation occurred. From the observed phase separation, the position of the aqueous
layer was determined. The alginate concentration was determined from the aqueous
layer. The percentage of alginate recovery (%) was determined by comparing the initial
alginate extracted to the alginate recovery yield obtained in the aqueous layer after the
second ATPS. The alginate recovery yield represents the quantity of alginate obtained
in the aqueous phase after the ATPS separations, and was calculated using Equation
6.2:

mg ) _ Caqueous*Vaqueous (6.2)
gDw :

Recovery yield (

Mpiomass*X¥DW

where Cyqye0us 1S the concentration of alginate in the aqueous phase, Mp;gmqss 1S the
weight of the initial biomass, xpy, is the weight fraction of the dry biomass and V,gyeous
is the volume of the aqueous phase.

6.2.5 Alginate characterisation

The alginate fraction was characterised using Fourier Transform Infrared Spectroscopy
(FTIR) and compared to alginate extracted through alkaline treatment.
Characterisation was conducted with a Nicolet Summit X ATR-FTIR Spectrometer
(ThermoFisher Scientific) over a spectral range of 400-4000 cm™. The alginate extracts
were isolated through a precipitation step using 1% w/v calcium chloride dihydrate,
followed by two successive washes with 80% ethanol. The resulting precipitate was
dried under a nitrogen flow and characterised using FTIR spectroscopy.

The mannuronic to guluronic (M/G) ratio of the extracted alginate was determined
through methanolysis followed by high-performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) as described by Bojorges et al.
[227]. The Dionex ICS-6000 system (ThermoFisher) with CarboPac 1 mm column was
used. Alginate extracted using DES was compared with alginate obtained via
conventional alkaline treatment. The extracted alginate was precipitated with 80%
ethanol containing 1% NaCl, followed by washing twice with 80% ethanol.
Subsequently, the samples were resolubilised in Milli-Q water. Samples of 50 pyL were
used for the methanolysis.
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6.2.6 DESrecycling

For DES recycling, the optimal DES and EOPO conditions for alginate recovery were
selected. The alginate extraction and subsequent alginate and DES separation were
repeated up to ten times. In each cycle, both extraction and recovery yields were
measured to evaluate the impact of DES reuse. After each extraction step, the alginate
content was determined. After each cycle, the alginate recovery was assessed.

6.2.7 Combined DES and EOPO recycling

To assess the influence of recycling of both fractions, combined DES and EOPO
recycling was performed. The same conditions were applied as for DES recycling
(Section 6.2.6). Both fractions were recycled up to six times. Each cycle, the alginate
extraction yield and recovery were assessed.

An overview of the extraction, two-step aqueous two-phase separation and solvent
recycling is presented in Figure 6.1. First, alginate is extracted using DES. In the initial
aqueous two-phase system (ATPS1), EOPO isintroduced, enabling alginate to partition
into the EOPO-rich phase. After phase separation, the EOPO and DES phases are
isolated, and the DES is recycled for subsequent extractions. The EOPO phase is then
subjected to the second ATPS (ATPS2), where water is added and the temperature is
increased to induce phase separation between EOPO and water. This facilitates the
transfer of alginate into the aqueous phase, which is collected, while EOPO was
recovered for reuse in the next ATPS1 cycle.
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Figure 6.1 Schematic overview of the alginate extraction and separation procedure. Alginate is
first extracted using DES, after which EOPO is added in ATPS1 to transfer alginate into the EOPO-
rich phase while the DES phase is recovered and recycled. In ATPS2, water addition and heating
induce the separation of EOPO and water, enabling alginate to move into the aqueous phase. The
aqueous phase is collected, and EOPO is reused in the next ATPS1 cycle.
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6.3. Results and discussion

6.3.1 Extraction and isolation of alginate

6.3.1.1 Extraction of alginate

Alginate was successfully extracted using each DESs (Figure 6.2). Among them,
ChCL:EG yielded the highest alginate content with an extraction yield of 100.3 + 8.0
mg/g DW. ChCLl:U resulted in the lowest yield, extracting 71.4 = 2.4 mg/g DW, while
Bet:U achieved an intermediate yield of 83.3 £ 10.5 mg/g DW. The conventional alkaline
control method yielded 89.0 = 3.6 mg/g DW, which was comparable to ChCl:EG and
Bet:U. Although the extraction yields obtained via the alkaline method were similar to
those of ChCl:EG and Bet:U, and higher than those of ChCl:U, this approach poses
environmental concerns due to the harsh alkaline conditions and the use of sulfuric
acid. Conventional alginate extraction relies on acidification with concentrated acids,
including sulphuric acid, to remove divalent cations, thereby converting alginate salts
into alginic acid. Subsequently, alkaline hydrolysis is applied for alginate extraction.
This two-step process generates effluents that require neutralisation and waste
management [56]. Additionally, solvent regeneration is not feasible in the conventional
method, further limiting its sustainability. The three DESs were subsequently utilised
for alginate separation through the two-step ATPS separation.
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Figure 6.2 Extraction of alginate from L. digitata with three DESs and alkaline extraction as
control.

6.3.1.2 Isolation of alginate

To assess the performance of the different DESs per EOPO, evaluating the recoveries
of alginate per DES is essential (Table 6.2). A high extraction rate with a low recovery
could still be less efficient. By combining alginate yield and recovery, the overall
performance of the isolation method could be determined. For the first ATPS, three
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EOPOs were used in different ratios for each DES (Section 6.2.4.1). The phase
separation of all combinations of DESs with EOPOs (Figure S6.3) showed that the type
of EOPO affects its behaviour towards the DESs. For all DESs, EOPO1000 and
EOPO3900 appeared as the top layer in the system. For EOPO2500, no clear phase
separation occurred for DES ChCl:EG and Bet:U (Figure S6.3). Gao et al. [288] used
DES ChCLEG, containing 30 wt% water, for the extraction and isolation of
polysaccharides from Camellia oleifera Abel. The highest recovery was observed when
using EOPO2500 with ChCLEG (30 wt% water). The difference in water content
between this DES and the DES used in our study probably affected phase separation
differently, as increased water content reduces viscosity and density, thereby altering
the physicochemical properties of the DES [290]. These changes can significantly
impact the performance of the ATPS. In the case of EOPO2500, the intermediate
molecular weight may result in an intermediate hydrophilic-hydrophobic character,
providing insufficient polymer—solvent incompatibility to promote complete phase
separation. Additionally, when combined with ChClL:EG and Bet:U containing 15 wt%
water, EOPO2500 may lie closer to the binodal curve of the ATPS, making phase
separation highly sensitive to DES composition and water content. This behaviour
could explain the poor separation observed. Due to insufficient phase separation,
EOPO2500 was excluded from further experiments.

In the consecutive thermo-separating ATPS step, the alginate recovery was assessed.
For phase separation with EOPO1000, the EOPO was situated at the top layer because
the density of this copolymer is 0.988 g/cm® (Table $6.2). In contrast, for EOPO3900,
the EOPO was placed at the bottom layer since this copolymer has a density greater
than water, measuring 1.056 g/cm3 (Figure S6.4 and S6.5 and Table S6.2).

DES ChCL:EG and ChCl:U displayed a preference for EOPO1000, while Bet:U recovered
more alginate with EOPO3900 (Figure 6.3). For ChCl:EG, the highest recovery reached
was 66.0 + 6.2%, at 40 wt% of EOPO1000 (Figure 6.3a). When taking into account the
extraction yield, 66.2 mg/g alginate was recovered (Table 6.3). The recovery using
EOPO1000 was approximately twice that observed with EOPO3900 for ChCLl:EG (Figure
6.3a). This difference could be due to the larger viscosity of EOPO3900 at 20 °C (Figure
$6.6), which may hinder efficient mass transfer and phase separation compared to
EOPO1000. When applying DES ChCLl:U, the highest alginate recovery was reached
(75.4%) at 50 wt% of EOPO1000 (Figure 3b). This resulted in an alginate recovery yield
of 53.8 mg/g DW (Table 6.3). ChCl:U resulted in the highest percentage of alginate
recovery, which was the DES with the lowest viscosity (Figure S6.7). The lower viscosity
of ChCl:U compared to the other DES (Figure $6.7) may have facilitated more efficient
mass transfer into the copolymer phase [291, 292]. For this DES, a clear influence of
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the EOPO concentration on alginate recovery was observed. The highest recovery
yields were achieved at an EOPO1000 to DES ratio of approximately 1:1. Reducing the
ratio to 30 wt% or increasing it to 70 wt% caused the recovery to drop to 17 % or, in the
latter case, resulted in no detectable alginate recovery. Increasing the EOPO
concentration up to 50 wt% likely enhances the contact area between alginate and
EOPO (Figure 6.3b), promoting the preferential partitioning of alginate into the EOPO-
rich phase. However, further increasing the EOPO concentration to 60 or 70 wt% led to
a decreasein alginate recovery. This decline may be attributed to the volume exclusion
effect that becomes significant at high EOPO concentrations. The entropic effect is
predominant at high EOPO concentrations, thereby hindering solute partitioning [293,
294]. At elevated polymer contents, the EOPO-rich phase becomes increasingly
crowded, reducing the available free volume for alginate. This crowding increases the
entropic penalty associated with alginate entering the polymer-rich phase. As a result,
alginate is thermodynamically disfavoured from partitioning into the EOPO phase,
leading to reduced recovery. Such behaviour is well-described in polymer-salt and
polymer—-polymer ATPS [275], where high polymer concentrations limit solute
accessibility due to steric constraints and reduced solvent activity. Additionally, higher
EOPO content increases the system’s viscosity, which can reduce mass transfer
efficiency and impair recovery yields [295].

For ChCLEG and ChCLl:U, the average molecular weight of the EOPO copolymer was
found to significantly influence the alginate recovery yield. EOPO1000, which has a
lower molecular weight than EOPO3900, possesses shorter polymer chain lengths.
These shorter chains may provide more free volume within the solution [287], thereby
enhancing the accommodation and solubility of alginate in the EOPO phase. As a
result, up to eight times more alginate was recovered using EOPO1000 compared to
EOPO3900 for ChCl:U at 50 wt%. Bet:U had the highest recovery (66%) at 30 wt% of
EOPO3900 (Figure 6.3c), indicating that an alginate recoveryyield of 54.8 mg/g DW was
obtained (Table 6.3). In contrast to the behaviour observed for ChCL:EG and ChCLl:U
systems, both EOPO copolymers exhibited comparable recovery efficiencies when
Bet:U was used. This could be due to the increased viscosity of this DES at 20 °C
compared to ChCLEG and ChCl:U (Figure S6.7). The hydrophobicity of the polymer
increases when the molecular weight increases, due to the increase in hydrophobic
area compared to hydrophilic groups [296]. Therefore, an EOPO with a higher
molecular weight requires lower concentrations to form an ATPS, due to the increased
hydrophobicity [277, 297]. This will, in turn, lead to enhanced phase separation. This
trend correlates with the results obtained from Bet:U, where the highest recovery of
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alginate was obtained using the lowest weight percentage of EOPO3900. For
EOPO1000 with the same DES, the highest recovery was obtained at 50 wt%.
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Figure 6.3 Recoveryyields of alginate for (a) ChCL:EG, (b) ChCl:U and (c) Bet:U using EOPO1000
and EOPO3900.

No literature is available on the effect of the molecular weight of the EOPO on alginate
separation. However, for the protein bromelain, previous studies have shown that
increasing the molecular weight of EOPO leads to a higher partitioning coefficient
[298]. Similarly, lower separation of the enzyme guanylyltransferase was observed
when EOPO with a lower molecular weight was used [296]. For polyphenol extraction,
a reversed trend was observed. A shorter chain length of EOPO resulted in a lower
polyphenol yield [287]. For alginate, notable differences in recovery were observed
between EOPO1000 and EOPO3900 across the three DES systems. This suggests that
the hydrogen bond acceptor (HBA) in the DES may influence alginate isolation.
Specifically, Bet:U yielded higher alginate recoveries with EOPO3900, whereas
ChCL:EG and ChCl:U showed greater recoveries when EOPO1000 was used. This
indicates that the selection of the DES constituents and thus the DES extract
composition largely influences the recovery and the optimal choice of EOPO.

Interestingly, the DES with the highest extraction yield (ChCL:EG) gave lower alginate
recovery, while the lowest-yielding DES (ChCl:U) achieved the highest recovery (Table
6.3). This indicates that recovery efficiency depends not solely on extraction yield but
on alginate partitioning between the DES and copolymer phases. An optimal
equilibrium between these phases appears to enhance recovery. Despite differences
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in efficiency, final alginate yields were similar (55-66 mg/g DW), highlighting the
importance of this phase equilibrium in governing overall recovery performance.

Table 6.3 Alginate extraction yield, optimal recovery (%) and alginate recovery yield per DES.

ChCLEG ChCL:U Bet:U
Extraction yield (mg/g DW) 100.3+8.0 71425 83.3+10.5
Alginate recovery (%) 66.0+6.2 75.4+12.3 66.0+5.0
Alginate recovery yield (mg/g DW) 66.2+8.2 53.8+9.0 54.8+8.1

Since the final alginate yields were similar (Table 6.3), Bet:U was selected for
characterisation and subsequent DES recycling as the lowest amount of EOPO could
be applied compared to ChClL.EG and ChCLl:U (30 wt% for Bet:U compared to 40 and 50
wt% for ChCl:EG and ChCL:U, respectively).

6.3.2 Alginate characterisation

The alginate recovered from the DES Bet:U was characterised using FTIR and analysed
for its mannuronic to guluronic acid (M/G) ratio. The M/G ratio is a critical parameter in
alginate characterisation, asitinfluences the polysaccharide’s physical and functional
properties [227]. Alginates with a higher M/G ratio typically form more permeable and
flexible gel matrices, whereas those with a lower M/G ratio tend to produce
mechanically stronger gels. This is due to the higher affinity of guluronic acid (G) blocks
for calcium ions compared to mannuronic acid (M) blocks, resulting in stronger cross-
linking and firmer gel structures [247]. The M/G ratio for alginate extracted with Bet:U
was 1.96 = 0.02. Compared to alkaline extraction, this ratio was 1.49 + 0.02 (Table
$6.3). These values are comparable to the reported values (1.44 to 1.82) for L. digitata
[56, 299], indicating that the alginate is flexible and can form soft and elastic gels.

The FTIR spectra of alginate extracted through DES and alkaline treatment displayed
similar patterns (Figure 6.4). Both extracts showed characteristic peaks at 1035 cm™
and 1080 cm™, as well as at 1600 cm™ and 1400 cm™'. The distinct peaks at
approximately 1080 cm™" and 1035 cm™' are associated with mannuronic and
guluronic acid units, respectively [246, 300]. The bands at 1600 cm™" and 1400 cm™’
are associated with asymmetric and symmetric stretching modes of carboxylate
groups [244-246]. Additionally, a broad band at 3500 cm™' and a weak band at 2900 cm-~
" were observed, correlating to hydrogen-bonded O-H and C-H stretching vibrations,

respectively [245]. The appearance of these characteristic absorption bands
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demonstrates that the DES-EOPO system effectively extracts alginate and produces a
spectral signature consistent with that of conventionally extracted alginate.

Based on FTIR and MG data, it was observed that alginate extracted and recovered with
Bet:U in a temperature-responsive ATPS is not affected differently compared to the
current alkaline extraction. Similar functional groups and similar M/G ratios were
defined. Therefore, DES-based alginate extraction and subsequent recovery with a
temperature-responsive EOPO could be a suitable approach that maintains alginate
characteristics.
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Figure 6.4 FTIR spectra of alginate extracted with DES (Bet:U) and with the conventional alkaline
(AK) extraction.

6.3.3 Recyclability of recovered DES

Previous studies have reported DES recovery using temperature-responsive
copolymers [288, 289]. However, whether the recovered DES can be effectively reused
as an extraction solvent has notyet been investigated. Therefore, Bet:U was utilised for
extraction, recovered, and subsequently recycled for additional alginate extraction
cycles. The optimal recovery conditions at 30 wt% EOPO3900 (Section 6.3.2.1) were
used. Thus, itwas investigated whether the alginate extractability or recovery capability
would be impacted by reusing the DES within this system. For DES recycling, the
process of alginate extraction followed by its separation from DES was repeated over
ten consecutive cycles. After the first ATPS, the DES was reused for the next extraction
cycle (Section 6.2.6). After ten extraction cycles with Bet:U, the alginate extraction
yields remained stable between 74 and 86 mg alginate/g DW (Figure 6.5). After cycle
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seven, a slight decrease in extraction yield was observed. The accumulation of other
constituents in the DES [301, 302], present in low amounts, such as proteins, could
have influenced the alginate yield. These additional solutes may compete with alginate
for dissolution, alter the hydrogen-bonding environment, or increase the viscosity of
the DES, thereby reducing the solvent’s effective capacity to extract alginate. The
results indicate that the extraction yield is not majorly influenced when reusing the DES
up to ten times. The recovery of alginate when reusing the DES was found to remain
stable between 55 and 65% (56.0 + 0.9 and 41.2 + 5 mg/g recovery yield) (Figure 6.5).
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Figure 6.5 Alginate extraction and recovery yield during DES recycling.

To the best of our knowledge, no studies have been performed yet on the recycling of
DES after product recovery through EOPO addition. However, several studies have
reported the recycling of DES through different approaches. For recycling DES that was
used for pre-treating plant biomass, a highly used approach is anti-solvent addition
[303, 304]. For this approach, DES could be recycled between 2 and 4 times. Jeong et
al. [305] recycled a DES composed of glycerol, L-proline, and sucrose (9:4:1) three
times after performing extractions of ginsenoside from Korean ginseng. Recycling
involved diluting the DES threefold with water, loading onto hydrophilic-lipophilic
balance cartridges, followed by rinsing and vacuum drying. Xie et al. [306] employed
DES for the pretreatment of lignocellulosic biomass and recovered it by removing the
water from the DES through rotary evaporation. This approach enabled the DES to be
reused for up to five pretreatment cycles. For the extraction of ferulic acid from oil palm
empty fruit bunch fibre, Ng et al. [301] applied antisolvent addition to precipitate ferulic
acid, followed by filtration. The DES was subsequently recycled successfully up to five
times.
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Compared to the other recycling strategies, the proposed ATPS-based approach
enables a greater number of recycling cycles within the integrated extraction-
separation system. Since both alginate yield and recovery remain stable, this indicates
that DES can be recycled within a temperature-responsive ATPS for continuous
extraction of alginate from brown seaweed.

To further improve the circularity and sustainability of the process, the potential of
recycling EOPO together with DES was investigated, as this has not been assessed
previously in literature. Both DES and EOPO fractions were recycled after each cycle
for six cycles (Figure 6.6, Table $6.4). As can be observed, the alginate extraction yield
decreased from cycles 1 to 3 from 80.3 £ 10.5 to 64.2 + 9.0 mg/g, followed by an
increase from cycle 4. However, when considering the amount of alginate in the final
aqueous phase, the recovery remained rather stable between 54.8 + 7.8 and 46.6 + 6.5
mg/g from cycles 1 to 5 (Figure 6.6). Since the amount of recovered alginate increased
while the extraction yield decreased, this could be due to the accumulation of alginate
in the EOPO fraction. When the EOPO gets more saturated, the alginate in the DES
phase increases (starting from cycle 3), as alginate cannot be fully transferred to the
EOPO in the first ATPS. Even though more alginate is presentin DES, recovered alginate
decreased to 25.1 + 7.7 mg/g in cycle 6.
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Figure 6.6 Alginate extraction and recovery yield during simultaneous DES and EOPO recycling.

6.3.4 Overall extraction and recovery process

Two approaches can be employed for the temperature-responsive ATPS recovery
process: (1) recycling only DES, and (2) recycling both the DES and the EOPO fraction.
In the first scenario, up to ten reuse cycles are achievable. However, this strategy
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results in continuous EOPO consumption, potentially generating chemical waste. In
contrast, simultaneous recycling of both DES and EOPO is feasible for up to five cycles,
during which alginate extraction yields fluctuate between 60 and 100 mg/g DW, and the
alginate recovery yields remain stable at approximately 50-65 mg/g DW (Figure 6.7).
The ability to recycle both phases is supported by the stable transfer of alginate from
the DES to the EOPO phase over multiple cycles, indicating that the ATPS1 partitioning
step remains effective under simultaneous recycling conditions. However, when only
the DES fraction is recycled, the recovery yield remains constant despite repeated
cycles, suggesting that alginate progressively accumulates in the EOPO phase. This
accumulation likely impairs alginate partitioning efficiency, altering the EOPO phase
properties, such as viscosity, polymer-solute interactions, or available partitioning
capacity, ultimately reducing the number of effective EOPO reuse cycles. Introducing
a washing step to remove residual alginate from the EOPO fraction could mitigate this
issue, potentially improving the transfer efficiency from DES to EOPO and enabling
more recycling cycles.

Although recycling only the DES allows for greater reuse frequency, the dual-
component recycling approach offers a more integrated and sustainable solution. By
reducing chemical consumption and minimising waste, the combined recycling of DES
and EOPO contributes to a more circular and environmentally friendly alginate
extraction process (Figure 6.7). Therefore, despite the reduced number of cycles, the
second approach may be considered more favourable for long-term, sustainable
operation.

Scaling up the DES-EOPO ATPS process may present challenges, particularly related
to the high viscosity of DESs and the energy requirements for heating to induce phase
separation. Elevated viscosity could hinder efficient mixing, mass transfer, and phase
separation at larger volumes, while heating costs could increase operational
expenses. Potential solutions include optimising DES composition to reduce viscosity,
such as increasing the water content, provided that the impact on ATPS formation at
the required EOPO concentration is systematically evaluated. Mechanical agitation or
static mixers may further enhance phase contact, and alternative heating strategies
such as localised or continuous heating could improve overall energy efficiency. This
may further facilitate scalability while maintaining extraction performance. In addition,
incorporating spectroscopic analyses (e.g. FTIR) on the used DES and EOPO fractions
into future scale-up studies could help identify potential chemical or structural
changes in the DES or EOPO phases, thereby supporting more informed optimisation
at larger scales.
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Figure 6.7 Alginate extraction and recovery yields during simultaneous recycling of both DES and
EOPO phases over five consecutive cycles. Extraction yields remain within 60-100 mg/g DW
across cycles, while recovery yields are consistently maintained at approximately 50-65 mg/g
DW.

152



Temperature-responsive ATPS for DES recovery and recycling

6.4.Conclusion

In this study, a thermo-separating agueous two-phase system (ATPS) was developed
for the continuous extraction and separation of alginate using DES as an alternative,
circular extraction process compared to conventional alkaline extraction. This
research demonstrated, for the first time, that DESs can be effectively recycled for at
least ten cycles using a temperature-responsive ethylene oxide-propylene oxide
(EOPO) copolymer. The three different DESs all successfully extracted and recovered
alginate. Bet:U was selected for further recycling studies with EOPO3900 (54.8 * 8.1
mg/g), as it required the lowest amount of copolymer for separation. The DES
reusability study showed that the alginate extraction yield remained between 74 and
86 mg/g DW over ten cycles, with consistent recovery yields (55-65%). Furthermore,
the combined recycling of both the DES and EOPO was successfully performed for up
to five cycles while maintaining stable recovery performance (between 54.8 = 7.8 and
46.6 £ 6.5 mg/g).

This study presents a novel, efficient, and circular approach for DES recycling. The
thermo-separating ATPS offers a suitable and straightforward method for the recovery
and reuse of DES. Additionally, the simultaneous recycling of DES and EOPO could
enhance process sustainability and significantly reduce solvent waste. The proposed
system provides a viable, eco-friendly alternative for alginate extraction and isolation,
while enabling effective regeneration of DES.
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6.5. Supplementary information

f-D-mannuronic acid a-L-guluronic acid
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Figure S6.1 Chemical structure of alginate monomers -D mannuronic acid and a-L guluronic
acid.

Figure S6.2 Sun-dried Laminaria digitata used in this study.
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Table S6.1 Molecular structures of the DES combinations used in this work.

DES1 | Choline chloride: Ethylene CH,
OH
glycol (1:2) N HO™
H3C// \/\OH
H,C
DES2 | Choline chloride: Urea (1:2) CH, 1)
NGl )k
e/ N Non HoN" "NHy
H,C
DES3 | Betaine: Urea (1:2 O
(1:2) HsC NCH3 o
j _
HaC 2 HZN)J\NHZ

EOPO1000 EOPO2500 EOPO3900

Choline

Chloride - ==
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Figure S6.3 First ATPS (DES and EOPO) for ChCl:EG, ChCLl:U and Bet:U using different wt% of
EOPO.
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Table S6.2 Density of the studied DESs and EOPOs.

Density (g/cm®)®
ChCI-EG 1.106 £0.00
ChCl-U 1.142 £0.00
Bet-U 1.195 £0.00
EOPO1000 0.989=0.00
EOP02500 1.095 £ 0.00
EOP0O3900 1.056 = 0.00

2Density was measured at 20 °C.

Figure S6.4 A) Phase separation with EOPO1000 in second ATPS B) Phase separation with
EOPO2500 in second ATPS C) Phase separation with EOPO3900 in second ATPS.
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Figure S6.5. Schematical representation of phase separation for the second ATPS.
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Figure S6.6 Viscosity of EOPO1000, EOPO2500 and EOPO3900 from 20 to 60 °C.
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Figure S6.7 Viscosity of ChCl-EG, ChCl-U and Bet-U from 20 to 60 °C.

Table S6.3 M/G ratios of alginate for the DES extract, alkaline extract and alginate standard.

Sample

M/G ratio

DES extract

Alkaline extract

1.96 +0.02

1.49+0.02
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Table S6.4 Alginate extraction yield (mg/g), alginate recovery yield (mg/g) and recovery (%) when
recycling DES and EOPO simultaneously.

Cycle 1 2 3 4 5 6
Extractionyield 83.3*10 60.5=%2 64.2+9 82.65 99.6+5 87.0+13
(mg/g)

Recoveryyield 54.8+8 55.4+8 67.3+11 49.2+15 48.6+7 25.1+8
(mg/g)

Alginate 65.8 8 83.9+10 105.4=16 59.6+15 48.8%9 28.9=%7

recovered (%)
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Chapter 7

Abstract

Conventional alginate extraction from brown seaweed typically relies on harsh, non-
recyclable chemicals, Llimiting process sustainability. This study presents
temperature-responsive deep eutectic solvents (TRDES) as circular, recyclable
extractants for alginate recovery. Using computational screening with COSMO-RS and
experimental validation of TRDES affinity and alginate partitioning, TRDES1 (o-cresol:
ethanolamine) was identified as the most promising combination, and was optimised
and reused over eight cycles, yielding up to 55.6 = 14.4 mg/g DW. COSMO-RS
modelling validated the observed increase in extraction efficiency over successive
cycles, showing enhanced partition coefficients and reduced Gibbs free energy of
transfer with reuse. The process enabled mild extraction of functional alginate with
increasing efficiency over the cycles. The main solvent parameters for TRDES design
found to govern extraction and recyclability were capacity (C), partition coefficient (K),
and Gibbs free energy (AG). Optimal performance was achieved with moderate TRDES-
water capacity (1.27 x 10" to 3.15 x 10"), low TRDES capacity (<1.2), and K> 1. This work
establishes a theoretical framework with design rules for future TRDES development
based on computational and experimental analysis and highlights the need for novel,
biocompatible TRDES systems. As demonstrated, combining computational screening
with these design principles enables the use of recyclable solvents. Incorporating
natural compounds into TRDES design enhances both process efficiency and
sustainability, facilitating the integration of DES technologies into circular biorefineries
and supporting environmentally responsible biomass valorisation.
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7.1.Introduction

The valorisation of renewable biomass has become a valuable asset in the
development of sustainable and circular bioeconomies. Brown seaweeds are an
interesting renewable biomass that can be used for valorisation. These macroalgae
containvaluable bioactive compounds, including polysaccharides, proteins, lipids and
polyphenols, with antibacterial, antiviral and antifungal properties [307-309]. Among
these compounds, alginate is a polysaccharide that is widely used in the food,
pharmaceutical, and biomedical industries due to its gel-forming and biocompatible
properties [310]. This polysaccharide has a simple molecular structure, containing two
uronic acid units, D-mannuronic acid (M) and L-guluronic acid (G). These two uronic
acids are present in varying sequences and ratios and are linked by B-1,4-glycosidic
bonds [122] (Figure S$7.1).

Efficient extraction of these compounds is essential for applications in
pharmaceuticals, food, and materials science. However, conventional alginate
extraction relies on multiple processing stages that use harsh chemicals, under both
acidic and alkaline conditions, resulting in significant water consumption and a high
energy input [56]. Moreover, the solvents used in alkaline extraction are typically not
recyclable, leading to environmental and economic concerns.

Deep eutectic solvents (DES) have emerged as a promising class of alternative
extraction solvents [87]. Formed by the complexation of one or more hydrogen bond
donors (HBD) and acceptors (HBA), the depression in melting point leads to the
formation of a DES. DES can be classified as green solvents due to their low volatility,
high thermal stability, tuneable physicochemical properties, simple preparation
without chemical reactions, and the possibility of selecting biocompatible,
biodegradable components that can be recycled [9, 10], making them attractive
candidates as extraction solvents. DES show significant potential in the extraction of
various bioactive compounds from different biomasses. DES have been successfully
applied for the extraction of bioactives from various biomasses, including plants [79,
207], microalgae [93, 311], and seaweed [62, 63].

Although alginate was successfully extracted using DES in our previous study,
achieving a higher extraction yield compared to conventional processing [100], the
main challenge associated with DES is the efficient isolation of the extracted
compounds from the solvent and the subsequent recycling of the DES. DES recycling
is complicated due to the low vapour pressure DES exhibits [70].
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Several approaches have been proposed for DES recovery, including membrane
separation [312], antisolvent addition [78, 79], and the use of macroporous resins [62].
Nonetheless, these methods often involve additional solvents, a high energy input, or
lead to incomplete solvent recovery. Additionally, these studies do not address DES
recycling but only focus on extractant recovery. Therefore, efficient recycling strategies
are essential to ensure that DES-based processes are not only effective but also
reusable and circular.

To address this issue, research has recently turned toward the development of a novel
class of DES, known as responsive deep eutectic solvents (RDES) [262]. RDES are a
novel subclass of DES designed to undergo physical or chemical changes in response
to external stimuli. These systems can respond to external triggers, including carbon
dioxide (CO,), changes in pH, or temperature, allowing for controlled phase transitions
through changes in polarity or solubility that facilitate selective extraction and solvent
recovery [262, 313]. Among these, temperature-responsive DES (TRDESs) are
particularly appealing due to the simplicity of temperature manipulation. By exploiting
the reversible solubility in response to temperature shifts, TRDES offer a promising
alternative for DES recovery and recycling without the need for additional reagents or
complex equipment [313]. TRDES can exhibit either upper (UCST) or lower critical
solution temperature (LCST) behaviour. UCST-type systems are immiscible with water
at low temperatures due to strong hydrogen bonding between DES components but
become miscible upon heating as thermal energy disrupts these interactions [165,
313]. In contrast, LCST behaviour involves phase separation at high temperatures,
driven by entropy and the weakening of hydrogen bonds between the DES and water
[314].

Despite growing interest in TRDESSs, their application in marine biomass extraction
remains limited, and fundamental thermodynamic governing extraction, separation,
and recyclability are often overlooked. Understanding DES-water-compound affinity
and partitioning behaviour is essential for rationally optimising extraction efficiency,
phase switching, and solvent recovery. Integrating predictive modelling could offer
valuable thermodynamic insights and support the systematic design of DES-based
biorefinery processes, rather than relying solely on empirical solvent screening. Such
an approach also holds broader potential, enabling the prediction of solvent behaviour
across diverse compounds and feedstocks, and guiding the development of more
versatile and ultimately more sustainable extraction systems.

Therefore, this study aimed to evaluate the feasibility of extracting and recovering
alginate using UCST-type TRDES, with the aim of establishing a mechanistic
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understanding of TRDES behaviour during extraction and recycling, thereby enabling
simultaneous alginate isolation and solvent recovery. First, 22 TRDES were selected
and evaluated for their phase switching behaviour. By addressing the solubility
capacity and partition coefficient in COSMO-RS (Conductor-like Screening Model for
Real Solvents), a model used to predict thermodynamic properties of fluids and
solutions, the performance of different TRDES and the alginate partition behaviour was
modelled. Subsequently, alginate extraction and recovery were conducted. The
optimal TRDES was used, extraction was optimised, and the alginate was
characterised. The TRDES fraction could be recycled for up to eight rounds of alginate
extraction.

This study provides an effective framework and design criteria that can be translated to
the future development of greener and biocompatible TRDES systems. By combining
experimental extraction with COSMO-RS modelling, the main solvent parameters for
TRDES design that govern extraction and recovery were established. This work
contributes to the advancement of deep eutectic solvent (DES) recycling and promotes
circularity in extraction processes, supporting the rational design of sustainable and
resource-efficient biorefinery approaches.
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7.2. Materials and methods

7.2.1 Materials

Brown seaweed Saccharina latissima was obtained from Algaia, France, in September
2024. The biomass was freeze-dried, ground, sieved and stored in the dark at 4°C.
Monoethanolamine (>98%), diethanolamine (>98%), triethanolamine (>99%), 2-
(Methylamino)ethanol (>98%), (Dimethylamino)ethanol (>99,5%), o-cresol (99%), p-
cresol (99%), m-cresol (99%), guaiacol, 3- Methoxyphenol (96%), 4-Methoxyphenol
(99%), L-menthol (99%), methyltrioctylammonium chloride, decanoic acid (>98%),
phenyl salicylate (99%), octanoic acid (>98%) and D-galacturonic acid monohydrate
(>97%), sodium tetraborate (99%), sulfuric acid (95-98%), carbazole (>95%) and
ethanol (>99%) were purchased from Sigma-Aldrich.

7.2.2 TRDES preparation

In total, 22 TRDES were selected for the screening. The TRDESs were prepared by
mixing the HBA and HBD at 60 °C until a clear and homogeneous liquid formed. The
details of the TRDES formulation tested are listed in Table 7.1 and Figure S$7.2.

Table 7.1 Details of the TRDES used in this study.

HBAs HBDs Molar  Reference
ratios
TRDES1 Monoethanolamine o-cresol 1:1 [165]
TRDES2 Monoethanolamine p-cresol 1:1
TRDES 3 Monoethanolamine m-cresol 1:1
TRDES 4 Diethanolamine o-cresol 11
TRDES 5 Diethanolamine p-cresol 1:1
TRDES 6 Diethanolamine m-cresol 11
TRDES 7 Triethanolamine o-cresol 11
TRDES 8 Triethanolamine p-cresol 1:1
TRDES 9 Triethanolamine m-cresol 11
TRDES 10 Monoethanolamine Guaiacol 11
TRDES 11 Monoethanolamine 3-Methoxyphenol 1:1 [315]
TRDES 12 Monothanolamine 4-Methoxyphenol 1:1
TRDES 13 2-(Methylamino)ethanol  Guaiacol 1:1
TRDES 14  2-(Methylamino)ethanol  3-Methoxyphenol 1:1
TRDES 15  2-(Methylamino)ethanol  4-Methoxyphenol 1:1
TRDES 16 (Dimethylamino)ethanol Guaiacol 1:1
TRDES 17 (Dimethylamino)ethanol 3-Methoxyphenol 1:1
TRDES 18  (Dimethylamino)ethanol 4-Methoxyphenol 1:1
TRDES 19 L-menthol Methyltrioctylammoni 1:1 [232]
um chloride
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TRDES 20 L-menthol Decanoic acid 1:1
TRDES 21 L-menthol Phenyl salicylate 1:1
TRDES 22 L-menthol Octanoic acid 1:1

7.2.3 TRDES screening

7.2.3.1 Laboratory

The TRDES were first tested to assess whether phase separation would occur between
the DES and aqueous phase. Phase separation was examined at 50% v/v TRDES
concentration. The solution was heated to 60 °C in a water bath for one hour and
vortexed every 10 minutes. Then, the solution was refrigerated at 4 °C to allow it to cool
down and separate into two phases. If phase separation did not occur in the solution,
sodium chloride was added to achieve 8% salt concentration to facilitate phase
separation further [315]. The TRDES that phase separated from the aqueous fraction
were then used for alginate extraction, whereas the formulations that did not phase
separate were discarded for alginate extraction.

7.2.3.2 COSMO-RS

7.2.3.2.1 TRDES comparison

The COSMO-RS (Conductor-like Screening Model for Real Solvents) software is an
effective computational tool for predicting the thermodynamic behaviour of fluid
mixtures [67]. Analyses were performed using COSMO-RS version 2022.103 (Software
for Chemistry and Materials BV, Amsterdam, The Netherlands) integrated within the
Amsterdam Density Functional (ADF) package. Molecular geometries of all
compounds were pre-optimised using the universal force field (UFF), followed by
density functional theory (DFT) calculations at the GGA:BP86 level with a TZP basis set
[93].

The direct application of COSMO-RS to polymers such as alginate is impractical, as it
requires extensive quantum chemical COSMO calculations, making the process highly
time-consuming [96, 316]. Therefore, a trimer of alginate was selected for the
modelling, as this allows feasible quantum chemical calculations while still capturing
the essential structural characteristics of the polymer [94, 317].

With COSMO-RS, the activity coefficient of alginate was determined using Equations
7.1and 7.2:

() == (7.1)
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Yi = limity oy, (7.2)

where y;’is the activity coefficient of alginate (i) at infinite dilution, which is defined as
the limiting value of the activity coefficient as the concentration of alginate approaches
zero; it is determined based on the chemical potential of the solvent y, and the
chemical potential of the pure compound p° [65, 318].

The solubility capacity (C) of each TRDES was calculated to determine the maximum
amount of solute that can be dissolved in the TRDES, following Equation 7.3 [318]:

o =1/yi (7.3)

The partition coefficient was calculated to evaluate the distribution of the solute
between the DES and aqueous phases [319, 320], providing insights into the alginate
extraction and recovery efficiency. The partition coefficient was determined following

Equation 7.4:
1
y?(water)

Kwater/TRDES =—+t— (7.4)
¥{ (DES)

7.2.3.2.2 TRDES recycling simulation

The partitioning behaviour of alginate across multiple extraction cycles was assessed
by calculating the partition coefficient Ky 4¢er/rrpEs @nd through calculating the Gibbs
free energy of transfer (AG) for the partitioning of alginate. This computational
approach enables the evaluation of thermodynamic trends and insights into whether
cumulative effects within the TRDES could account for the enhanced alginate release
observed in later extraction cycles. The Gibbs free energy of transfer was calculated
following Equation 7.5:

AGPartitioning = _RTln(Kwater/DES) (7.5)

J

mol*K

where R is the molar gas constant (8.374

(K).

) and T is the separation temperature

The recycling process was modelled using COSMO-RS to evaluate the partitioning
behaviour of alginate over successive cycles. After each extraction cycle, it was
assumed that 2% of the total alginate accumulated in the DES phase. This retained
alginate was then included in the solvent mixture composition for the subsequent

168



Temperature-responsive DES for alginate recovery and DES reuse

cycle. At each stage, the updated solvent composition was used to recalculate the
activity coefficient and partition coefficient of alginate.

7.2.4 Alginate extraction and recovery

A TRDES-water system was prepared to achieve a 50% v/v TRDES concentration [165],
and this was used to extract alginate from S. latissima at a solid-to-total liquid ratio of
1:40. The extraction was performed at 60 °C for one hour in a water bath, with the
solution vortexed every ten minutes to ensure thorough homogenisation.

As a control, water extraction was performed using the same conditions as applied with
the TRDES extraction. Alkaline extraction was performed as a control for the
conventional alginate extraction. For alkaline extraction, acidified water containing
H,SO, (pH 1.9) was added to the seaweed at a 1:1 (w/w) ratio and incubated for one
hour atroom temperature. Subsequently, Na,CO; was added at a 0.0325:1 (w/w) ratio,
followed by extraction for 1 hour at 60°C. All extractions, including those using
different DESs and controls, were performed in triplicate.

Subsequently, the mixtures were centrifuged to separate the biomass residue. The
supernatantwas stored at 4 °C to facilitate phase separation between the aqueous and
TRDES phases. Once phase separation occurred, the aqueous phase was collected
and dialysed using a membrane with a molecular weight cutoff of 3.5-5 kDa. The
alginate recovery yield of the dialysed aqueous phase was analysed using a
colorimetric assay as proposed by Cesaretti et al. [136]. The alginate recovery yield was
calculated following Equation 7.6:

Yield ( mg ) _ Caqueous*Vaqueous 7.6

g bw. Mpiomass*¥DW

where Cgqyeous IS the concentration of the extractin the aqueous phase, My;gmqss is the
weight of the initial biomass, xpy, is the weight fraction of the dry biomass and Vg gy,c0us
is the volume of the aqueous phase.

The schematic diagram of the TRDES extraction and recovery process is illustrated in
Figure 7.1.
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Figure 7.1 Schematic diagram of alginate extraction using temperature-responsive deep
eutectic solvents.

7.2.5 Extraction optimisation

7.2.5.1 FTIR analysis

The TRDES, their individual components and alginate were analysed using Fourier-
transform infrared (FTIR) spectroscopy. Spectra were recorded in the range of 400-
4000 cm™ using a Nicolet Summit X ATR-FTIR spectrometer (Thermo Fisher Scientific).
For alginate, the extracts were isolated from the aqueous phase and purified by
precipitation with 80% ethanol containing 1% NaCl, followed by two washes with 80%
ethanol. The resulting precipitate was dried under nitrogen and characterised using
FTIR spectroscopy, Size Exclusion Chromatography (SEC) and for the mannuronic to
guluronic acid (M/G) ratio. Extracts obtained using the conventional alkaline method
and water extracts were compared with those from DES-based extraction.

7.2.5.2 Molecular weight

Size exclusion chromatography (SEC) was performed to analyse the molecular weight
of alginate extracted with TRDES, water and alkaline extraction, as described
previously [48]. Alginate solutions (0.15% w/v) were prepared in Milli-Q water. A 20 pL
sample was injected into an Agilent 1290 Infinity HPLC system equipped with two PL
aquagel-OH MIXED-H columns (8 um, 300 x 7.5 mm) in series. Elution was carried out
using 0.1 M ammonium phosphate monobasic at pH 4.5 (Sigma-Aldrich) at a flow rate
of 0.8 mL/min. Detection was performed with a refractive index detector (RID). A
calibration curve was constructed using pullulan standards (PSS-PULKITR1, Agilent),
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and molecular weights were converted to alginate equivalents via the Mark-Houwink
relation [48]. The average molecular weight (M,,) was calculated following Equation
7.7:

_ Z(MExc)
W B Myprey) 7.7)
where M; represents the molecular weight of fraction i corresponding to a specific
retention time in the chromatogram, and ¢; is the intensity (area) of fraction i, which is
proportional to its concentration.

7.2.5.3 Mannuronic to guluronic acid ratio

The mannuronic to guluronic (M/G) ratio of the extracted alginate was analysed via
methanolysis, followed by analysis using high-performance anion-exchange
chromatography coupled with pulsed amperometric detection (HPAEC-PAD),
following the methodology reported previously [227]. Measurements were performed
on a Dionex ICS-6000 system (Thermo Fisher Scientific) equipped with a 1 mm
CarboPac column. Alginate samples obtained via DES extraction were evaluated
alongside those recovered through water extraction and conventional alkaline
treatment. Prior to methanolysis, the samples were precipitated, redissolved in Milli-Q
water, and 50 pL aliquots were used.

7.2.6 TRDESrecycling

TRDES recycling was assessed after selecting the optimal TRDES formulation and
optimal extraction conditions (Sections 7.2.4 and 7.2.5). The recycling capabilities of
the TRDES were evaluated by repeating the same extraction procedure five times using
the switched, recovered DES. The alginate recoveryyield was measured in the aqueous
phase after each extraction cycle.

7.2.7 Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics version 30.0.0.0. The least
significant difference (LSD) test and Duncan’s multiple range test were applied to
determine significant differences, with statistical significance set at p <0.05. Error bars
represent the standard deviation of three independent experiments. Different lettersin
the histogram indicate statistically significant differences at p < 0.05.
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7.3.Results and discussion

7.3.1 TRDES phase behaviour

First, the 22 selected TRDES were assessed for their phase-switching ability. It was
observed that alkanolamine:phenol-based TRDES (1 to 18) were immiscible with water
at room temperature and became homogeneous mixtures with water when the
solution was heated up to 60°C (Table S$7.1).

For TRDES 2-4, TRDES 10, and TRDES 12 and 16-18, phase separation occurred only
upon cooling after adding 8% sodium chloride. The addition of salt can enhance phase
separation in TRDES systems, following a mechanism similar to salt-induced
precipitation [315]. The less soluble component tends to precipitate out, while the
more soluble component remains in the aqueous phase. In this case, sodium chloride
is more soluble in water than the TRDES, promoting TRDES aggregation and separation
from the aqueous phase at lower temperatures. In TRDES 10, incomplete phase
separation occurred. An increased aqueous volume occurred after phase separation,
indicating residual DES in the water. Therefore, it was discarded from further alginate
extractions.

Out of the 22 TRDES, 17 could perform reversible phase separation. TRDES 10, 11, 13,
14 and 15 did not fully reverse during phase separation and were therefore discarded
from the alginate extractions and partition behaviour.

7.3.2 Partitioning behaviour and extraction performance of TRDES

7.3.2.1 Computational analysis of capacity and partition coefficient

Prior to experimental extraction, COSMO-RS modelling was conducted to evaluate the
capacity and partition coefficient (K,,q¢er/pgs ) across the switchable TRDES systems
for alginate. The capacity quantifies the solute's ability to dissolve in the solvent,
reflecting the extent of solute-solvent interactions. It is determined from the solute’s
activity coefficient, with lower activity coefficients indicating higher solubility within the
DES. These thermodynamic parameters were used to estimate the potential
effectiveness of each TRDES system and to predict the affinity of alginate for both the
aqueous and DES phases. This computational analysis enabled the selection of TRDES
candidates with favourable partitioning behaviour for subsequent experimental
validation (Table 7.2).
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Table 7.2 Capacities (C) and partition coefficients (K) of alginate in the TRDES-water systems at
20°C.

Capacity DES-water? Capacity DES? Kwater/pes?

TRDES 1 3.15x 10" 1.21 4.54
TRDES 2 2.53 x 10' 1.07 5.17
TRDES 3 2.93x 10" 1.29 4.27
TRDES 4 1.79 x 10 1.68 3.28
TRDES 5 1.52 x 10° 1.53 3.59
TRDES 6 1.72 x10" 1.79 3.07
TRDES 7 1.45 x 10 2.53 2.18
TRDES 8 1.27 x 10 2.34 2.35
TRDES 9 1.42 x 107 2.69 2.05
TRDES 12 2.44 x 10" 1.70 3.23
TRDES 16 2.15x 10" 1.01 5.44
TRDES 17 2.12 x 10" 3.26 x 10' 1.69 x 10"
TRDES 18 4.93 9.71 5.68 x 10"
TRDES 19 1.48 x 103 1.85x 10 2.97 x 108
TRDES 20 5.36 x 10" 3.29x10% 1.67 x 103
TRDES 21 1.49 8.28 x 103 6.66 x 102
TRDES 22 7.07 x 10" 5.73x10° 9.62 x 102
Water 5.51

a Calculations were performed at 20 °C.

In addition to calculating the activity coefficients (y) of the DES and water at 20 °C, the
variation of the capacity and the partition coefficient (K) was also examined across a
range of temperatures for each DES (Figure 7.2, Figure S7.3). This analysis was
performed to investigate the influence on alginate partitioning when enabling
temperature-responsive product recovery.
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Figure 7.2 Capacity and partition coefficient (K) of (a) TRDES1 with water and (b) TRDES20 with
water as a function of temperature (20-80 °C).

173



Chapter 7

7.3.2.1.1 Capacity

The capacity of the TRDES-water systems for alginate decreased progressively from
HBA monoethanolamine (31.5 for TRDES1) to diethanolamine (17.9 for TRDES4) and
triethanolamine (12.9 for TRDES9) (Table 7.2). Monoethanolamine (MEA) based DES-
water systems exhibited superior capacities due to their balanced hydrogen bonding
capacity and favourable basicity [321]. Featuring both a primary amine (-NH,) and a
hydroxyl (-OH) group (Figure S7.2), MEA can act as both a strong hydrogen bond donor
and acceptor [322], enabling effective interactions with the carboxylate (-COO~) and
hydroxyl (-OH) groups of alginate (Figure S$7.1). Additionally, MEA's relatively high
basicity (pKa ~9.5) compared to diethanolamine (DEA, pKa ~8.7) and triethanolamine
(TEA, pKa~7.7)[165, 323] allows for partial protonation under aqueous conditions. The
resulting—NH,* groups can engage in electrostatic interactions with negatively charged
alginate, further enhancing affinity. In contrast, DEA and TEA contain secondary (-NH)
and tertiary (-N) amines, respectively, which exhibit weaker hydrogen bonding
capabilities and lower basicity, making MEA the most effective HBA in terms of
capacity among the ethanolamines studied.

The DES-water (50:50) system exhibited significantly higher capacity than the DES
without water (Table 7.2). This improvement is attributed to the role of water in
increasing solvent polarity, enhancing hydrogen bonding, and reducing viscosity [290],
which together promote more effective solvation of the alginate. In contrast, the DES
without water offers limited capacity due to its lower polarity (Table $7.2) and higher
viscosity compared to DES with water. The menthol-based DES (TRDES19-22) with
water showed low capacity towards alginate (less than 1.5) (Table 7.2). This could be
due to their predominantly hydrophobic nature (Table S$7.2), which reduces their
solvation capacity towards alginate.

7.3.2.1.2  Partition coefficient

When considering the partition coefficient, it can be observed that the partition
coefficientis above 0 for allTRDES at 20 °C (Table 7.2) and across 20-80 °C (Figure 7.2
and Figure S7.3). This indicates that alginate prefers partitioning into the water phase
over the DES phase at all temperatures for each DES. Additionally, the partition
coefficient decreased at higher temperatures for each TRDES (Figure S7.3). For
TRDESH1, this decrease is from approximately 4.54 at 20 °C to 0.88 at 80 °C (Figure 7.2),
suggesting that alginate is more likely to partition into the water phase at lower
temperatures. This indicates that temperature affects the relative solubility of alginate
in the two phases, with lower temperatures enhancing its distribution toward water.
This is desirable, as TRDES-water phase separation occurs at 20°C, making it
convenient for efficient partitioning of alginate into the aqueous phase.
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For TRDES 18-22, the partition coefficient was significantly larger than 1 at 20-80 °C
(Table 7.2, Figure 7.2 and Figure S7.3), indicating that alginate preferentially partitions
in the water phase over the DES phase. Due to the hydrophobicity of these DESs (Table
§7.2), they exhibit poor compatibility with alginate, as indicated by the low capacities.
This, in turn, results in minimal solubilisation within the DES phase and thus good
separation ability.

Since all TRDES showed a positive partition coefficient at 20 °C and demonstrated
moderate to good capacities, these DESs were considered for laboratory alginate
extraction.

7.3.2.2 Experimental evaluation of alginate extraction yields

All of the TRDESs that could undergo phase separation recovered alginate in the
aqueous phase (Figure 7.3). The highest yield was obtained by TRDES 1
(ethanolamine:o-cresol 1:1) and TRDES 16, which recovered 25.0 = 3.6 and 23.6 + 4.2
mg/g DW, respectively, in their aqueous phase (Figure 7.3). Compared to water
extraction, TRDES 1 and 16 resulted in a two-times higher alginate yield, which could
be due to the higher capacities of these DESs compared to water due to theirimproved
hydrogen bonding capacities (Section 7.3.2.1).

In general, it was observed that the alkanolamine: phenol-based DES could recover
more alginate than the menthol-based DES (TRDES 19-22) (Figure 7.3). This may be
attributed to the mildly alkaline conditions created by the alkanolamine—phenol-based
DES [165]. Since the pKa of an alginate polymer is in the range of 3.5 — 4.6 [324], this
causes alginate to dissolve in alkaline conditions. The increased yield compared to the
menthol-based DES is consistent with the computationally obtained capacities
(Section 7.3.2.1).

Differences among yields for alkanolamime: phenol-based DES could be due to the
interaction between the DES and biomass. In addition to solute-solvent affinity, the
capacity of DES to alter biomass structure by modulating cell membrane permeability
and compromising structural integrity also contributes to its extraction performance
[148, 149, 325]. This, in turn, can affect the accessibility of alginate and may
significantly influence the extraction efficiency. Specifically, previous studies have
demonstrated that certain TRDES and DES can alter the permeability and integrity of
plant and microalgal cell walls, thereby enhancing the release of target compounds
[148, 232].
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Alkaline extraction reached a yield of 42.1 + 3.7 mg/g DW. Despite the lower yield of
TRDES 1 and 16 compared to alkaline extraction, TRDES extraction could offer
advantages in process intensification and process circularity. Extraction with TRDES
enables the simultaneous extraction and separation of product and DES in a single
one-hour step, compared to two one-hour steps for alkaline extraction. In addition,
TRDES extraction allows for direct alginate recovery from the aqueous phase.
Furthermore, TRDES allow for the recycling of the extraction solvent, thereby
enhancing its sustainability.

TRDES 1 was selected for further optimisation due to its high solubility capacity and

favourable partition coefficient.
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Figure 7.3 Alginate extraction yield for TRDES-water systems for TRDES1-TRDES22. Extraction
with only water and alkaline extraction were used as controls.

7.3.3 Extraction parameters

From the previous section (Section 7.3.2), TRDES 1 was selected for extraction
optimisation. Optimisation was performed to identify the impact of extraction
parameters on the alginate yield. In this study, TRDES concentrations, solid to total
liquid ratio, extraction temperature and extraction time were investigated to enhance
alginate recovery yield (Figure 7.4). Single-factor experiments were employed to
evaluate the effect of each parameter independently, an approach widely applied and
effective in responsive solvent optimisation studies [163, 232, 326].
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7.3.3.1 Effect of extraction temperature

The influence of extraction temperature on the alginate recovery yield was examined
from 40 to 80 °C. The extraction yield increased as the temperature increased (Figure
7.4a). The UCST of TRDES1 is 55 °C [165], indicating that a homogeneous solution
forms above 55 °C, where TRDES1 becomes fully miscible with water. Consequently, a
marked difference in alginate yield is observed when comparing extraction
temperatures below the UCST (50 °C, 10.2 + 3.3 mg/g DW) and above it (60 °C, 23.0 =
2.6 mg/g DW). Below the UCST, a heterogeneous system is formed because TRDES is
insoluble in water, which impairs mass transfer and molecular diffusion [262]. Above
the UCST, TRDES1 becomes fully miscible with water and forms micelle-like
aggregates [165]. This arises from the amphiphilic nature of its components:
monothanolamine provides polar headgroups capable of hydrogen bonding, while o-
cresol contributes hydrophobic aromatic moieties (Figure $7.2). Elevated
temperatures increase molecular mobility and weaken hydrogen bonding, allowing the
amphiphilic molecules to self-assemble into micelles. These structures create
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localised microenvironments of differing polarity, enhancing alginate solubilisation
and mass transfer [165]. Below the UCST, partial phase separation suppresses micelle
formation, resulting in a heterogeneous system with limited diffusion and reduced
extraction efficiency. Additionally, elevated temperatures can promote the rupture of
the cell wall [238]. thereby enhancing alginate release. Therefore, 80 °C was selected
as the optimal temperature.

7.3.3.2 Effect of solid-liquid ratio

Solid-liquid ratios from 1:20 to 1:80 (g/mL) were assessed. The results show that from
1:20 to 1:60, the alginate yield increases and then decreases when further increasing
the solid-liquid ratio (Figure 7.4b). The extraction yield increased noticeably with an
increase in the liquid—solid ratio. A higher concentration of extractant enhances the
dissolution of target compounds into the extraction medium due to improved mass
transfer [327], thereby increasing the yield from 7.2 + 0.6 to 23.0 + 3.3 mg/g DW when
using 1:20 and 1:60 solid-liquid ratios, respectively. However, an excessive amount of
extractant not only adversely affects the extraction efficiency but may also lead to
resource waste [217, 315, 328]. Therefore, a solid-liquid ratio of 1:60 was selected.

7.3.3.3 Effect of extraction time

The extraction time of 10 to 60 minutes was examined. The alginate yield increased up
to 40 minutes, but extracting longer than 40 minutes did not significantly affect the
extraction yield. (Figure 7.4c). This initial increase is due to the progressive diffusion of
alginate into the extraction solvent. During the early stages of extraction, the
concentration gradient between the polysaccharide in the biomass and the solvent is
high, which promotes mass transfer [329]. However, beyond 40 minutes, the extraction
yield plateaued, which could be due to the accumulation of impurities [163] or because
the extraction process has reached equilibrium [330]. Therefore, 40 minutes was
chosen as the optimal extraction time.

7.3.3.4 TRDES concentration

The TRDES concentration of 45 to 52% was investigated for alginate extraction. The
optimalyield was obtained when having a 50% TRDES concentration and increasing or
decreasing the concentration resulted in lower yields (Figure 7.4d). At lower TRDES
concentrations, the solvent may be too diluted, reducing its ability to break down the
cell structure [165], which willin turn result in less alginate release. Additionally, lower
TRDES concentrations can weaken the interactions between the solvent and alginate.
At higher TRDES concentrations, the viscosity of the mixture increases, which can
hinder mass transfer and diffusion of target compounds into the solvent phase [288,
328]. Therefore, a 50% TRDES concentration was selected as the optimal condition.
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7.3.3.5 Effect of pH

The pH value of the water was adjusted from pH 3 to pH 13. The extraction yield
increased when the pH was increased (Figure 7.4e). This improved yield when
elevating the pH could be because the pKa of an alginate polymer is in the range of 3.5
— 4.6 [324, 331], which makes alginate dissolve in alkaline conditions. On the other
hand, acidic conditions promote the protonation of carboxyl groups in alginate, leading
to polymer precipitation or gel formation, thereby limiting its solubility [50], resulting in
a decreased extraction yield. Therefore, pH 13 was selected as the optimal pH value.
Although this pH falls within the alkaline range, this treatment fundamentally differs
from conventional extraction, as no concentrated sulphuric acid is used and the
process occurs in a single step. Moreover, the TRDES can be recovered and reused,
reducing reagent consumption compared to traditional alkaline extraction.

7.3.4 TRDES and alginate characterisation

Based on the optimal conditions identified in Section 7.3.2, the subsequent extraction
was performed based on these conditions and characterisation of both the extracted
alginate and the DES was performed.

7.3.4.1 TRDES characterisation

To confirm the temperature-responsive behaviour of the DES system, TRDES1 was
characterised across the phase transition temperature with FTIR (Figure 7.5, Table
§7.3). This evaluation aimed to verify the reversible switching of the DES between
biphasic and monophasic states.

For ethanolamine, the FTIR spectrum typically shows a broad O-H/N-H stretching
band around 3000-3400 cm™" and distinct C-N stretching near 1075 cm™ [332]. For o-
cresol, characteristic peaks include aromatic C=C stretching at approximately 1600
cm™, and C-O stretching near 1200 cm™" [333]. Upon DES formation, a small peak is
observed at 3344 cm™ corresponding to hydrogen bonding interactions between
ethanolamine and o-cresol, consistent with previous reports [165]. Upon the addition
-' indicating the
formation of additional hydrogen bonds between water molecules and the DES

of water to the DES and heating, a broader band emerges at 3400 cm

components [165]. In addition, the aqueous phase obtained after switching was
analysed (Figure S$7.4). The FTIR spectrum of this water phase was compared to that of
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pure water. No distinct peaks attributable to DES components were observed,
suggesting the absence of detectable DES traces in the aqueous phase (Figure $7.4).

—Ethanolamine

—o-Cresol Akl i
—TRDES : -
—TRDES+water g; &

3400 cm!

1075 cm™!
N

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm-')
Figure 7.5 FTIR spectra of TRDES1 constituents, TRDES1 and TRDES1 containing 50 %v/v water.

7.3.5 Alginate characterisation

The alginate recovered from the TRDES was characterised for its functional groups with
FTIR, for its molecular size and the M/G ratio. The FTIR spectra of alginate extracted
using DES, water and alkaline treatment exhibited comparable profiles (Figure 7.6,
Table S7.4), with characteristic absorption bands observed at 1080 cm™" and 1020
cm™, corresponding to vibrations of guluronic and mannuronic acid residues,
respectively [246, 300]. The bands at ~1600 cm™" and ~1400 cm™" are attributed to the
asymmetric and symmetric stretching vibrations of the carboxylate (-COO~) functional
groups, respectively [244-246]. Additionally, a broad absorption band around 3500

" and a weak band near 2900 cm™" were observed, corresponding to hydrogen-

cm”
bonded O-H stretching and C-H stretching vibrations, respectively, presentin alginate

[245].
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Figure 7.6 FT-IR spectra of alginate extracted with TRDES, conventional alkaline processing and
with water.

The molecular weights of alginate extracted using TRDES (989 * 227 kDa) and
conventional alkaline extraction (988 = 21 kDa) were similar, indicating comparable
average molecular sizes (Figure 7.7). In contrast, water-extracted alginate had a
significantly lower molecular weight (445 71 kDa). The comparable molecular weights
observed for TRDES and conventional alkaline extraction suggest that TRDES is an
effective alternative for alginate extraction and recovery, achieving alginate with similar
molecular weights.

1400
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200 -

0

TRDES Water Alkaline
Figure 7.7 Molecular weight of alginate extracted with TRDES, water and alkaline treatment.
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The mannuronic to guluronic (M/G) ratio is an important parameter in alginate
characterisation, as it determines the polysaccharide’s structural, physical, and
functional properties [227]. Alginate gels with a high M/G ratio tend to exhibit greater
permeability, while those with a low M/G ratio typically form more robust and rigid
networks. The G-blocks exhibit greater rigidity due to the increased restriction of
rotational freedom around their glycosidic linkages, promoting tighter cross-linking
and improved mechanical strength compared to gels rich in mannuronic acid blocks
[49, 247].

Alginate extracted with TRDES resulted in an M/G ratio of 2.63 + 0.19, while for alkaline
and water thiswas 1.15+0.01 and 1.55 £ 0.02, respectively (Table 7.3). The M/G ratios
obtained from TRDES extracts were higher than those from conventional alkaline
extraction methods and also exceeded the values reported in the literature for
Saccharina latissima, ranging from 0.8 to 1.49, depending on the extraction method
[227, 248, 334]. The higher M/G ratio could be because the TRDES extraction was
performed at higher pH conditions, causing an increased M/G ratio [334]. This effect
may be attributed to partial degradation of alginate under alkaline conditions, coupled
with differences in the solubility of the resulting shorter polymer fragments depending
on their uronic acid composition. This indicates that alginate extracted using TRDES
may yield more flexible, elastic, and permeable gel networks compared to alginate
recovered through alkaline treatment. Such properties make this alginate particularly
suitable for diffusion-dependent applications, including drug delivery systems and cell
encapsulation technologies.

Table 7.3 M/G ratios of alginate extracted with TRDES, alkaline treatment and water.

M/G ratio
TRDES 2.63+0.19
Alkaline 1.15+0.01
Water 1.55+0.02

Based on FTIR, molecular size, and M/G ratio data, TRDES and conventional alkaline
extraction yielded alginate with comparable molecular characteristics. However,
TRDES could offer additional advantages due to its potential for recyclability,
positioning it as a more circular alternative.

7.3.6 TRDESrecycling

The recyclability of the TRDES solvent was evaluated to assess its feasibility for
repeated extraction of alginate. Eight extraction cycles were performed using the same
solvent to determine the impact of recycling on extraction efficiency and solvent
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performance. The recycling study was conducted under the optimum extraction
conditions determined previously (Section 7.3.3).

The extraction yield of TRDES 1 remained stable from cycle 1 to 4 (Figure 7.8). Starting
from cycle 4, an increase in extraction yield was observed, with an extraction yield of
55.6 = 14.4 mg/g DW at cycle 8. From cycle seven to eight, no statistically significant
difference in extraction yield was observed, suggesting that the system may have
approached a plateau. The larger standard deviation in the final cycle is attributed to
variability between experimental replicates and analytical uncertainty, rather than
incomplete phase separation or reduced solvent performance. A previous study on
alginate extraction using the hydrophilic DES betaine:urea reported a recovery of 56.0
+ 0.9 mg/g, achieved through a two-step aqueous two-phase system (ATPS) [335]. In
that process, alginate first partitioned into a copolymer-rich phase, after which both
the copolymer and DES phases had to be separated and recycled. A second ATPS step
was then required to transfer alginate into the aqueous phase while recovering the
copolymer for reuse. Although the final yields are comparable to those obtained in our
study, the ATPS method involves multiple sequential separation and recycling steps.
By contrast, our TRDES-based process combines extraction and solvent recovery in a
single step, offering a simpler and potentially more efficient alternative. In another
study, Saravana et al. [128] used subcritical water extraction at 125 °C and 10 bar with
a choline chloride:glycerol (1:2) DES containing 70% water, obtaining an alginate yield
of 28%, indicating similar extraction yields compared with our study (approximately
33%). While effective, this method did not include DES recycling and relies on high-
pressure equipment, which can increase capital costs.

When comparing DES recycling to other studies, Ng et al. [301] reported that during the
extraction of ferulic acid from oil palm empty fruit bunch fibre, the addition of an
antisolvent enabled ferulic acid precipitation. Using this approach, they were able to
recycle the DES for up to five consecutive cycles without significant loss of
performance. Chen et al. [336] used CO,-triggered switchable hydrophilicity solvents
for ultrasonic-assisted extraction of Polygonatum sibiricum polysaccharides. The
solvent could be recycled five times, observing a decrease in extraction yield per cycle.
Gao et al. [337] et al performed oil extraction from sawdust. The hydrophobic DES was
regenerated through deprotonation and protonation using NaOH and acetic acid,
respectively. They found a significant decrease in extraction efficiency upon recycling
a hydrophobic DES five times. Compared with other DES recycling strategies, the
proposed TRDES system supports a higher number of successful recycling cycles, as
the recovery yield continues to increase rather than decline over successive rounds.
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The trend of an increase in the extraction yield contrasts with previous TRDES recycling
studies, where extraction efficiencies declined with successive cycles [165, 232]. In
these studies, the accumulation of other constituents in the DES could have competed
with the target compound [301], thereby reducing the solvents’ effectiveness.
However, other studies focused on DES recycling have found increasing extraction
yields, as observed for alginate, due to compound accumulation in the DES phase
[301]. The sustained and improved performance observed here may be attributed to
the accumulation of alginate in the DES phase, resulting from the moderate affinity that
the DES has for alginate (Table 7.2).

The increase in extraction yield could thus be due to incomplete phase separation of
alginate into the aqueous phase in the previous cycles, due to the carryover of alginate
that remains solubilised within the TRDES during cycles 1-4. During the first cycles, part
of the alginate may remain dissolved in the TRDES phase as the optimal partitioning
equilibrium has notyet been reached. As the TRDES system is reused, the TRDES could
reach saturation. This accumulation, in turn, could influence the partition coefficient.
Previous work by Cai et al. [165] stated a polysaccharide recovery yield of 88% from
Ganoderma lucidum, indicating that part of the alginate could be retained as wellin the
TRDES.
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Figure 7.8 Extraction yield of alginate obtained using TRDES1 over eight consecutive recycling
cycles.

To establish a theoretical framework supporting the hypothesis of potential alginate
accumulation within the TRDES phase, COSMO-RS modelling was employed. The
partitioning behaviour of alginate across multiple extraction cycles was assessed,
incorporating an assumption that 2% of alginate remained accumulated in the DES
phase after each cycle. This iterative approach allowed simulation of progressive
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enrichment of alginate in the DES, enabling evaluation of its impact on the partition
coefficient and the Gibbs free energy of transfer (AG) (Section 7.2.3.2.2).

The COSMO-RS modelling results showed a progressive increase in the partition
coefficient and a corresponding decrease in the Gibbs free energy of transfer (AG) over
successive extraction cycles, while having a reduction in solubility capacity (Figure
7.9, Table S7.5), indicating an increasing thermodynamic favourability for alginate
partitioning into the aqueous phase. By cycle 8, AG becomes negative, indicating a
spontaneous transfer of alginate from the DES to the water phase. This trend suggests
a reduction in alginate solubility within the DES, likely due to the potential
accumulation of alginate in the DES phase across cycles, leading to saturation. As a
result, the driving force for alginate transfer into the aqueous phase increases and the
partition coefficient increases (Figure 7.9). These computational findings are
consistent with the experimentally observed increase in extraction yield upon solvent
reuse (Figure 7.8). The observed changes in partitioning behaviour may diminish the
DES its solvation capacity for alginate, thereby enhancing its release into the aqueous

phase.
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Figure 7.9 Partition coefficient and Gibbs free energy of transfer when recycling TRDES1 eight
times, assuming 2% accumulation of alginate in the TRDES phase per extraction cycle.

7.3.7 Design criteria for novel TRDES

Temperature-responsive deep eutectic solvents (TRDES) effectively extracted alginate
with considerable yields while enabling solvent recycling. Both COSMO-RS analysis
and experimental data highlighted that the main solvent features governing extraction
efficiency and recyclability are the capacity, partition coefficient and the Gibbs free
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energy of transfer. The capacity (C) of the TRDES-water system should exhibit
moderate capacity (10-30), thereby allowing extraction, while the capacity of the sole
TRDES should be low (< 1.2), promoting alginate recovery from the TRDES. The partition
coefficient (K) should be above 1 at room temperature, so that the compound favours
the aqueous phase upon switching, indicating that the TRDES facilitates effective
compound recovery. Trends in the Gibbs free energy of transfer (AG) across successive
recycling cycles revealed that gradual accumulation of alginate enhances its
partitioning into water. Together, these observations suggest that solvents with
moderate affinity are optimal for balancing extraction performance with efficient
recovery and recyclability.

Although the alkanolamine-phenol-based TRDES1 delivered high alginate yields with
functional properties and stable recycling, these are potentially hazardous
compounds. In contrast, menthol-based solvents (TRDES19-22) are non-toxic but
show lower capacity. This highlights a critical design challenge: achieving effective
extraction and favourable partitioning from water without relying on hazardous solvent
constituents. In this study, the primary objective was therefore to gain mechanistic
insights into their behaviour upon recycling. These insights guide the future
development of greener, more biocompatible TRDES systems. Currently, no recyclable
TRDES based on natural, non-toxic components have been reported, limiting their
applicability as truly green solvents. Zhang et al. [338] applied a biphasic natural TRDES
system composed of decanoic acid: octanoic acid (1:2) and choline chloride: levulinic
acid (1:2) for extracting bioactives from Zanthoxylum bungeanum peels. Although
lowering the temperature successfully induced phase separation of the two DES, the
target bioactives still required recovery using macroporous resins. This additional step
washed out the DES phase, preventing solvent recycling and thereby undermining the
main advantage of the TRDES concept. Similarly, Wang et al. [327] designed a
DES/ionic liquid/water system using natural DES. While they successfully separated
rosmarinic acid and carnosic acid into distinct DES- and ionic liquid-rich phases, the
compounds remained dissolved in their respective solvents, impairing the recyclability
of DES and reducing the primary advantage of TRDES. This highlights the need for
natural TRDES that enable product recovery and solvent recycling solely via
temperature modulation. As an alternative, it would be interesting to explore LCST-type
TRDES for future solvent design. LCST systems separate upon heating because
hydrophobic interactions become dominant at elevated temperatures, disrupting
hydrogen bonding with water [313, 328].

For future research, it is recommended to select natural HBAs and HBDs exhibiting
moderate hydrophobicity, and perform computational solvent pre-screening
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(capacity, partition coefficient and Gibbs free energy change) to choose suitable
candidates (Figure 7.10). Recent advances in machine-learning-enhanced COSMO-RS
workflows offer an additional opportunity to accelerate this process [339]. ML models
trained on quantum-chemical descriptors can rapidly predict key solvent properties
across large chemical spaces, enabling more efficient identification of promising
natural TRDES candidates before experimental validation.

By modelling water-DES phase behaviour (UCST/LCST), their switchability can be
assessed, followed by experimental phase behaviour assessment. Combining this
data should give preferred candidates for laboratory validation on extraction, switching
and solvent recycling (Figure 7.10). Focusing on natural compounds for designing
temperature-switchable DES, supported by ML-accelerated screening, not only
enhances process intensification compared to conventional DES extraction but also
contributes to greater sustainability. This combined computational-experimental
strategy facilitates the development and integration of DES technologies within
biorefinery applications, promoting greener and more efficient biomass valorisation.
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Figure 7.10 Process overview for designing natural TRDES for circular, green solvent extraction.
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7.4.Conclusion

This study demonstrated the feasibility of temperature-responsive deep eutectic
solvents (TRDES) as recyclable media for alginate extraction from Saccharina
latissima. Initial solvent screening, supported by COSMO-RS modelling, identified
TRDES1 as the most effective system. Under optimised conditions, TRDES1 enabled
functional alginate extraction and was successfully recycled for eight consecutive
cycles, with yields progressively increasing to 55.6 = 14.4 mg/g DW. Thermodynamic
modelling confirmed that this behaviour is linked to changes in alginate partitioning,
with increasing partition coefficients across cycles, reflecting enhanced favourability
for alginate recovery upon reuse.

Experimental data and COSMO-RS analysis showed that the capacity, partition
coefficient, and Gibbs free energy of transfer were identified as the main factors
influencing TRDES performance. Optimal extraction, partitioning and recyclability can
be achieved with moderate TRDES-water capacity (10-30), low TRDES capacity (<1.2),
and partition coefficients above 1. These findings establish preliminary design rules for
future solvent development, emphasising the importance of moderate affinity to
balance extraction efficiency and recovery potential.

However, the current well-performing TRDES are based on alkanolamine-phenol
combinations, which limit environmental sustainability due to toxicity concerns.
Bridging this performance-sustainability gap requires the development of natural
TRDES composed of amino acids, sugars, and organic acids, ideally exhibiting LCST-
type behaviour. To further extend the scope of this research, future work should
integrate COSMO-RS with emerging machine-learning frameworks to accelerate the
discovery of greener, biocompatible TRDES. ML-enhanced predictive models can
rapidly screen large chemical spaces, identify promising natural HBA/HBD
combinations, and guide the rational design of switchable, recyclable solvents. By
uniting mechanistic understanding, thermodynamic criteria, and data-driven
predictive tools, this study lays the foundation for developing non-toxic TRDES tailored
for circular and sustainable biorefinery applications.
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7.5.Supplementary information

Alginate is a linear copolymer composed of B-D-mannuronic acid (M) and a-L-guluronic
acid (G) residues linked by B-1,4-glycosidic bonds. The relative abundance and
sequence distribution of these monomers vary among seaweed species and are
influenced by seasonal and environmental factors.

B-D-mannuronic acid o-L-guluronic acid

A A
[ 1 [ 1

Figure S7.1 Partial chemical structure of alginic acid, illustrating the linkage between B-D-
mannuronic acid (M) and a-L-guluronic acid (G) monomeric units.
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Figure S7.2 Molecular structures of the (a) HBAs and (b) HBDs used in the compositions of the
DES.
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Table S7.1 Phase behaviour of TRDES1 to TRDES22 with and without salt addition.

Phase )
. Phase separation
No. HBA HBD separation X
. with salt
without salt

TRDES 1 Ethanolamine o-cresol Yes -
TRDES 2 Ethanolamine p-cresol No Yes
TRDES 3 Ethanolamine m-cresol No Yes
TRDES 4 Diethanolamine o-cresol No Yes
TRDES5 Diethanolamine p-cresol Yes -
TRDES 6 Diethanolamine m-cresol Yes -
TRDES 7 Triethanolamine o-cresol Yes -
TRDES 8 Triethanolamine p-cresol Yes -
TRDES 9 Triethanolamine m-cresol Yes -
TRDES 10 Ethanolamine Guaiacol No No
TRDES 11 Ethanolamine 3-Methoxyphenol No Incomplete
TRDES 12 Ethanolamine 4-Methoxyphenol No Yes
TRDES 13 2-(Methylamino)ethanol Guaiacol No No
TRDES 14 2-(Methylamino)ethanol 3-Methoxyphenol No No
TRDES 15 2-(Methylamino)ethanol 4-Methoxyphenol No No
TRDES 16 (Dimethylamino)ethanol Guaiacol No Yes
TRDES 17 (Dimethylamino)ethanol 3-Methoxyphenol No Yes
TRDES 18 (Dimethylamino)ethanol  4-Methoxyphenol No Yes
Methyltrioctylammonium

TRDES 19 L-menthol chloride Yes -
TRDES 20 L-menthol Decanoic acid Yes -
TRDES 21 L-menthol Phenyl salicylate Yes -
TRDES 22 L-menthol Octanoic acid Yes -
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The octanol-water partition coefficient (logP) was predicted using COSMO-RS to
evaluate the hydrophobicity of the DES. These values were applied to assess to
determine the hydrophobicity threshold associated with alginate affinity.

Table S7.2 Calculated octanol-water partition coefficients (logP) for DES and DES-water

systems.
DES DES-water

TRDES 1 1.360 -0.443
TRDES 2 1.274 -0.465
TRDES 3 1.254 -0.470
TRDES 4 1.562 -0.393
TRDES 5 1.475 -0.414
TRDES 6 1.455 -0.419
TRDES 7 1.651 -0.370
TRDES 8 1.564 -0.392
TRDES 9 1.544 -0.397
TRDES 10 1.363 -0.442
TRDES 11 0.948 -0.546
TRDES 12 0.774 -0.590
TRDES 13 2.921 -0.053
TRDES 14 2.505 -0.157
TRDES 15 2.331 -0.200
TRDES 16 3.718 0.146

TRDES 17 3.302 0.042

TRDES 18 3.128 -0.001
TRDES 19 6.550 0.854

TRDES 20 7.829 1.174

TRDES 21 6.952 0.955

TRDES 22 6.550 0.854
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The capacity and the partition coefficient (K) were examined across a range of
temperatures for each DES that could perform reversible phase separation with water.
A temperature range from 20 to 80 °C was selected to assess the influence of alginate
partitioning, the capacity of water and the capacity of DES across the extraction and
separation temperatures.
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Figure S7.3 Capacity and partition coefficient (K) as a function of temperature (20-80 °C) of (a)
TRDES2, (b) TRDESS, (c) TRDES4, (d) TRDES5, (e) TRDESS, (f) TRDES7, (g) TRDESS, (h) TRDES9, (i)
TRDES12, (j) TRDES16, (k) TRDES17, (1) TRDES18, (m) TRDES19, (n) TRDES21, (0) TRDES22.

192



Temperature-responsive DES for alginate recovery and DES reuse

To confirm the temperature-responsive behaviour of the DES system, TRDES1 was
characterised across the phase transition temperature with FTIR.

Table S7.3 Characteristic FTIR absorption bands of the TRDES1 constituents, TRDES1, and
TRDES1 containing 50 % v/v water.

Peaks (cm™) Band assignment

1075 C-N stretching

1200 C-O stretching

1600 Aromatic C=C stretching
3344 O-H/N-H stretching
3000-3400 O-H/N-H stretching

In addition to characterising the DES in both its switched and unswitched states, the
aqueous phase obtained after switching was analysed. No distinct peaks attributable
to DES components were observed, suggesting the absence of detectable DES traces
in the aqueous phase.

The alginate recovered from the TRDES was characterised for its functional groups with FTIR and
compared with alkaline extraction.

—Water

—Dialysed water
—TRDES

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm™)

Figure S7.4 FTIR spectra of water, the aqueous phase after switching and TRDES1.
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Table S7.4 Characteristic FTIR absorption bands of alginate extracted with TRDES, conventional
alkaline processing and with water.

Peaks (cm™) Band assignment

1020 C-O stretching

1080 C-0O-C stretching

1400 Symmetric COO™ stretching vibration
1600 Asymmetric COO™ stretching vibration
2900 C-H stretching vibration

3500 O-H stretching vibration

The recycling process was modelled using COSMO-RS to evaluate the partitioning
behaviour of alginate over successive cycles. After each extraction cycle, it was
assumed that 2% of alginate accumulated in the DES phase. The retained alginate was
added to the solvent mixture composition for the subsequent cycle. The adapted

solvent composition was used to recalculate the activity coefficient and partition

coefficient of alginate in the TRDES-water system.

Table S7.5. Calculated activity coefficient, capacity, partition coefficient and Gibbs free energy
when recycling the TRDES fraction eight times, assuming 2% accumulation of alginate per

extraction cycle.

Cycle number vy C Kwater/DES AGpartition (kJ/mol)
1 3.2x 107 3.1 x 10 1.7 x10" 4.2

2 4.8 %1072 2.1x 10" 2.6x10" 3.3

3 6.7 x 1072 1.5x 10 3.7 x 10" 2.4

4 8.9x 102 1.1x 10" 4.9x10" 1.7

5 1.1x 107 8.8 6.3x10" 1.1

6 1.4x10" 7.1 7.7 x 10" 0.6

7 1.7 x 10 6.0 9.3x10" 0.2

8 2.0 x 10" 5.1 1.1 -0.2

Water 1.8 x 10" 5.5
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Chapter 8

Abstract

Conventional alginate extraction from brown seaweed relies on alkaline treatments
that limit sustainability and solvent reuse. In this study, a novel deep eutectic solvent
(DES)-salt aqueous two-phase system (ATPS) was developed for the integrated
extraction and separation of alginate as a more sustainable alternative. By
incorporating the precipitation principle of three-phase partitioning at elevated salt
concentrationsin an ATPS, alginate was selectively recovered in an intermediate phase
between the DES and aqueous salt solution, enabling direct isolation while preserving
the solvent for reuse. Salt selection significantly influenced phase formation, with
K;PO, exhibiting stronger phase-forming ability than K,HPO, due to its enhanced
salting-out effect, whereas alginate recovery was primarily governed by salt
concentration. The highest recovery (76.4 + 0.1%) was achieved using betaine: urea
(1:2) with 50 wt% K,;PO,, with most alginate accumulating in the intermediate phase.
The DES maintained stable recovery over six cycles (63-86%), while preserving alginate
integrity. These results demonstrate the potential of DES-based ATPS as an efficient
platform for simultaneous extraction, separation, and solvent recycling, providing a
promising route toward more sustainable and integrated seaweed biorefinery
processes.
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8.1.Introduction

Efficient extraction processes are critical for the valorisation of renewable biomass.
However, they commonly rely on volatile and hazardous organic solvents. The
environmental burden, safety concerns, and limited recyclability associated with these
solvents have driven increasing interest in alternative solvent systems compatible with
sustainable biorefinery concepts [197]. One promising class of alternative extraction
solvents is deep eutectic solvents (DES). DES have attracted considerable interest due
to their potential advantages over conventional organic solvents, including lower
toxicity, biodegradability, and the possibility of solvent recycling [87, 340]. They are
typically formed by combining one or more hydrogen bond donors (HBD) with one or
more hydrogen bond acceptors (HBA), resulting in a pronounced melting point
depression and the formation of a liquid phase at a specific molar ratio [9, 14].

One emerging application of DES is the extraction of marine biomass constituents,
particularly from seaweed [62, 88, 341]. Brown seaweed represents a renewable and
abundant resource rich in structurally diverse polysaccharides, including alginate.
Alginate is a linear anionic polysaccharide composed of -D-mannuronic acid and a-
L-guluronic acid residues arranged in varying block sequences (Figure $8.1). Owing to
its gel-forming ability, biocompatibility, and rheological properties, alginate is widely
used in the food, pharmaceutical, biomedical, and materials industries [50].

Despite its widespread applications, conventional alginate extraction relies on
multistep alkaline treatments, typically involving multiple acidic and alkaline
processing steps. This in turn results in excessive water consumption and high energy
demand, generating substantial waste streams [56]. Furthermore, solvent recovery
and recycling are limited, reducing overall process sustainability and efficiency. As an
alternative, DES have recently been proposed as novel media for alginate extraction.

Although alginate was successfully extracted previously using DES, achieving higher
yields compared to conventional processing methods [100], efficient recovery of the
extracted alginate and subsequent solvent recycling remain a critical challenge. The
negligible vapour pressure of DES limits separation by conventional evaporation-based
techniques, thereby complicating product isolation and solvent regeneration [70].
Consequently, alternative separation strategies are required to enable efficient
recovery and sustainable reuse of DES. Previous work demonstrated that three-phase
partitioning (TPP) using hydrophobic DES and an aqueous salt phase can be an
effective strategy for alginate recovery from seaweed [342]. This approach achieved
good alginate yields while enabling DES recycling, demonstrating the potential of TPP
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for integrated biorefinery processes. However, a constraint of the study was that
alginate partitioned into the salt-rich phase, necessitating an additional dialysis step
to isolate the polymer, thereby adding additional processing steps. In another study,
the use of temperature-responsive aqueous two-phase systems (ATPS) was explored
for alginate recovery and DES reuse [335]. This system employed temperature-
sensitive copolymers to separate alginate from DES, enabling efficient alginate
isolation while allowing the recycling of both DES and copolymer phases. Despite its
effectiveness, the method required a two-step ATPS process and relied on careful
temperature control, making it relatively complex and less suitable for large-scale
applications. As a simpler ATPS approach, Liu et al. [343] employed an aqueous two-
phase system composed of DES and an aqueous salt solution. In this system,
polysaccharides from Astragalus membranaceus were extracted with DES and
partitioned from the DES phase into the aqueous phase and were subsequently
recovered from the aqueous phase via dialysis. By using a salt-based ATPS, the need
for a second phase separation, as required in temperature-responsive systems, is
eliminated. However, because the polysaccharides partition into the aqueous phase,
dialysis was still necessary for product isolation.

Taken together, these studies demonstrate the potential of ATPS for polysaccharide
recovery but also underscore the continuing need for simpler, more efficient strategies
that enable both effective polymer isolation and straightforward solvent recycling. To
avoid partitioning of the target polymer alginate into the aqueous phase, a three-phase
partitioning (TPP) like strategy incorporating product precipitation could be employed.
In protein separation, TPP is widely used to induce precipitation in a distinct interfacial
phase between the solvent-rich and aqueous layers [344], as salt addition reduces
protein solubility through charge screening and salting-out effects [218]. In turn, this
leads to controlled aggregation and thereby enables simultaneous phase separation
and product isolation.

Building on this, in this study, we propose a novel DES-based ATPS separation strategy
that incorporates the precipitation principle of three-phase partitioning into an
aqueous two-phase system, enabling direct alginate isolation while maintaining
solvent recyclability. Liquid-liquid equilibria were first determined for different DES-
salt combinations to evaluate their phase behaviour. Based on this, alginate was
extracted using the selected DES systems. High salt concentrations were then applied
to induce phase separation, mimicking three-phase partitioning conditions while
promoting alginate precipitation within the ATPS. This approach enabled direct alginate
recovery without the need for additional purification steps such as dialysis, which are
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typically required in conventional ATPS. Finally, the optimal ATPS conditions were
identified and applied for alginate characterisation and evaluation of DES recyclability.

We hypothesise that this approach could be effective for alginate due to its
polyelectrolytic nature, as its charged carboxylate groups may respond to salt-induced
solubility shifts. In this way, alginate is recovered as a separate precipitated phase
which can easily be recovered, allowing the DES phase to be directly reused without
additional separation steps. This strategy aims to enable direct alginate isolation from
DES while maintaining solvent recyclability. These findings provide a foundation for the
development of more sustainable DES-based extraction processes that enable
efficient product recovery alongside solvent reuse.
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8.2. Materials and methods

8.2.1 Materials

Brown seaweed Laminaria digitata, was used for the alginate extractions. Sun-dried L.
digitata was supplied by Algaia in March 2023. Prior to extraction, the material was
shredded, its dry weight content was determined, and the biomass was size
fractionated by sieving through 710 pm and 90 pm meshes. The intermediate fraction
(90-710 pm) was retained for extractions and stored at 4 °C until use. Three different
DES containing 15 wt% water were employed as candidates for ATPS separation (Table
8.1). The DES were prepared using either choline chloride (298 %) or betaine (299 %) as
the HBA, combined with ethylene glycol (299.8%) or urea (299.5%) as the HBD. Sodium
alginate standards (>88% purity) were used for characterisation. Aqueous salt
solutions for the ATPS were prepared using either dipotassium phosphate (K,HPO,,
298 %) or tripotassium phosphate (K;PO,, 298 %). Chemicals were obtained from
Sigma Aldrich (Merck).

Table 8.1 Composition, molecular structure and molar ratios of DES used in the study.

Abbreviation HBA HBD
DES1 Choline ChCLEG
chloride: Hs
Ethylene NI cI /\/OH
7
glycol (1:2) H,C / \/\OH HO
H,C
DES2 Choline ChCLl:U CH, o)
chloride: Urea )J\
(12 AN HN" NH
He”/ OH 2 2
H,C
DES3 Betaine:U Bet:U
etaine:Urea e HaC /CH3O 9]
(1:2) 3 \N+ )J\
/ o} HoN NH
HsC Z 2

8.2.2 DES preparation

The DESs were prepared following the heating method described by Abbott et al. [200].
The hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) were combined in
a 1:2 molar ratio (Table 8.1) with 15 wt% water, which was added during preparation to

202



DES-salt ATPS for interfacial alginate recovery

reduce viscosity and improve processability for biomass extraction applications. The
mixture was heated in a water bath at 80 °C for 1 h until a clear, homogeneous solution
was obtained. The resulting DES was then used for alginate extraction. The selection of
DES was guided by both prior literature and their demonstrated suitability for biomass
processing and aqueous two-phase system (ATPS) formation. The three DES were
selected based on previous studies on L. digitata extraction, where these solvents
showed effective alginate extraction and compatibility with downstream recovery
processes, and to enable direct evaluation of recovery strategies [335].

8.2.3 Alginate extraction and quantification

Alginate was extracted from L. digitata using DES (Table 8.1), employing a solid:liquid
ratio of 1:40. Extractions were conducted at 80 °C for 1 h, with intermittent vortexing to
promote mass transfer and ensure homogeneity [335]. As a control, alginate was
extracted using a conventional alkaline method to enable direct comparison with the
DES-based extractions. For the alkaline extraction, acidified water (pH 1.9, adjusted
with H,SO,) was added to the seaweed at a 1:1 (w/w) ratio and incubated at room
temperature for 1 hour. Subsequently, Na,CO; was added at a 0.0325:1 (w/w) ratio,
and the mixture was further incubated for 1 h to facilitate extraction. All DES and
alkaline extractions were performed in triplicate. Following extraction, the samples
were centrifuged, and the supernatants were collected for alginate quantification.

Alginate quantification was performed using a colorimetric assay adapted from
Cesaretti et al. [136]. The alginate extraction and recovery yield were defined as the
mass of alginate recovered per gram of dry seaweed and were calculated according to
Equation 8.1:

Yield ( myg ) _ Cextract*Vtotal (8.1)

g bw Mpiomass*XDW

where Ceytrace 1S the concentration of the extract, my;omqss is the weight of the initial
biomass, xpy, is the weight fraction of the dry biomass and V;,; is the total volume of
the extract. The alginate fraction after ATPS formation was assessed in each fraction
and expressed as a percentage of the alginate present after extraction.
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8.2.4 Establishment and phase behaviour of DES-based ATPS

8.2.4.1 Cloud point (solubility) curves

The cloud-point solubility curves for the DES with K,HPO, or K,PO,, combined with
water as ternary systems were determined at room temperature (20 °C) using the cloud
point titration method [345, 346]. Potassium phosphate salts (K,HPO, and K,PO,) were
selected due to their strong salting-out capacity and established use in DES-based
ATPS systems, where they have been shown to reliably induce phase separation with
choline chloride- and betaine-based DES [343, 347]. The use of two salts with different
ionic strengths further enabled systematic investigation of their influence on phase
formation and alginate partitioning behaviour.

Initially, a known mass of DES was titrated with a concentrated solution of aqueous
salt solution under constant stirring until the first appearance of persistent turbidity,
signifying the onset of phase separation. To confirm the phase boundary, the mixture
was then back-titrated with deionised water until the solution returned to a clear,
monophasic state. The mass of each component was recorded to calculate the mass
fraction compositions at each cloud point. Cloud-point (solubility) curves were
constructed from these experimental data points. The phase boundary was described
using an empirical polynomial fit to guide visualization of the solubility binodal
behaviour.

8.2.4.2 DES extract phase behaviour

Phase behaviour of the DES extracts was evaluated by mixing different DES extracts
with aqueous salt solutions. The extracts were combined with either K,HPO, or K,PO,
solutions at ratios selected based on the previously determined cloud point curves.
The resulting mixtures were gently mixed and subsequently inspected visually to
assess the occurrence of phase separation between the DES-rich phase and the salt-
rich agqueous phase.

8.2.5 Alginate affinity with COSMO-RS

The Conductor-like Screening Model for Real Solvents (COSMO-RS) is an effective tool
to predict the thermodynamic properties of the investigated fluid systems [67]. It can
be used to describe and understand solute partitioning behaviour. COSMO-RS was
applied to study the affinity of alginate in the two phases during the ATPS. Calculations
were conducted using COSMO-RS version 2022.103 (Software for Chemistry and
Materials BV, Amsterdam, The Netherlands) implemented within the Amsterdam
Density Functional (ADF) software suite. Initial molecular structures were subjected to
geometry optimisation using the universal force field (UFF), after which electronic
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structure calculations were performed using density functional theory (DFT) at the
GGA:BP86 level of theory with a triple-{ polarized (TZP) basis set [93]. Direct application
of COSMO-RS to polymers such as alginate is impractical, as it requires extensive
quantum chemical calculations, rendering the procedure computationally demanding
and time-consuming [96, 317]. Therefore, an alginate trimer was selected for
modelling, as it allows feasible quantum chemical calculations while still capturing the
essential structural features of the polymer [94].

Using COSMO-RS, the activity coefficients of alginate in each solvent, followed by
determination of the corresponding solvent capacity. The activity coefficient (y),
defined as the ratio of a species’ activity to its mole fraction, describes deviations from
ideal solution behaviour and reflects the interactions between alginate and each DES
and salt solution at infinite dilution. The capacity of each solvent, indicating the
maximum solubility, was calculated using the inverse of the activity coefficient as
described in Equation 8.2:

© 1
Calginate = (8.2)

y;lolginate
where y;lginate is the activity coefficient of alginate at infinite dilution.

8.2.6 Recovery performance of DES-based ATPS

To each DES, an aqueous salt solution of either K,HPO, or K,PO, was added at
concentrations of 40, 50, or 60 wt% (Table 8.2), according to the phase compositions
defined by the corresponding cloud-point (solubility) curves (Section 8.2.4.1).
Following salt addition, the mixtures were vortexed and shaken for 30 minutes to
ensure thorough mixing. The samples were then allowed to stand undisturbed for at
least 30 minutes to enable complete phase separation between the DES and aqueous
phases. After phase separation, the two phases were carefully collected. The agueous
phase was subsequently dialysed using a membrane with a molecular weight cut-off
of 3.5-5 kDa to remove residual salts. All conditions were assessed in triplicates.
Alginate concentrations in both the DES-rich and aqueous phases were then quantified
to evaluate the recovery efficiency of each system. Total alginate mass balances were
constructed by considering all phases, including the DES-rich phase, interfacial
precipitate, and aqueous phase, confirming overall mass conservation.
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Table 8.2. Different ATPS variables tested per DES.

Salt type salt/water wt% DES: Aqueous salt solution
K,HPO, 40 3:2

50 1:1

60 2:3
K;PO, 40 3:2

50 1:1

60 2:3

8.2.7 Alginate characterisation

The recovered alginate was characterised in terms of its mannuronic to guluronic acid
ratio and molecular weight. Structural features were analysed using Fourier-transform
infrared (FTIR) spectroscopy.

8.2.7.1 FTIR analysis

Alginate recovered from DES and alkaline treatment was analysed with FTIR
spectroscopy using a spectral range of 400-4000 cm™" using a Nicolet Summit X ATR-
FTIR spectrometer (Thermo Fisher Scientific). Alginate was isolated from the extracts
via precipitation using a 1 % (w/v) calcium chloride dihydrate solution, followed by two
consecutive washing steps with 80 % (v/v) ethanol. The resulting precipitate was dried
under a nitrogen stream and subsequently characterised by FTIR spectroscopy.

8.2.7.2 Molecular weight

Size exclusion chromatography (SEC) was employed to determine the molecular
weight distribution of alginate obtained via DES recovery and alkaline extraction,
following a previously reported method [48]. Alginate samples (0.15% w/v) were
dissolved in Milli-Q water, and 20 pL was injected into an Agilent 1290 Infinity HPLC
system fitted with two PL aquagel-OH MIXED-H columns (8 pm, 300 x 7.5 mm)
connected in series. Separation was performed using 0.1 M ammonium phosphate
monobasic (pH 4.5, Sigma-Aldrich) as the mobile phase at a flow rate of 0.8 mL/min,
with detection by refractive index (RID). Calibration was carried out using pullulan
standards (PSS-PULKITR1, Agilent), and molecular weights were expressed as alginate
equivalents using the Mark-Houwink relationship [48].

The average molecular weight (Mw) of alginate was calculated using Equation 8.3:
_ E(Mfecp)
W s(Myxep)

(8.3)
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where M; denotes the molecular weight of fraction j at a specific retention time in the
chromatogram, and c; corresponds to the signal intensity (peak area) of fraction i,
which is proportional to its concentration.

8.2.7.3 Mannuronic to guluronic acid ratio

The mannuronic to guluronic acid (M/G) ratio of the extracted alginate was determined
by methanolysis, followed by high-performance anion-exchange chromatography with
pulsed amperometric detection (HPAEC-PAD), in accordance with a previously
established protocol [227]. Analyses were conducted using a Dionex ICS-6000
chromatographic system (Thermo Fisher Scientific) fitted with a 1 mm CarboPac
column. Alginate samples extracted and recovered via DES-based extraction were
analysed in parallel with conventional alkaline processing. In addition, a commercial
sodium alginate standard was included as a reference to evaluate the efficiency of the
methanolysis procedure. Prior to methanolysis, alginate samples were precipitated,
subsequently redissolved in Milli-Q water, and aliquots of 50 uL were subjected to
analysis.

8.2.8 DESrecycling

For DES recycling, the optimal DES and salt conditions for overall alginate recovery
were selected. The extraction of alginate and the subsequent separation of alginate
from the DES were performed for six consecutive cycles. In each cycle, both the
extraction yield and the recovery yield were quantified to assess the effect of repeated
DES reuse. After every extraction step, the alginate concentration inthe DES phase was
determined, and following each cycle, the overall alginate recovery was evaluated.

8.2.9 Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistics (version 30.0.0.0).
Significant differences between groups were evaluated using least significant
difference (LSD) and Duncan’s multiple range post hoc tests, set at p < 0.05. Data are
presented as mean standard deviation based on three independent experiments.
Different letters denote statistically significant differences between groups (p < 0.05).

Figure 8.1 provides a schematic overview of the alginate extraction, the aqueous two-
phase system for alginate recovery and the DES recycling.
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Figure 8.1 General overview of the alginate extraction and recovery procedure using deep
eutectic solvent in an aqueous two-phase system.
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8.3. Results and discussion

8.3.1 Aqueous two-phase behaviour

Liquid-liquid equilibria were determined to evaluate the phase behaviour of the
different DES in combination with K,HPO, and K,;PO, and to identify the concentration
ranges required for aqueous biphasic system formation [348, 349]. The resulting
solubility curves define the compositions at which the mixture separates into two
distinct phases. Systems with compositions above the solubility curve form two
phases, whereas those below the curve remain monophasic (Figure 8.2). Furthermore,
solubility curves located closer to the origin of the phase diagram indicate stronger
phase-forming ability of the DES [350, 351].

DES2 (ChCl:U) and DESS3 (Bet:U) exhibited stronger phase-separation ability than DES1
(ChCLEG), as reflected by their solubility cloud-point curves position (Figure 8.2). This
behaviour can be attributed to differences in the HBD components of the DES. DES1
(ChCL:EG) contains ethylene glycol, whereas DES2 (ChCl:U) and DES3 (Bet:U) are
based on urea. The presence of hydroxyl (-OH) groups in ethylene glycol increases the
hydrophilicity of the DES and promotes hydrogen bonding with water, thereby
enhancing solvent-water miscibility. As previously reported, DES with higher -OH
content generally exhibit stronger water affinity and reduced tendency to form biphasic
systems, which likely explains the lower phase-forming ability observed for ChCl:EG
compared to ChCl:U and Bet:U containing the more hydrophobic urea [346, 348].

In addition to DES composition, the choice of salt significantly influenced phase
separation. Systems containing K;PO, showed stronger phase-forming ability than
those with K,HPO, (Figure 8.2). The formation of aqueous biphasic systems is primarily
driven by salting-out effects, where hydrated ions compete with the DES for water
molecules [346, 352]. Due to the higher charge of the phosphate anion (PO,*"), K;PO,
exhibits stronger hydration and therefore a more pronounced salting-out effect than
K,HPO, (HPO,*). As a result, K,PO, more effectively reduces DES solubility in the
aqueous phase, promoting phase separation, in agreement with previous studies [353-
355].

It should be noted that the phase diagrams generated in this study were based on
cloud-point (solubility) curves and therefore define the onset of phase separation
rather than the equilibrium compositions of the coexisting phases. While
determination of tie-lines would provide additional thermodynamic insight into DES
distribution and partitioning behaviour within the ATPS, the primary objective of this
work was to identify stable biphasic systems capable of enabling alginate recovery
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through interfacial precipitation. Consequently, cloud-point curves were considered
sufficient for selection of suitable phase-forming compositions. Future studies could
complement this approach with tie-line analysis to further elucidate the underlying
phase behaviour.

Consequently, DES1 (ChCLEG) was excluded from further analysis due to its weak
phase-separation behaviour, resulting in poorly defined and unstable biphasic
systems likely associated with its higher hydrophilicity. DES2 and DES3 were therefore
selected for subsequent phase separation with the extracts and further evaluation of
alginate recovery performance.

100 Tz
[ A ®DES3, K3
L % mDES2, K3
= +DES1, K3
80 1 ADES3, K2
Biphasic
060 1
1N]
fa)
N
%40 |
20 |
0

wit% salt
Figure 8.2 Phase diagrams of DES-based ATPS for DES1-3 combined with either K,HPO, or
KsPO,.

8.3.2 Alginate recovery performance

The extraction yields obtained ranged between 60.4 + 4.7 and 63.2 + 4.4 mg/g DW for
DES2 (ChCl:U) and DESS (Bet:U), respectively (Figure $8.2), in reasonable agreement
with values reported previously [335]. Therefore, these DES were selected for aqueous
biphasic system formation for subsequent alginate recovery from the DES extracts.
Phase separation experiments were conducted using the DES extracts, resulting in the
formation of biphasic systems for both DES in combination with the two salts (Figure
$8.3). Phase behaviour was evaluated in terms of formulation composition (salt
concentration and DES type) as a practical descriptor of ATPS conditions used for
alginate recovery screening. Moreover, for each condition, a middle phase was
observed, potentially containing recovered alginate (Figure S$8.4). To evaluate alginate
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recovery from DES, ATPS were established using ChCl:U and Bet:U in combination with
K,HPO, or K,PO, at 50 and 60 wt% salt concentrations (Section 8.2.5). The distribution
of alginate across the resulting phases was quantified to determine recovery efficiency
(Figure 8.3, Table 8.3).

Alginate recovery was achieved under all investigated conditions, demonstrating that
both DES systems are compatible with salt-induced phase separation (Figure 8.3).
Recovery efficiency, however, strongly depended on DES type and salt concentration.
The highest overall recovery was obtained for DES3 combined with 50 wt% K,PO, (76.4
+0.1%) and 50 wt% K,HPO, (76.0 + 3.0%), whereas the lowest recovery was observed
for DES2 with 60 wt% K,HPO, (24.9 = 1.3%) (Figure 8.3, Table 8.3). Overall, Bet:U
exhibited approximately 1.5-fold higher alginate recovery compared to ChCl:U across
the conditions, indicating that solvent composition plays a decisive role in phase
transfer efficiency.

120 5 120
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K2HPO4, 50% K2HPO4, 60% K3PO4, 50% K3PO4, 60% K2HPO4 50%  K2HPO4,60%  K3PO4, 50% K3PO4, 60%
BDES OPrecipitate BAqueous mDES @Precipitate BAqueous

Figure 8.3 Alginate distribution (%) in the DES, aqueous and precipitate phases after ATPS
formation for (a) DES2 (ChCLl:U) and (b) DES3 (Bet:U).

The superior recovery performance of Bet:U compared to ChCLl:U can be attributed to
differences in their interaction mechanisms with alginate. In ChCLl:U, the presence of
free chloride ions (Table 8.1) increases the ionic character of the solvent and may
enhance electrostatic stabilisation and solvation of the polyanionic alginate chains
through hydrogen-bonding and ion-mediated interactions. In contrast, betaine is a
zwitterionic hydrogen-bond acceptor without a free counterion [111], leading to
interactions that are more readily disrupted upon salt addition. The increased ionic
strength introduced by K,PO, likely enhances electrostatic shielding and competes for
water molecules, weakening alginate- Bet:U interactions more effectively and
promoting its transfer into the intermediate phase. These observations are further
supported by calculated capacities (Figure S$8.5). The salt systems exhibited
significantly higher capacity toward alginate compared to the DES, indicating a
stronger thermodynamic affinity of alginate for the salt-rich phase. This higher
interaction potential likely drives the initial transfer of alginate from the DES into the
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aqueous environment. Although tie-line analysis is commonly used to describe
equilibrium phase compositions in ATPS, the present study focuses on experimentally
observed phase distribution and recovery behaviour across DES-rich, aqueous, and
interfacial phases, as the system is additionally governed by interfacial precipitation
rather than purely equilibrium partitioning.

The salt type did not show a significant effect on the alginate recovery (Figure 8.3).
However, the salt concentration significantly influenced alginate distribution, with 50
wt% systems consistently outperforming 60 wt% systems (p < 0.05, Figure 8.3). This
trend was also reflected in the formation of a distinct intermediate precipitation phase
in all systems. For ChCl:U at 50 wt% salt concentration, approximately 40-48% of
alginate accumulated in the middle phase, whereas Bet:U exhibited higher interfacial
accumulation (54-66%). Increasing the salt concentration to 60 wt% reduced alginate
presence in the middle phase to 9-29% and 33-42% for DES2 and DESS, respectively.
These results indicate that moderate ionic strength promotes phase transfer and
controlled interfacial aggregation, while excessive salt concentrations hinder effective
alginate redistribution.

At elevated salt concentrations, the agueous phase approaches saturation, reducing
the availability of free water [219]. The resulting high ionic strength competes for water
molecules and disrupts the hydration shell surrounding alginate chains. Given the high
density of carboxylate groups in alginate (Figure S8.1), electrostatic shielding by
phosphate ions further limits alginate-water interactions. While moderate charge
screening promotes aggregation and phase transfer, excessive ionic strength likely
reduces polymer mobility and suppresses the formation of a coherent interfacial
precipitation layer. Consequently, alginate migration from the DES phase is hindered,
leading to reduced accumulation in both the aqueous and intermediate phases and
lower overall recovery at 60 wt% salt.

The underlying mechanism shows conceptual similarities to three-phase partitioning
(TPP) systems used for protein separation, where salting-out and polarity regulation
induce interfacial precipitation [356]. In classical TPP, high salt concentrations are
typically employed (approximately 30-50 wt% ammonium sulphate [222, 357] to
promote strong dehydration and aggregation effects. In contrast, conventional
polymer-salt ATPS systems often operate at lower salt concentrations (commonly 10—
25 wt% [273, 358, 359]), where phase separation is driven primarily by polymer
incompatibility rather than salting-out. In both TPP and the present DES-salt ATPS
system, phase formation is governed by solvent polarity modulation and dehydration
effects associated with elevated ionic strength [360]. However, unlike proteins that
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precipitate due to exposure of hydrophobic domains [344], alginate partitioning is
primarily governed by ionic interactions and hydrogen-bond competition due to its
hydrophilic and polyanionic structure. The present DES-salt ATPS can therefore be
viewed as a polysaccharide-adapted analogue of TPP, combining phase separation
with controlled precipitation driven by ionic strength and solvent polarity differences.

Overall, these findings demonstrate that alginate recovery in DES-based ATPS is
primarily governed by solvent composition and ionic strength rather than phosphate
salt identity. Moderate salt concentrations provide an optimal balance between
salting-out and hydration capacity, thereby maximising phase transfer efficiency.
Among the investigated systems, Bet:U (DES3) combined with 50 wt% K,;PO, achieved
the highest total recovery (76.4 £ 0.1%), defined as the sum of alginate recovered in the
aqueous and intermediate phases (Table 8.3), with 65.7 + 9.7% of the total alginate
accumulating in the intermediate phase, while the remainder (23.5%) remained in the
DES phase (Figure S8.3). The separable precipitation layer formed in Bet:U at 50 wt%
K;PO, system facilitated efficient product isolation. Based on its superior recovery and
favourable phase behaviour, this system was selected for subsequent
characterisation and recycling studies.

Table 8.3 Total alginate recovery (%) from the DES phase after ATPS, defined as the combined
recovery in the interfacial precipitate and aqueous phases.

Total recovery (%) K2HPO4, 50% K2HPO4, 60% K3POa, 50% K3PQO4, 60%
DES 2 65.9+1.6 24.9+1.3 61.8+2.8 35.9+10.7
DES 3 76.0+3.0 54.0+2.8 76.4+0.1 57.6 3.1

8.3.3 Alginate characterisation

Alginate recovered via DES treatment in the precipitate and aqueous phase was
characterised by FTIR to assess its functional groups, alongside determination of
molecular size and mannuronic to guluronic acid (M/G) ratio and compared to alginate
obtained through conventional alkaline extraction. Overall, no substantial structural
differences were observed between the different extraction approaches and phases.

The FTIR spectra exhibited characteristic absorption peaks around 1080 cm™"'and 1035
cm™', which are associated with vibrational modes of guluronic and mannuronic acid
residues [246, 300], respectively (Figure 8.4). Additionally, bands detected near 1600

cm™ and 1400 cm™ correspond to the asymmetric and symmetric stretching

213



Chapter 8

vibrations of the carboxylate (-COO~) groups [155, 244, 246]. Abroad absorption signal

in the region of approximately 3200-3500 cm™' was also observed, attributable to

hydrogen-bonded O-H stretching vibrations present in alginate [245].
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Figure 8.4 FTIR spectra of alginate extracted using DES from both the precipitation and aqueous
phases, alongside alginate produced by conventional alkaline processing.

The average molecular weights of alginate recovered with DES and alkaline treatment
were 438 £ 93 and 857 + 158 kDa (Figure 8.5), respectively, indicating that DES
extraction and recovery resulted in lower average molecular weights than the
conventional process. This observation may partly result from limited
depolymerisation during DES extraction, as DES have been reported to facilitate
hydrolysis and depolymerisation reactions in biomass processing through their
catalytic and hydrogen-bonding properties [361, 362]. In addition, the ATPS recovery
step itself may introduce a degree of molecular-weight selectivity. Lower-molecular-
weight alginate fractions possess greater mobility and diffusivity and may therefore
partition or precipitate more readily during phase separation, whereas larger polymer
chains may remain more strongly associated with the DES phase through
entanglement and hydrogen-bonding interactions. Reported molecular weights for
commercial alginate typically range from approximately 60 to 700 kDa [50], depending
on the intended application, indicating that both fractions fall within or close to
commonly utilised ranges. The molecular weight obtained for DES-extracted alginate
is also comparable to values reported for greener citrate-assisted extraction

214



DES-salt ATPS for interfacial alginate recovery

approaches (508 = 18 kDa) [363], suggesting that reduced polymer size is not
uncommon for milder or alternative extraction strategies.

The mannuronic to guluronic (M/G) ratio is an important parameter in alginate
characterisation, as it influences the structural, physicochemical, and functional
properties of the polysaccharide [227]. Interestingly, the M/G ratio of the recovered
alginate differed between extraction methods, with values of 0.22 + 0.02 obtained for
DES-extracted alginate and 1.50 £ 0.02 for conventionally alkaline-extracted alginate
(Figure 8.5). The relative content of mannuronic and guluronic acid residues influences
the physicochemical properties of alginate. G-rich alginate typically forms stronger and
more rigid gels with higher affinity for divalent cations, whereas M-rich alginate results
in softer, more elastic gels with increased flexibility and lower gel strength [49, 364].
The lower M/G ratio obtained for DES-extracted alginate compared to alkaline
extraction indicates selective enrichment of guluronic acid blocks, suggesting that DES
extraction may preferentially recover alginate fractions with enhanced gel-forming
properties.

Despite the lower molecular weight of the DES-extracted alginate, the enrichment in
guluronic acid residues occurs alongside the reduced chain length, indicating that the
DES-salt ATPS recovery for alginate may result in stronger and more rigid gels.
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Figure 8.5 Molecular weight and M/G ratios of alginate recovered from DES and alkaline
treatment.
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8.3.4 Recyclability of recovered DES

The recyclability of the DES was evaluated over six consecutive extraction cycles using
the selected DES3-50 wt% K;PO, system (Figure 8.6). The overall alginate recovery
remained relatively stable throughout the cycles, ranging from 63% (cycle 3) to 86%
(cycle 5). Across all runs, 51-65% of the total alginate consistently accumulated in the
intermediate precipitation phase.

The absence of a progressive decline in recovery indicates that the DES retained its
extraction and phase-forming properties throughout repeated use. Importantly, the
absence of a systematic increase or decrease in recovery suggests that the observed
cycle-to-cycle fluctuations are unlikely to originate from cumulative changes in DES
composition or gradual solvent degradation. Instead, the fluctuations most likely
reflect the stochastic nature of the interfacial precipitation process itself. Alginate
recovery in the DES-salt system relies on the formation of a transient polymer-rich
layer at the interface between the DES-rich and salt-rich phases. This alighs with
phase-separation models of alginate where high ionic strengths trigger rapid localised
nucleation followed by aggregate growth that depletes the surrounding polymer
concentration. Because these micro-separated domains are structurally pinned by
local gelation, slight variations in local mixing and diffusion profiles could heavily
impact the final macroscopic distribution of the polymer [365]. The exact distribution
of alginate between the intermediate layer and the adjacent phases is thus governed
by local nucleation, aggregate growth, interfacial transport, and phase disengagement
[365], all of which depend on local concentration gradients and mixing conditions
during phase separation. Consequently, relatively small differences in the formation
and evolution of the interfacial layer may lead to variations in alginate partitioning
between cycles without affecting the overall recovery mechanism or solvent
functionality. Minor differences in residual alginate remaining in the recycled DES may
additionally influence local viscosity and mass-transfer behaviour, contributing to
these stochastic variations while remaining insufficient to produce a cumulative
decline in performance.

The maintained formation of a distinct intermediate layer throughout all recycling
cycles suggests that the DES consistently preserved the phase behaviour required for
interfacial alginate precipitation and that no major alterations of the DES hydrogen-
bond network occurred despite repeated exposure to high ionic strength conditions. To
further assess solvent stability, the DES prior to extraction, after alginate extraction,
and after ATPS separation was analysed by FTIR spectroscopy (Figure $8.6). While FTIR
alone cannot provide definitive evidence of complete structural retention, the absence
of clear spectral changes suggests that no major alterations of the dominant hydrogen-
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bonding interactions occurred during recycling. This indicates that the DES framework
remains largely preserved under repeated exposure to high ionic strength conditions.
Together with the absence of any systematic deterioration in recovery performance,
these observations support the conclusion that the DES retained its functional stability
during repeated recycling. Moreover, the higher calculated capacity of the salt phase
relative to the DES implies preferential alginate partitioning into the salt-rich
environment, limiting solute accumulation within the DES and thereby supporting
stable solvent recyclability.
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Figure 8.6 Alginate distribution (%) in the DES, aqueous and precipitate phases and overall
recovery yield after ATPS formation for recycling the DES six times.

Previous studies on DES recycling within three-phase partitioning systems have
reported similarly stable recovery trends over multiple cycles. For example, Chen et al.
[222] observed only a slight decrease in tomato peroxidase recovery after five recycling
cycles of the DES, while Hu et al. [237] reported largely stable product recovery values
over five consecutive cycles during DES-based TPP. Comparable stability has also
been reported for DES recycling in ATPS. For instance, in a temperature-responsive
copolymer-based ATPS [335], alginate recovery remained stable between 55-65% over
repeated cycles. Similarly, Wang et al. [366] observed relatively constant recoveries
(~65%) after five recycling cycles of a ChCl:urea-K,HPO, ATPS for C-phycocyanin
extraction.

Taken together, the present results demonstrate that DES recyclability within high-salt
ATPS is comparable to both TPP and alternative ATPS systems. Notably, the current
approach enables direct product recovery via formation of a separable intermediate
phase, thereby avoiding additional processing steps such as dialysis that are often
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required in conventional ATPS. This feature enhances process simplicity and supports
the practical applicability of the system.

From a sustainability perspective, it is important to note that the process relies on
relatively high concentrations of potassium phosphate (up to 50 wt%), which may
introduce constraints in terms of salt consumption, downstream handling, and
potential waste generation if full recycling of the salt phase is not implemented. While
K;PO, is generally recognised as safe (GRAS) and widely used in food-related
applications, its recovery and reuse were not experimentally demonstrated in this
study and therefore remain an important consideration for future process
development.

Scaling up the DES-based ATPS process may present several challenges, particularly
related to the relatively high viscosity of DES, which can limit mass transfer and
complicate mixing and phase disengagement at larger scale. In addition, the high salt
concentrations may influence process economics and require integration of salt
recovery strategies to ensure long-term sustainability. Nevertheless, process
optimisation strategies, such as improved mixing configurations or continuous
operation, could help to mitigate mass transfer limitations and enhance scalability.
Overall, while further work is required to address salt recycling and full process
integration, the demonstrated coupling of extraction, separation, and solvent reuse
provides a promising foundation for sustainable DES-based biorefinery developments.
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8.4. Conclusion

In this study, a novel DES-salt aqueous two-phase system (ATPS) was developed for
the integrated extraction and separation of alginate, providing a more sustainable and
circular alternative to conventional alkaline extraction processes. By incorporating the
precipitation principle of three-phase partitioning at elevated salt concentrations into
the ATPS, efficient alginate recovery was achieved via the formation of an intermediate
precipitation phase between the DES and the aqueous salt phase. This approach
enabled direct alginate isolation while preserving the integrity of the DES for
subsequent reuse. The results demonstrated that salt selection significantly
influenced phase formation, with K;PO, exhibiting stronger phase-forming ability than
K,HPO, due to the higher charge density of the phosphate anion and its enhanced
salting-out effect. In contrast, alginate recovery was primarily governed by salt
concentration rather than salt type. Among the systems investigated, Betaine: urea
(1:2) (DES3) combined with 50 wt% K;PO, achieved the highest total alginate recovery
(76.4 = 0.1%), with the majority (65.7 £ 9.7%) accumulating in the intermediate phase.
Furthermore, the DES demonstrated good recyclability, maintaining relatively stable
alginate recovery yields over six cycles (63-86%). Structural characterisation
confirmed the preservation of alginate functional groups indicating retention of
polymer integrity. Overall, these findings emphasise the potential of DES-based ATPS
as an effective platform for simultaneous extraction, separation, and solvent recycling,
advancing the development of more sustainable and integrated seaweed biorefinery
processes.
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8.5. Supplementary information

Alginate is a linear copolymer consisting of B-D-mannuronic acid (M) and a-L-guluronic
acid (G) units linked via B-(1>4) glycosidic bonds. The proportion and sequence
distribution of these monomers vary depending on the seaweed species and are
influenced by seasonal and environmental conditions.

B-D-mannuronic acid a-L-guluronic acid

I\ A
[ ! [ |

Figure S$8.1 Chemical structure of part of alginate, represented by linked B-D-mannuronic acid
and a-L-guluronic acid monomers.

Two DES were used (DES2, choline chloride: urea and DES3, betaine: urea) for alginate
extraction. The extracts were subsequently applied for alginate recovery within an
ATPS.
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Figure S8.2 Alginate extraction from L. digitata with DES2 and DESS3.
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ATPS formation was assessed for the DES extracts of DES2 and DES3, combined with
the two aqueous salt solutions consisting of different concentrations of K;HPO, and
K;PO,. From these systems, the alginate recovery yield was determined.

DES 2, K;HPOy, 50% DES 2, K;HPO,, 60% DES 2, KsPOy4, 50% DES 2, KsPOy4, 60%

DES 3, K;HPO,, 50% DES 8, KzHPOy4, 60% DES 3, K3POy, 50% DES 3, KsPOy, 60%

Figure S8.3 ATPS formation with DES extracts (DES2 and DES3) combined with 50 and 60 wt% of
K2HPO, and K,;PO,.

Precipitate

~ Aqueous

——

Figure S8.4 Phase separation and alginate precipitation in the DES-salt aqueous two-phase
system (ATPS) formed by mixing DES3 extract with 50 wt% K;PO, solution. A distinct
intermediate, alginate-rich phase is observed between the upper DES phase and the lower salt-
rich aqueous phase.
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Figure S8.5 Calculated capacity values of DES2 (Choline chloride: urea), DES3 (Betaine: urea),
and 50% K,HPO, (K2 50%), 60% K,HPO, (K2 60%), 50% K,PO, (K3 50%), and 60% K,PO, (K3 60%)

salt solutions towards alginate.

To evaluate solvent stability, the DES was analysed by FTIR spectroscopy prior to

extraction, after alginate extraction, and

after ATPS separation. No significant spectral

changes were observed between the samples, indicating that the DES structure was
largely preserved throughout the extraction and recycling process.
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Figure S8.6 FTIR spectra of fresh DES (red), DES extract (blue) and DES after ATPS formation.
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Abstract

In this study, a DES-based biphasic system (FABU) was evaluated for the multiproduct
extraction of compounds from Saccharina latissima. The system combined a
hydrophobic fatty-acid phase (dodecanoic acid-octanoic acid, FA) for fucoxanthin
extraction with a hydrophilic betaine-urea-phase (BU) for alginate recovery, together
with citric acid pretreatment for fucoidan and mannitol recovery. While fucoxanthin
partitioning into the FA phase was limited (41-58 pg/g), a substantially higher
fucoxanthin concentration (563 + 8 pg/g) was recovered during the subsequent alkaline
extraction step. This behaviour indicates that the DES-based system likely acts as a
medium that enhances biomass permeability than directly promoting partitioning.
Chromatographic profiles further showed enhanced fucoxanthin preservation relative
to conventional pigment extraction, suggesting a protective role of the DES matrix.
These findings highlight a decoupling between biomass disruption and solubilisation in
DES-based systems. Our research shows new opportunities to deploy biphasic DES
systems as powerful pretreatment platforms within integrated seaweed biorefineries,
thereby offering a new strategy for preserving and recovering sensitive compounds in
integrated seaweed biorefineries.
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9.1.Introduction

Conventional extraction processes often rely on volatile organic solvents and energy-
intensive operations, limiting sustainability [176]. Deep eutectic solvents (DES) have
emerged as a versatile and potentially sustainable alternative to conventional solvents
[340, 367, 368]. Formed by a combination of hydrogen bond acceptors (HBA) and
hydrogen bond donors (HBD), DES exhibit a depressed melting point and tuneable
physicochemical properties. Owing to their adjustable polarity, hydrogen-bonding
capacity, and compositional flexibility, DES are promising media for selective
extraction and biomass fractionation [9, 10]. In recent years, DES have been
successfully applied to various biomasses, including plant materials, microalgae, and
seaweed, demonstrating enhanced recovery of various compounds [48, 100, 128, 311,
369].

Brown seaweeds represent an attractive feedstock for integrated biorefinery concepts
due to their diverse chemical composition, including the polysaccharide alginate.
Alginate confers unique gelling, viscosity, and chelation properties [50, 331]. In
addition to alginate, brown seaweeds are also rich in other carbohydrates such as
fucoidan and mannitol. Fucoidan, a sulphated polysaccharide present together with
alginate in the cell wall matrix, possess reported anti-inflammatory, anticancer,
antiviral, among other bioactive properties [370, 371]. On the other hand, mannitol, a
sugar alcohol is widely used as a low-calorie sweetener and platform molecule in food
and chemical industries [55]. In addition, a high-value pigment is present in brown
seaweed; fucoxanthin (Figure $9.1). This carotenoid, belonging to the xanthophylls,
possesses reported antioxidant and bioactive properties, making it a promising
compound for nutraceutical and functional food applications [372, 373].

Despite the presence of various compounds, current industrial processing strategies
remain largely focused on alginate as the primary target product, often relying on harsh
alkaline and acid treatments. These conventional approaches involve high chemical
consumption and energy input, limiting overall biomass valorisation and underutilising
the potential of other valuable components [56, 331]. Furthermore, the complex and
recalcitrant structure of seaweed biomass presents a significant barrier to efficient
disruption and access to intracellular compounds [128, 374]. This limited accessibility
further constrains the recovery of valuable components and often needs intensive
processing conditions.

As an alternative, DES have been shown to act as effective pretreatment agents,
promoting biomass disruption and enhancing the accessibility of target compounds
[148, 375, 376]. In brown seaweed processing, hydrophilic DES have been shown by
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our group to enable efficient alginate extraction [100] and to modify product
functionality, yielding alginates with significantly higher viscosities than those obtained
by conventional methods [48]. Beyond polysaccharides, hydrophobic DES showed
effective extraction of non-polar bioactive compounds, while simultaneously
promoting cellular disruption and facilitating polysaccharide release [342].

Building on this work, the present study represents the next step in a broader research
line on DES-based seaweed biorefineries. It integrates these previously developed
technologies into a single, sequential, multiproduct biorefinery process for the
simultaneous recovery of multiple seaweed products, thereby potentially intensifying
the process.

Our previous findings highlight that DES can go beyond their role as alternative
solvents, serving instead as functional media that enable integrated, multiproduct
extraction strategies. While single-phase DES systems have primarily been developed
for the recovery of individual product streams, the complementary properties of
hydrophobic DES for pigment recovery and potential membrane disintegration, and
hydrophilic DES for cell wall disruption and the selective extraction of high-viscous
alginate, suggest the feasibility of a unified, biphasic approach. By combining these
two phases, alginate and fucoxanthin could be selectively partitioned within the same
process, while a preceding aqueous pretreatment enables the recovery of the readily
water soluble fucoidan and mannitol. Such a biphasic system exemplifies process
integration and intensification by combining extraction and selective partitioning within
a single workflow, thereby reducing the need for separate extraction processes and
advancing toward full biomass valorisation in an integrated seaweed biorefinery.

Although promising, biphasic DES systems for multiproduct seaweed fractionation
remain largely unexplored. Critical aspects such as phase interactions, extraction
parameters, and component partitioning behaviour are not yet investigated. We
hypothesise that the complementary properties of hydrophobic and hydrophilic DES
enable selective partitioning of compounds with contrasting polarities, thereby
integrating pigment recovery and polysaccharide extraction within a single process.
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9.2. Materials and methods

9.2.1 Biomass

Saccharina latissima was harvested in May 2024 from the Brittany region (France) and
delivered frozen (-20 °C). The biomass was subsequently oven-dried for 72 h in an
industrial oven (Marius Engineering, Netherlands) without light exposure. The dried
material was milled using a Retsch® SM300 mill fitted with a 1 mm sieve and stored at
4 °C until further use.

9.2.2 Biomass characterisation

Alginate, fucose, mannitol, and fucoxanthin contents were determined in the dried S.
latissima biomass (93.6% dry weight). Alginate was quantified by methanolysis of the
dried biomass [48], followed by analysis using ion-exchange chromatography (Section
9.2.3.2). Fucose and mannitol were determined after trifluoroacetic acid (TFA)
hydrolysis of 2 mg of dried biomass and subsequent ion-exchange chromatography
analysis. Fucoxanthin was quantified by extraction with methanol containing 10%
water v/v at 25 °C for 2 h using a SLR ratio of 0.05 g/mL [216]. Alginate, fucose, and
mannitol contents were 296 + 10, 10 = 1, and 73 + 3 mg/g DW, respectively, while the
conventional methanolic extraction recovered 338 = 65 pg/g DW of fucoxanthin.

9.2.3 DES preparation

DES were prepared by mixing the compounds (HBA and HBD) in their corresponding
molar ratio in a water bath at 60°C until a clear liquid was formed (Table 9.1). Water
was added to the hydrophilic DES to reach the desired water content.

Table 9.1 DES composition and characteristics

DES nature HBA HBA Ratio Water% Abbreviation
Hydrophobic Dodecanoic Octanoic 1:1 - FA
acid acid
Hydrophilic Betaine Urea 1:2 25,45and BU
65%

9.2.4 Analytical methods and yields

9.2.4.1 Alginate quantification

Alginate extracts (1 mL) were mixed with 2 mL of ethanol-water mixture 80% v/v with
1% NaCl w/v for alginate precipitation. The samples were centrifuged at 4255 g for 10
min at RT (from now on these conditions will remain unless stated otherwise), the
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supernatant discarded and the pellet washed with 1 mL of ethanol-water mixture 80%
v/v. The samples were centrifuged, the supernatant discarded and the pellets were
dried with a gentle stream of nitrogen. The dried crude alginate pellet was dissolved in
milli-Q water for analysis.

The alginate concentration was determined via the colorimetric method described by
Cesaretti et al. (2003) [136]. The extraction yield Y, (Mmg/g) express as dry basis is
determined as follows (Equation 9.1):

_ Cya'V-0.907

Yag = (9.1)

WswXdw

Where Cua is the concentration of uronic acids (mg/mL), Vis the volume of the sample
(mL), Wsw is the amount of seaweed (g) and xpw, and 0.907 is the correction factor to
convert the concentration of uronic acids into alginate. D-galacturonic acid (297 %
purity, Sigma-Aldrich) was used as a standard.

9.2.4.2 lon exchange chromatography for fucose and mannitol

For fucoidan analysis, an aliquot of 1 mL of extract was mixed with 2 mL of pure ethanol
and let overnight at 4 °C. Then, the mixture was centrifuged, the supernatant discarded
and the pellet washed with 1 mL of ethanol 80% v/v. Finally, the pellet was dried with a
stream of nitrogen. The dried pellet was then hydrolysed with 1 mL of Trifluoracetic acid
(TFA) 2 M for 90 min at 120 °C, cooled down and later the TFA was evaporated with a
nitrogen stream. The dried sample is then dissolved in milli-Q water, filtered and 10 pL
injected into a Dionex ICS-6000 HPIC System (Thermo Fisher Scientific™) at 30 °C in a
flow rate of 0.5 mL min™ through a Dionex Carbopac™ PA20 (3 x 150 mm) column from
ThermoFisher Scientific™ using 100 mM NaOH (A), 500 mM NaOH (B), 500 mM sodium
acetate + 50 mM NaOH (C) and Milli-Q water (D) as eluents, following a protocol
described previously [48]. Fucose content was used as a proxy of the fucoidan content.
For mannitol determination, the extract was filtered and 10 pL were injected into ion
exchange chromatographer as described previously in this section. Fucose (299 %,
Supelco) and mannitol (299.9%, Supelco) were used as standards. Yields (Ys) were
expressed as follows (Equation 9.2):

Cs'V
Y, =—"—
WswXdw

(9.2)

Where C; is the monomer concentration (either fucose or mannitol), Vis the volume of
the sample, W, is the weight used for the extraction and x4, is the fraction of dry weight.
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9.2.4.3 Fucoxanthin determination

The fucoxanthin concentration was determined by ultra-high-performance liquid
chromatography with diode array detection (UHPLC-DAD) using a Shimadzu Nexera X2
system (Kyoto, Japan). Samples (20 yL) were injected into a Kinetex® C18 column (5
pm, 100 A, 150 x 4.6 mm; Phenomenex®) at a flow rate of 1 mL/min. The mobile phases
consisted of (A) 0.5 M ammonium acetate in methanol:Milli-Q water (85:15, v/v), (B)
90% aqueous acetonitrile, and (C) 100% ethyl acetate. The total run time was 53 min,
following the gradient programme described previously [216]. Acetonitrile, ethyl
acetate, and methanol (Lichrosolv®, analytical grade) and ammonium acetate (ultra-
pure) used for mobile phase preparation were purchased from Supelco™ and VWR
Chemicals™, respectively. All-trans fucoxanthin (295% purity, Supelco™) was used as
the external standard. The fucoxanthin extraction yield Yrx (pg/g dry weight) was
calculated as follows (Equation 9.3):

Crx'V
Yex = »
WswXdw

(9.3)

Where Cg, is the concentration of fucoxanthin in the sample, V is the volume of the
sample W, is the weight used in the extraction and x4, is the dry weight of the sample.

9.2.5 Acid-alkaline extraction as control

The seaweed biomass was mixed with a 0.2 M H,SO, solution at a SLR of 1:60 (g /mL)
and pretreated for 1 h at room temperature under constant mixing. The mixture was
subsequently neutralised using a 3.25% (w/w) sodium carbonate solution until
reaching pH 10-11 and then incubated at 55 °C for 1 h to promote alginate extraction.
Later, the mixture was cooled to room temperature and centrifuged, and the
supernatant was collected for alginate analysis.

9.2.6 Preliminary test of biphasic system

To evaluate the technical feasibility of the biphasic system forming, mixing tests of FA
DES with BU DES (from now on FABU) in weight ratios of 1:2, with different
concentrations of water (25, 45, 65%). Mixtures were centrifuged and the biphasic
system formation was evaluated visually.

9.2.7 Biphasic extraction process

Later, alginate extractions were performed. Dry seaweed was mixed with FABU in a SLR
of 1:60 w/w. Extraction was performed at 35°C for 1 h with constant agitation. Then, the
mixwas centrifuged (4255 g for 10 min). Subsequently, the phases were separated, and
the BU phase was collected for alginate quantification.
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This integrated biphasic extraction system was directly adapted from the platforms
previously developed and validated. The hydrophilic phase configurations for high-
viscosity alginate extraction and the hydrophobic phase configurations for pigment
recovery are summarized in Table 9.2.

Table 9.2 Biphasic system DES phases based used.

DES phase Components Target compound Reference
Hydrophilic Betaine: urea (1:2) High-viscosity alginate  [48]
Hydrophobic Dodecanoic acid: Fucoxanthin [342]

octanoic acid (1:1)

9.2.8 Pretreatment evaluation in combination with the biphasic system

Pretreatments were evaluated in combination with the biphasic extraction process
(Figure 9.1). These pretreatments also enabled the recovery of water-soluble
compounds. Two pretreatment conditions were tested: (i) extraction with water at 35
°C for 1 h and (ii) extraction with a 50 mM citric acid solution at 35 °C for 1 h [377]. After
each pretreatment, the mixture was centrifuged and the supernatant collected for the
analysis of fucose and mannitol. The resulting wet pellet was then mixed with the
biphasic extraction system while maintaining a SLR of 1:60, and the extraction was
performed at 35 °C for 1 h. Following centrifugation, the fatty acid phase and the
betaine-urea phase were collected and analysed for fucoxanthin and alginate,
respectively.

Fatty acids
Betaine-Urea

|

Brown Aqueous L 3/ Pellet1 > Blphas_lc L ) Pellet2 > Alkalln_e
Seaweed pretreatment extraction Extraction
\ 4 ¢ ' ¢ \ 4
Fucoidan and FA+ : ;
Mannitol Fucoxanthin ‘ Bii-Alginaty hasiginate

Figure 9.1 Flowchart of the experimental design combining the pretreatment and the biphasic
system.

The remaining pellet was subsequently mixed with water and sodium carbonate to
reach a final Na,CO; concentration of 0.1 M (pH 10-11), adjusting the volume to
maintain the original SLR. Alkaline extraction was then performed at 55 °C for 1 h. The
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mixture was centrifuged and the supernatant collected for alginate analysis. All
extractions were performed under light protected conditions.

9.2.9 Fucoxanthin recovery from the alkaline extract after the biphasic
system

The alginate extract obtained after the alkaline step from the biphasic system pellet
was subjected to liquid-liquid extraction with ethyl acetate at a volumetric ratio of 1:1.
The mixture was vortexed and subsequently centrifuged at 21,000 g for 5 min at 4 °C.
After phase separation, the upper organic phase was collected, diluted with methanol,
and analysed by chromatography (see Section 9.2.3.3).

9.2.10 COSMO-RS analysis

The COSMO-RS (Conductor-like Screening Model for Real Solvents) approach was
employed to predict the thermodynamic behaviour of the studied DES systems for
fucoxanthin partitioning [93]. All calculations were carried out using COSMO-RS
version 2022.103 (Software for Chemistry and Materials BV, Amsterdam, The
Netherlands), implemented within the Amsterdam Density Functional (ADF)
framework. Prior to COSMO-RS analysis, molecular structures were geometry-
optimised using the universal force field (UFF), followed by density functional theory
(DFT) calculations at the GGA:BP86 level with a TZP basis set [378].

Using COSMO-RS, the activity coefficient of alginate at infinite dilution was calculated
according to Equation 9.4 and 9.5:

(") = =H (9.4)
Yi = limity oy, (9.5)

where y;° represents the activity coefficient of fucoxanthin (i) at infinite dilution,
defined as the limiting value of the activity coefficient as the solute concentration
approaches zero [378]. It is determined based on the chemical potential of the solvent
H, and the chemical potential of the pure compound p; [65, 318].

With the activity coefficient, the solubility capacity (C;”) of the DES was calculated to
determine the maximum amount of solute that can be dissolved in the DES, following

Equation 9.6 [93]:

G =1/vi (9.6)
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The partition coefficient was calculated to assess the distribution of the solute
between the two phases [378] providing insights into the partitioning behaviour during
the biphasic extraction. The partition coefficient (K) was calculated using Equation
9.7:

1
yZ(FA)
Krajpu = == (9.7)
Y (BU)

9.2.11 Statistical analysis

One-way ANOVA was performed to compare the experimental groups. When
significant differences were detected (p < 0.05), Tukey’s post hoc test was applied to
determine pairwise differences between groups.
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9.3. Results and discussion

9.3.1 Aqueous seaweed pretreatment

Water-soluble compounds, including fucoidan and mannitol, are readily extracted
under aqueous conditions. Moreover, mild acidic conditions enhance fucoidan
extraction and promote the conversion of alginate to alginic acid, facilitating its
subsequent recovery [56, 377]. Therefore, two biomass pretreatments were evaluated:
a water extraction and a citric acid-assisted extraction [377]. The two treatments were
used to assess their potentialinfluence on the subsequent DES extraction. To maintain
mild conditions, citric acid was applied at 50 mM, at a relatively low temperature (35
°C) for 1 h under light-protected conditions. Fucose (as a proxy for fucoidan) and
mannitol were quantified (Figure 9.2).
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Figure 9.2 Fucose (fc) and mannitol (M) extraction yields from the aqueous (W) and citric acid
pretreatments (CA).

The extraction yields of both compounds were not significantly affected by the type of
pretreatment. Mannitol yields ranged from 58.5 to 59.3 mg/g for water and citric acid
pretreatments, respectively, while fucose yields were 3.1 and 3.2 mg/g under the same
conditions. This outcome was expected for mannitol, as a low-molecular-weight polyol
predominantly located in the cytoplasm (and partly in vacuoles), which enables rapid
and efficient diffusion under aqueous conditions [379]. The mannitol detected in the
fucoidan extract (1.0 = 0.2 and 0.9 + 0.1 mg/g for water and citric acid pretreatments,
respectively) likely originates from the co-extraction of water-soluble laminarin
alongside fucoidan [380].
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In contrast, a higher fucoidan extraction was anticipated for the citric acid
pretreatment [377]. However, no significant differences were observed between
treatments. This may be attributed to the relatively mild conditions employed,
particularly the low temperature, which could limit acid-assisted cell wall disruption
and polysaccharide solubilisation. Moreover, higher citric acid concentrations (3% or
~ 156 mM) have been reported to enhance the sequential extraction of fucoidan and
alginate [377]. Notably, the impact of such conditions on subsequent fucoxanthin
extraction was not addressed in the cited study.

Following evaluation of the pretreatment step, the subsequent extraction performance
of the DES-based biphasic system was assessed by investigating fucoxanthin affinity
toward the FA phase and its partitioning behaviour using COSMO-RS.

9.3.2 Predicting fucoxanthin partitioning in the biphasic system

To analyse fucoxanthin affinity towards the FA phase and gain mechanistic insight into
fucoxanthin partitioning in the biphasic system, COSMO-RS calculations were
performed to evaluate its affinity towards the individual solvent phases (Table 9.3).
COSMO-RS analysis showed low affinity of fucoxanthin for the BU phase (capacity of
9.7 - 10°%), which further decreased with increasing water content (from 2.1 - 108 to 3.3
- 10" for 25 to 65%, respectively), consistent with the predominantly hydrophobic
structure of fucoxanthin (Figure $9.1).

In contrast, high affinity for the fatty-acid-based DES was observed (capacity of
2.1-10%), suggesting partial partitioning into this solvent phase. Within the FABU
biphasic system, the substantially higher capacity of the fatty-acid DES compared to
the BU phase indicates preferential partitioning of fucoxanthin into the fatty-acid
phase, further supported by the partition coefficient (K= 3.8-10"? for FA-BU45 system).
Based on this predicted preferential partitioning behaviour, the subsequent step was
to evaluate whether the FA and BU DES could be effectively combined to form a stable
biphasic extraction system.

Table 9.3 Calculated capacities and partitioning of fucoxanthin in the different DES systems.

Capacity (1/y{") Kraspu
BU 9.7-10° 2.2-10°
BU25 2.1-10% 1.0-10"
BU45 5.5-107° 3.8-10™
BU65 3.2.10™M 6.5-10™
Dodec:Oct 2.1-10° -
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9.3.3 FABU system behaviour

9.3.3.1 Feasibility of the biphasic system behaviour

The feasibility of forming a biphasic system was evaluated by combining betaine-urea
(BU) DES at different water contents with the fatty acid (FA) DES. After centrifugation,
phase separation was observed in all cases (Figure 9.3). Despite the clear phase
division, only the systems containing BU+45 and BU+65 remained fully liquid, whereas
the hydrophilic phase in BU+25 partially solidified. This indicates that a minimum water
contentis required in the BU phase to maintain its fluidity under the tested conditions.

*
'
————
|
Figure 9.3 Biphasic systems at increasing water contents (from left to right): 25, 45, and 65%
w/w.

The presence of a minimum water content is attributed to the role of water as a
structural disruptor and plasticiser of the betaine-urea hydrogen-bond network; below
a critical hydration level, the system becomes over-structured and prone to
crystallisation [34, 381], an effect very likely further exacerbated by phase interaction
with hydrophobic fatty acid DES. In previous research, the water content used for DES
preparation was 15% (w/w), which increased to approximately 25% (w/w) after
accounting for the intrinsic water content of the seaweed [48]. Under these conditions,
the water level was sufficient to prevent DES crystallisation.

In contrast, the crystallisation of the BU phase observed at lower water contents upon
mixing with the fatty acid DES may be attributed to competitive interactions between
fatty acids and the betaine-urea hydrogen-bonding network. The carboxylic groups of
the fatty acids can form hydrogen bonds with both urea and the carboxylate moiety of
the zwitterionic betaine, partially disrupting the native DES network. Similar
interactions have been reported in betaine-based DES systems used for free palmitic
acid removal from oil, highlighting the affinity between fatty acids and the solvent
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components [382]. Additionally, water may also interact with the fatty acid DES phase,
reducing the amount of water available to stabilise the BU DES [383]. This redistribution
of hydrogen-bonding interactions weakens the structural integrity of the betaine-urea
network, lowering its capacity to remain in a liquid state and promoting crystallisation
under insufficient hydration conditions.

While the formation of two distinct phases confirms the technical feasibility of the
FABU system as a biphasic medium, it does not necessarily ensure effective extraction
or selective partitioning. Therefore, product extraction and quantification are required
to evaluate the performance of the FABU system.

9.3.3.2 FABU extraction performance

The extraction performance of the biphasic system (using BU+45) was evaluated in
combination with the pretreatments described in Section 9.3.1. Two alginate fractions
were obtained: (i) a fraction recovered from the hydrophilic phase of the biphasic
system (BU DES), and (ii) a fraction extracted under alkaline conditions from the
residual pellet after phase separation (Section 9.2.7). Furthermore, the fucoxanthin
content was measured in the hydrophobic phase (Figure 9.4).

The observed trends of alginate yield are consistent with previous reports using BU DES
[48], where the alginate recovered in the BU phase is lower than that obtained after
alkaline extraction in all cases. Notably, both BU-extracted alginate and post-alkaline
alginate (Na-Alg) yields were higher when citric acid pretreatment was applied. This
behaviour aligns with studies employing citric acid as a pretreatment for fucoidan
extraction, where improved alginate recovery has been reported [377]. This effect is
likely attributed to the chelation of divalent cations by citric acid [377], promoting the
conversion of alginate into its protonated (alginic acid) form. It is likely that in this form,
alginate is more susceptible to interact with BU DES and can be more readily
solubilised during the subsequent alkaline extraction step.

For alginate characterisation, FTIR analysis of the isolated alginate extracts (BU-alg,
Na-Alg and alkaline extract) was performed. The spectra displayed similar
characteristic peaks, and all exhibited characteristic absorption peaks around
1080 cm™ and 1020 cm™ (Figure S$9.2), which are associated with vibrational modes
of guluronic and mannuronic acid residues [246, 300], respectively, indicating the likely
presence of alginate. Based on the relative intensity and size of the mannuronic acid
peak compared to guluronic acid, a higher M/G ratio is anticipated for the recovered
polymer. This observation is consistent with our previous characterisation study
employing the same betaine:urea DES [48]. Although further characterisation was not
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performed in this study, alginate extracted with BU has been characterised on
quantitative M/G ratio, average molecular weight and rheological behaviour in previous
works [48, 335, 384]. While the introduction of the co-existing FA DES could induce
structural deviations, these prior evaluations have been proven to preserve high-
viscosity alginate [48].
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Figure 9.4 Extraction yields of BU-alginate (BU-ALlg) (betaine-urea fraction), sodium alginate (Na-
Alg) (alkaline extraction), and fucoxanthin (Fx) from the FABU system under different
pretreatment conditions: no pretreatment (NP), aqueous (W), and citric acid (CA).

Fucoxanthin extraction yields, on the other hand, were comparable across the three
treatments (no pretreatment, water pretreatment, and citric acid pretreatment),
ranging from 41.4 to 58.2 ug/g DW after a single extraction cycle (Figure 9.4). The
slightly lower fucoxanthin yield observed after citric acid pretreatment may be
attributed to the acid sensitivity of fucoxanthin, which can undergo degradation or
isomerisation at low pH [385, 386], potentially reducing recoverable pigment during
subsequent extraction. Although statistically significant differences were observed
between treatments (p < 0.05), the absolute differences in yield were small, indicating
that pretreatment of the biomass had a limited practical impact on fucoxanthin
recovery under the conditions applied. Despite the favourable thermodynamic
preference of FA predicted by COSMO-RS (Section 9.3.2), this did not translate into
effective experimental fucoxanthin solubilisation into the FA fraction remained limited,
suggesting that kinetic and matrix-related limitations dominated extraction
performance.
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Fucoxanthin recoveries reported for S. latissima vary considerably depending on
biomass origin, harvesting season, pretreatment, solvent system, and extraction
conditions [387, 388]. For S. latissima harvested in May, the reported fucoxanthin
content typically ranges between 300 and 600 ug/g DW [387, 388]. It should be noted,
however, that these values were generally obtained using methanolic extraction.
Kholany et al. [216] reported a higher fucoxanthin recovery from S. latissima using
menthol-levulinic acid DES than with methanol. In contrast, the relatively low recovery
obtained in the present study (~12% of the methanol extract) suggests that a
substantial fraction of fucoxanthin remained associated with cellular and thylakoid
membrane structures, thereby limiting its accessibility for extraction.

An important consideration is the potential increase in viscosity of the mixture as a
limiting mass transfer factor. Betaine-based DES are recognised as a highly viscous
eutectic systems, especially at relatively low temperatures [389]. The addition of water
tends to reduce the viscosity of the DES. However, this intrinsic viscosity can be further
increased due to the interfacial interactions between the two DES phases, depending
on the nature of the mixture and the identity of the continuous phase [390, 391].
Additionally, water redistribution between phases may alter the local solvent
environment, further affecting solvation and transport phenomena [383]. Compared to
previously reported fatty-acid DES-salt systems, where an aqueous phase was
employed [342], the FABU system likely exhibits higher overall viscosity. Increasing the
amount of DES may raise the system’s viscosity, which could in turn impede mass
transfer [237] of fucoxanthin. In combination, these effects are likely to impose mass
transfer limitations, hindering the diffusion of target compounds from the biomass into
the respective solvent phase, even when thermodynamically favoured. This is further
evidenced in the subsequent alkaline extraction step.

9.3.4 Fucoxanthinretainmentin the biomass

During the subsequent alkaline step performed after the FABU system, a hazy, yellow-
coloured extract was unexpectedly obtained (Figure S$9.3) indicating potential
fucoxanthin release from the seaweed. This suggests that a fraction of fucoxanthin
remained associated with the biomass after the FABU extraction. Previous studies
have reported values up to 1.96 mg/g DW in S. latissima [228], which supports that that
fucoxanthin was not fully extracted during the FABU step.

To confirm the presence of fucoxanthin in this fraction, quantification was performed
after liquid-liquid separation of the pigment. Interestingly, the alkaline extract obtained
after biphasic DES treatment showed a more intense yellow colour (Figure 9.5)
together with high fucoxanthin yields (563.3 = 7.7 ug/g DW) (Figure 9.6). These yields
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were even higher than those obtained during FA extraction in the FABU biphasic system
(Figure 9.4). In contrast, direct sodium carbonate extraction of untreated biomass,
used as a control, produced only a pale ethyl acetate phase (Figure 9.5) and negligible
fucoxanthin recovery (Figure 9.6). These observations strongly suggest that
fucoxanthin release during the alkaline step was mainly promoted by structural
modifications of the biomass matrix induced by the DES pretreatment.

[ & |
Figure 9.5 Fucoxanthin recovered in ethyl acetate (Top phases) from the alkaline extract from
the FABU system (left) and from the conventional extraction process (right).
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Figure 9.6 Fucoxanthin extraction yields (Fx) in the alkaline extract after the FABU biphasic
system extraction (BUpAK) and in the AK extract.

During biphasic extraction, the hydrophilic phase may have promoted swelling and
partial disruption of the biomass matrix, increasing pigment accessibility without
directly solubilising fucoxanthin [375, 376].

Contrary to the observations of Hiemstra et al. [342] and the COSMO-RS predictions
(Table 9.3), the fatty acid DES alone was unable to sufficiently disrupt the thylakoid
membranes where fucoxanthin is localised [342, 371, 392]. Consequently, a
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substantial fraction of fucoxanthin likely remained associated with the pretreated
biomass despite the moderate extraction capacity of the FA DES. This entrapment
highlights a critical limitation of thermodynamic screening models: COSMO-RS
evaluates solute-solvent affinities under the assumption that the target compound is
already fully solubilised and freely accessible in the fluid phase, thereby overlooking
the physical mass-transfer barriers of the macroalgal cell wall.

As established in the work performed in our group, macroalgal extraction kinetics are
heavily dictated by tissue density and biomass architecture, meaning that solvent
accessibility represents the primary processing bottleneck, and fluid-phase
thermodynamics alone cannot predict extraction vyields [393]. Those findings
demonstrated that potential increased cell permeabilisation on its own is insufficient
to guarantee high macromolecular recovery, which instead depends strictly on the
physical penetration velocity of the solvent phase into dense cellular structures [393].
During the FABU extraction, the hydrophilic betaine: urea (BU) phase could potentially
enter and hydrate the complex carbohydrate network of the seaweed, inducing
significant matrix swelling [48]. Because the co-existing fatty acid (FA) DES phase is
highly hydrophobic, it could experience strong phase repulsion, preventing it from
effectively penetrating this heavily swollen, hydrophilic, and water-rich biomass
environment. Consequently, despite the high thermodynamic partition coefficients
(10"-10") predicted by COSMO-RS favouring the FA phase, a strict kinetic exclusion
zone is established, confirming that a high theoretical partition coefficient does not
equate to effective extraction performance when a physical phase barrier is present
[394]. Thus, the fucoxanthin might have remained within the inner thylakoid regions,
extensively isolated from direct molecular contact with the FA DES, until the
subsequent sodium carbonate step transforms the mixture into an amphiphilic
environment, thereby releasing the entrapped pigment.

This matrix-controlled behaviour indicates why DES treatment is mandatory to
enhance pigment release, whereas highly soluble carbohydrates like mannitol and
fucose undergo efficient extraction without requiring such structural modifications
(Section 9.3.1). This contrast is governed by the spatial and compartmentalisation of
these fractions within the macroalgal cell. Mannitol is a low-molecular-weight
cytosolic polyol freely dissolved within the cytoplasm and vacuoles [55], while the
water-soluble intercellular fucoidan (fucose) chains are loosely associated within the
outer matrix boundaries [370]. Consequently, a mild aqueous solution (such as water
or 50 mM citric acid) can easily permeate these outer boundaries, breaking weak ionic
associations to release the sugars. In contrast, fucoxanthin is more hydrophobic and
locked within the chloroplasts, chemically bound inside the lipid-protein complexes of
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the thylakoid membranes and physically shielded behind the interpenetrating
cellulose-alginate cell wall, thus remaining entrapped. The FABU system selectively
addresses this double-shielding mechanism by leveraging a cooperative effect, where
the hydrophilic BU phase could swell the seaweed cell while the hydrophobic FA is still
separated from the seaweed cell wall due to hydrophobic repulsions. Upon alkaline
extraction, this primes fucoxanthin release.

Given that fucoxanthin is poorly soluble in water [395, 396] and in alkaline aqueous
media such as sodium carbonate, unless present at high concentrations (Figure $9.4),
its presence in the extract is unlikely to result from true solubilisation. Instead, its co-
extraction alongside alginate can be rationalised by an emulsification-driven
mechanism. Residual fatty acids remaining in the pellet after the FABU treatment may
facilitate the formation of protein-phospholipid-fatty acid emulsions, which can
solubilise and transport fucoxanthin into the aqueous phase [342, 386]. This effect is
likely enhanced under alkaline conditions, where fatty acids are converted into their
corresponding sodium salts (surfactants), promoting emulsification [397, 398]. It has
been reported that emulsions can exert a protective effect on pigments, although this
strongly depends on the specific type and stability of the emulsion formed [396].
Elevated temperatures applied during extraction, might have contributed to the
increased apparentyield as well. In addition, previous studies have found good stability
of fucoxanthin in alkaline additions [385, 395]. These findings indicate that DES
pretreatment enhances pigment accessibility, while the alkaline step primarily
facilitates release of residual fucoxanthin rather than direct extraction from untreated
biomass.

Itis important to consider the potential limitations resulted from this approach. Phase
separation may be hindered by the formation of stable emulsions. One feasible
strategy would be the addition of a secondary solvent that can be readily recovered
after extraction. Ethanol represents one of the first options, as it could simultaneously
precipitate alginate and recover fucoxanthin, which could subsequently be separated
by solvent evaporation [57]. Alternatively, ethyl acetate, as tested at laboratory scale,
may represent a suitable option. It is considered one of the more sustainable
conventional organic solvents, while its relatively high volatility facilitates solvent
recovery [399].

A solvent-free strategy would involve a mild reduction in pH [400]. Re-protonation of
the fatty-acid salts would reduce their surfactant activity and destabilise the emulsion
droplets. This could potentially be achieved by sparging CO,, allowing a gradual
decrease in pH [401]. However, this approach should be carefully evaluated, as
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acidification may also promote alginate precipitation as alginic acid [57]. In addition,
acidic conditions could affect the stability of the recovered fucoxanthin [385].
Increasing the ionic strength, for example by sodium chloride addition, could represent
another strategy, as high ionic strength reduces the electrostatic repulsion between
emulsion droplets and promotes flocculation and phase separation [400].

In all cases, further purification, potentially using chromatographic techniques, would
then be required [402]. Importantly, these approaches cannot be evaluated solely on
their ability to recover fucoxanthin. Any selected separation method should also have
a limited effect on alginate yield, structure and functionality to be considered suitable
for process integration.

Itis worth noting that the residual pellet from the conventional acid-alkaline extraction
was further subjected to methanol extraction for fucoxanthin recovery. The obtained
yield (328.9 + 2.2 pug/g) indicates that a significant fraction of fucoxanthin remainsin the
biomass even after alginate extraction via the acid-alkaline process. However, in
addition to the main peak corresponding to all-trans fucoxanthin (RT= 5.2 min), several
additional peaks with similar absorption spectra were observed, eluting both before
and after the main peak. These peaks, hypothesised to be fucoxanthin isomers [403],
accounted for approximately 39.5 + 0.5% of the total chromatographic area (Figure
9.7a), suggesting substantial pigment isomerization/degradation induced by the acid-
alkaline conditions. In contrast, very low levels of such potential
isomerization/degradation were observed in fucoxanthin recovered from the alkaline
extract following the FABU process (Figure 9.7b). Additionally, absorption spectra of
the secondary peaks from the fucoxanthin extracted with methanol exhibited a
hypsochromic shift of the main absorption band to approximately 420-430 nm,
suggesting degradation of the conjugated polyene chain (Figure $9.5) [404]. This
supports the hypothesis that FABU acts as a milder pretreatment, sufficiently
disrupting the biomass to enhance pigment accessibility while preserving fucoxanthin
integrity.

Improved carotenoid stability in DES has been reported previously. Xu et al. [93]
demonstrated that fucoxanthin extracted from microalga Tisochrysis lutea using a
thymol:dodecanoic acid DES, remained stable over 11 days without significant
degradation. In another study, enhanced stability of lutein extracted from
Scenedesmus sp in NADES compared to methanol was observed under elevated
temperature and light exposure, which was attributed to hydrogen-bonding and van der
Waals interactions between the solvent and pigment molecules [405]. Furthermore,
Yang et al. [406] reported improved stability of canthaxanthin, a carotenoid presentin
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the green alga Chromochloris zofingiensis, when extracted with a fatty acid-based DES
comprised of octanoic and decanoic acid. In this study, reduced pigment aggregation
and a more uniform solute distribution were observed relative to conventional
solvents. As a fatty acid-based DES was employed in the present study, similar
stabilising interactions may contribute to the observed fucoxanthin recovery.

Taken together, these results indicate that the FABU system may fulfil a dual function
within the extraction process. Although direct fucoxanthin partitioning into the fatty-
acid phase was limited, the system appears to act as an effective pretreatment
medium by disrupting biomass structures and increasing pigment accessibility for the
subsequent alkaline step. At the same time, the chromatographic profiles suggest that
the fatty-acid-based DES contributed to improved preservation of fucoxanthin, as
lower levels of isomerisation/degradation were observed compared with conventional
extraction. Thus, the FABU approach may decouple biomass disruption from final
pigment recovery, combining enhanced accessibility with stabilising solvent
interactions that help retain fucoxanthin integrity.
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Figure 9.7 (A) Fucoxanthin recovered with methanol from the pellet residue after the
conventional alkaline extraction. (B) Fucoxanthin recovered with ethyl acetate from the alkaline
extraction after FABU treatment. More details regarding the UV-vis spectra of secondary peaks
can be found in the Supplementary Material Section.
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9.3.5 Mass balances of the proposed design

Based on the biomass composition, the recovery yield (%) of each target compound
throughout the process was determined (Table 9.4). The alginate yields were lower
than those reported by Reynaga-Navarro et al. [48]. One possible explanation is the
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lower extraction temperature employed in the present work (35 °C versus 55 °C).
Besides reducing the diffusion rate of the target compounds, the lower temperature
increases the viscosity of the DES, further limiting mass transfer. Therefore, process
optimisation is expected to reduce this gap or even improve alginate recovery.

Similarly, the fucose recovery (used as a proxy for fucoidan) reached only 32%,
indicating that the selected operating conditions were not optimised for fucoidan
extraction. In contrast, mannitol recovery was ~80%, consistent with its high water
solubility [379]. Overall, the relatively mild extraction conditions, including the low
citric acid concentration compared with the optimum reported for fucoidan extraction
[377] and the reduced temperatures selected to preserve the integrity of fucoxanthin
and alginate, favoured product quality over maximum extraction yield.

Interestingly, the conventional methanolic extraction recovered less fucoxanthin than
the integrated process, resulting in an apparent recovery exceeding 100% relative to
the methanolic extraction benchmark. This result suggests that the conventional
methanolic extraction was not exhaustive under the conditions employed and further
highlights the enhanced capability of the proposed integrated process to recover
fucoxanthin from S. latissima.

Table 9.4 Mass balance of extracted compounds in the different fractions along the proposed
FABU process.

Alginate Fucose Mannitol Fucoxanthin
Fraction (mg/g) (mg/g) (mg/g) (ng/g)
Seaweed 100% 100% 100% 100%
Pretreatment n.d. 32% 80% 0%
FABU 8% n.d. n.d. 12%
AK-extraction 23% n.d. n.d. 167%

9.3.6 FABU as powerful pretreatment

9.3.7 Proposed permeabilisation mechanism

When extracting biological compounds from structurally complex materials such as
seaweed, partitioning is an important, but not sufficient, criterion for designing
extraction systems. The disruptive capacity of the solvent system is equally critical, as
most target compounds are embedded within or associated with complex cellular
architectures that must first be “opened” before partitioning can effectively occur. The
present biphasic system exemplifies this principle.
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Confocal microscopy further supports the hypothesis that the FABU system promoted
structural modification of the seaweed tissue rather than direct fucoxanthin extraction
(Table S9.1). Hydrated samples exhibited a larger relative cell area compared with the
intercellular cell wall space, while FABU-treated samples showed a reduced outer cell
layer, suggesting partial removal of alginate and increased tissue permeability (Figure
$9.6). These structural changes may have enhanced the accessibility of intracellular
fucoxanthin release during the subsequent alkaline extraction, providing a possible
explanation for its increased recovery. This interpretation is consistent with
independent physiological localization studies of alginate in brown algae. In S.
latissima embryos, Boscq et al. (2025) [407] showed that mannuronate-rich alginate
initially occupies specific external and lateral wall domains and later accumulates in
newly formed cross walls, whereas guluronate-rich alginate remains primarily
associated with the external wall layers. These studies demonstrate that alginate
substructures are spatially heterogeneous rather than uniformly distributed within
brown-algal tissues. Although microscopic observations indicate changes in tissue
architecture, further characterisation using scanning electron microscopy (SEM)
would be required to confirm cell wall permeabilisation, which was beyond the scope
of the present study.

The microscopy results are also supported by our previous extraction study using
betaine-urea. In that study, the first fraction directly recovered with betaine-urea, BU-
1, represented only part of the total alginate and had an M/G ratio of approximately 2.2,
indicating preferential recovery of a mannuronate-rich fraction. Subsequent water and
alkaline fractions had progressively lower M/G ratios of approximately 1.5 and 1.2,
respectively. Most of the total alginate was recovered only during the final alkaline step,
and the complete sequential BU process recovered 75.1 = 2.2% of the alginate,
compared with 63.5 + 1.6% for the conventional acid-alkaline process. This
fractionation behaviour indicates that betaine-urea does not directly solubilize the
entire structural alginate matrix. Instead, it preferentially mobilizes a more
mannuronate-rich and accessible fraction while facilitating the subsequent recovery
of alginate that remains associated with the biomass.

Taken together, the quantitative microscopy, sequential extraction yields and M/G
fractionation support the following mechanism: FABU induces swelling, increased
porosity and partial loosening of the cell-wall matrix, permitting the recovery of a
relatively accessible, mannuronate-rich alginate fraction. A substantial part of the
more tightly integrated wall matrix remains in the biomass and is solubilized only during
the subsequent alkaline treatment. The structural modification caused by FABU also
increases access to intracellular and membrane-associated compounds, explaining
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why much more fucoxanthin was recovered in the subsequent alkaline fraction than
directly in the fatty-acid phase.

9.3.8 Process perspective

To transition this integrated extraction line into a circular biorefinery, efficient solvent
recovery is essential. While no recycling was addressed in this specific study, our
previous studies have firmly established the multi-cycle recyclability of both solvent
fractions. DES betaine:urea (BU) recovery and simultaneous alginate separation have
been successfully demonstrated for at least five consecutive cycles using both
temperature-responsive aqueous two-phase systems (ATPS) [335] and using a DES-
salt ATPS for direct interfacial alginate precipitation and solvent reuse [384].
Additionally, reuse of the fatty acid (FA) DES performed up to seven times using a
circular three-phase partitioning (TPP) configuration for concurrent pigment capture
[342]. These studies provide the feasibility of recycling of the DES within a circular FABU
system.

Ultimately, the performance of the integrated process for seaweed must be evaluated
from an economic perspective, considering solvent recovery, product purification, and
overall process integration [408, 409]. The implementation of DES-based technologies
introduces additional challenges, as their physicochemical properties may require
dedicated equipment, increasing the initial capital investment, in addition to the
different energy needed for agitation and pumping [9, 410]. Likewise, the operational
costs associated with DES preparation and replenishment should be quantified,
despite the recyclability of the system [411, 412]. The economic feasibility will
ultimately depend on the market value of the recovered products, which is determined
by their purity, functionality, and intended application [408]. Higher processing costs
may therefore be compensated if the process generates products with enhanced
functionality and, consequently, higher added value. In this regard, the present
process demonstrates the technical feasibility of such an approach. Although the
FABU biphasic system requires further optimisation, these results highlight its
relevance as a starting point for the development of integrated, multiproduct seaweed
biorefineries, where disruption and partitioning are strategically decoupled and
sequentially exploited.
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9.4.Conclusion

A DES-based biphasic system (FABU) was evaluated for the co-extraction of alginate
and fucoxanthin from Saccharina latissima. The system combined a hydrophobic
phase (dodecanoic acid-octanoic acid, FA) for fucoxanthin extraction and a hydrophilic
phase (betaine-urea-water, BU) for alginate recovery.

Unexpectedly, fucoxanthin extraction into the FA phase was limited (41.4-58.2 pg/g),
contradicting COSMO-RS predictions on both the affinity (capacity of 2.1 - 10° for FA)
and partitioning (Krasu 3.8 - 10'2). Remarkably, a high fucoxanthin concentration (563.3
+ 7.7 ug/g) was recovered during the subsequent alkaline step, meant for full alginate
recovery, indicating that the FABU system likely primarily acts as a cell
permeabilization medium rather than an efficient partitioning system.

This discrepancy between predicted thermodynamic affinity and experimental
extraction behaviour highlights that partitioning alone is not sufficient to describe
extraction performance in complex biomass systems. Instead, factors such as
biomass accessibility, mass transfer limitations, and system viscosity play a dominant
role. These findings demonstrate that disruption and solubilisation can be effectively
decoupled, with the FABU system enhancing accessibility while the subsequent
alkaline step enables compound recovery. Chromatographic profiles further
suggested improved fucoxanthin preservation compared to conventional acid-alkaline
extraction, indicating the DES was likely acting as a preservative medium.

Overall, these results reveal a clear decoupling between cell permeabilization capacity
and solubilisation in DES-based systems. Rather than a limitation, this uncovers the
potential of DES biphasic systems as powerful pretreatment platforms for integrated
seaweed biorefineries. Future work should address solvent recyclability and assess
process feasibility through techno-economic and life cycle analyses and complete the
characterisation of the extracted compounds.
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9.5. Supplementary information

Figure S9.1 Molecular structure of fucoxanthin. Blue regions represent the hydrogen bond
donating areas, red regions represent the hydrogen bond accepting areas, and green regions
represent the non-polar surface areas.

FTIR analysis

To evaluate the alginate recovered from the DES extract, acid alkaline extract and the
alkaline extract after DES treatment, FTIR (Fourier-transform infrared) profiles were
recorded over a spectral range of 400-4000 cm~" using a Nicolet Summit X ATR-FTIR
spectrometer (Thermo Fisher Scientific). Prior to analysis, polymers were isolated from
the extracts by precipitation with a ethanol 80% (v/v) with 1% (w/v) sodium chloride,
followed by two sequential washing steps using 80% (v/v) ethanol [413]. The gathered
precipitates were subsequently dried under a continuous nitrogen stream before being
subjected to FTIR characterisation.
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Figure S9.2 FTIR spectra of alginate extracted with acid-alkaline conventional extraction (red),
alkaline extraction after BU treatment (blue) and DES BU (grey) using the FABU biphasic system.
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Figure S9.3 Alkaline extract from the FABU system (left) and from the conventional process
(right). Extract from the FABU system was browner than the extract from the conventional
method, indicating the presence of a higher concentration of fucoxanthin.
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Figure S9.4 Calculated capacities of DES and sodium carbonate for fucoxanthin. From left to
right: BU, betaine-urea DES. The numbers on the right indicate the water content (% w/w), while
the values in parentheses represent the molar ratios. Dode:Oct, docecanoic acid-octanoic acid
DES; Na2COs corresponds to sodium carbonate solutions at 0.1 and 4 M.
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Figure $9.5 UV-Vis absorption spectra of fucoxanthin (Fx) and the four secondary peaks (A-D)
observed in the chromatogram shown in Figure 9.7a. Peaks A, C, and D exhibited a hypsochromic
shift of the main absorption band to approximately 420-430 nm, suggesting degradation of the
conjugated polyene chain [414]. In contrast, peak B showed a maximum absorption at 453 nm,
consistent with the presence of a potential fucoxanthin isomer [415].

Microscopy of treated biomass

Samples were imaged with a Leica Stellaris 5 confocal microscope (Leica) using a 20x
objective (Figure $9.6). Image acquisition was performed with a white light laser (WLL)
at excitation wavelengths of 485 and 680 nm, with emission bands set at 675-695 and
710-740 nm, respectively. A transmitted-light detector was used to acquire a brightfield
channel simultaneously. Images were acquired at a resolution of 1024 x 1024 pixels
with a scan speed of 100 Hz. Image processing and analysis were performed using LAS
X software (Leica).
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Figure S9.6 Confocal microscopy images of treated seaweed. Untreated (A); acid-alkaline
treated (B); FABU treated (C); FABU-alkaline (D).

Table S9.1 Relative area of seaweed cells compared to cell walls.

Sample Area fraction
(Intra/inter) %?®

Water 66 +6

FABU 54 +1

2 Values represent the mean of three independent images analysed using Imagel. The
percentages for the conventional acid-alkaline and FABU-alkaline samples could not be
determined due to insufficient image contrast.
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Abstract

Deep eutectic solvents (DES) have emerged as alternatives to conventional solvents
for seaweed biorefineries, yet their potential to be industrially integrated remains
largely unexplored. This study presents one of the first integrated techno-economic
(TEA) and life cycle (LCA) assessments of a multiproduct Saccharina latissima
biorefinery based on a biphasic DES system. A process simulation based on literature
was used to evaluate the recovery of fucoxanthin, fucoidan, and alginate and to identify
the main drivers of process sustainability. Interestingly, the environmental hotspots
closely mirrored the economic hotspots identified in the techno-economic
assessment, where DES constituents also dominated the raw material costs (96%).
The biphasic DES process reduced the environmental impacts for 16 out of the 18
evaluated midpoint impact categories compared with the conventional acid-alkaline
extraction process for sodium alginate. However, it remained economically unfeasible,
with a net present value of €-263.1 million, mainly due to solvent-related costs. Solvent
consumption was identified as the main economic and environmental hotspots, while
sensitivity analyses showed that the solvent-to-biomass ratio, fucoxanthin extraction
efficiency, and product value were the key process drivers. Notably, improving product
functionality and market value had a greater impact on economic feasibility than
increasing extraction yield alone. These results demonstrate that the sustainability of
DES-based biorefineries depends on process integration, solvent management, and
multiproduct valorisation rather than on the use of DES alone.
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10.1 Introduction

The transition towards a circular bioeconomy requires biorefineries capable of
converting renewable biomass into multiple products while minimising environmental
impacts, improving resource efficiency and being economically sustainable. In this
context, multiproduct biorefineries are increasingly preferred over single-product
processes because they allow several value streams to be recovered from the same
biomass, thereby improving both economic performance and environmental impact
[416, 417].

Marine biomass has attracted growing interest as a sustainable feedstock for such
integrated biorefineries owing to its high productivity and diverse chemical
composition. However, despite considerable technical progress, the industrial
implementation of marine biorefineries remains constrained by the limited availability
of integrated techno-economic and environmental assessments [38, 342]. Among
marine feedstocks, seaweeds are particularly attractive because they can be
cultivated without arable land, freshwater, or synthetic fertilizers and naturally contain
a wide range of valuable compounds, including hydrocolloids, proteins,
carbohydrates, and pigments [418]. Brown seaweeds, such as Saccharina latissima,
are especially promising because they contain commercially relevant amounts of
alginate, fucoidan, mannitol, and fucoxanthin, making them suitable feedstocks for
integrated multiproduct biorefineries [372, 419, 420].

Conventional brown seaweed processing, however, primarily targets alginate through
acid-alkaline extraction. These processes rely on harsh chemicals, generate
substantial waste streams, and often compromise product functionality while leaving
other valuable compounds underutilised [56, 124].

Deep eutectic solvents (DES), including natural deep eutectic solvents (NADES), have
emerged as promising solvent systems for biomass fractionation due to their tuneable
physicochemical properties, low volatility, simple preparation and ability to selectively
dissolve different classes of biomolecules [9, 15]. In seaweed processing, hydrophilic
DES have successfully been applied for alginate extraction [48, 342], whereas
hydrophobic DES have demonstrated high selectivity for pigments such as fucoxanthin
[216]. Recent studies have further shown that membrane-based separation can
partially recover both DES and extracted products, highlighting the potential for solvent
recycling within integrated seaweed biorefineries [271]. Despite these promising
technological advances, the sustainability of DES-based biorefineries cannot be
inferred from solvent properties alone. Recent life cycle assessments demonstrate
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that the environmental performance of DES-based processes depends strongly on
solvent synthesis, solvent recovery, process energy demand, downstream separation,
and coproduct valorisation [152, 211, 421, 422]. In particular, unrecovered solvents
can substantially increase greenhouse gas emissions and energy consumption,
whereas efficient solvent recycling and process integration can significantly improve
environmental performance[211, 422]. Consequently, DES-based biorefineries should
be evaluated at the integrated process level rather than on solvent characteristics
alone. Similarly, McReynolds et al. (2022) [423] concluded that although DES have
become promising extraction media for marine biomass, robust environmental
assessments of complete seaweed biorefineries remain scarce.

A similar conclusion emerges from the available techno-economic literature. Although
relatively few TEA studies have examined DES or NADES based biorefineries directly,
evidence from lignocellulosic systems consistently identifies solvent consumption,
solvent recycling, and multiproduct valorisation as the primary economic drivers [38,
416, 417]. Single-product processes generally exhibit poor economic performance,
whereas integrated biorefineries become increasingly attractive when multiple
coproducts are recovered and solvents are efficiently recycled over multiple extraction
cycles [416, 417].

Although laboratory-scale studies have demonstrated that DES enable selective
extraction of multiple seaweed components and facilitate solvent recovery, the
industrial feasibility of DES-based seaweed biorefineries remains largely unexplored.
Most published research focuses on extraction performance or solvent recycling in
isolation, while only a limited number of studies have evaluated complete process
integration through combined techno-economic assessment (TEA) and life cycle
assessment (LCA) [416, 417, 422]. Consequently, it remains unclear whether the
technical advantages of DES translate into economically viable and environmentally
sustainable industrial biorefineries.

Therefore, this study evaluates an integrated multiproduct seaweed biorefinery as a
representative case study to identify the process characteristics governing the
industrial implementation of DES-based biorefineries. An industrial-scale process
model integrating published extraction, purification, and solvent recovery technologies
was developed and assessed using combined TEA and LCA. The study investigates how
process integration, multiproduct valorszation, product functionality, and solvent
recyclability influence both economic and environmental performance. By identifying
the critical design parameters and associated trade-offs, this work provides guidance
for the development of future sustainable DES-based seaweed biorefineries.

260



Techno-economic and life cycle assessments

10.2. Methodology

10.2.1 Overall methodology

To identify the key design parameters governing the sustainability of DES-based
biorefineries, an industrial process model was developed using brown seaweed as a
representative case study. As outlined in Figure 10.1, this approach was structured
through a literature revision, followed by conceptual process design, SuperPro
simulations and TEA, followed by parameter sensitivity analysis, and finally LCA.
Experimental extraction data (Table 10.1) from previously published studies were
integrated into a single process model describing multiproduct extraction, solvent
recovery and product purification (Figure 10.2). The resulting mass and energy
balances formed the basis for both the techno-economic assessment and life cycle
assessment.

ther.afcure Proc_ess S_uperP_ro TEA Sensmv_lty LCA
revision Design Simulation Analysis

Figure 10.1 Overview of the workflow used in current research.

10.2.2 Process design

The process design was established based on the integration of previously reported
DES-based extraction, recovery, and recycling strategies from literature (Figure 10.2).
Brown seaweed Saccharina latissima was selected as feedstock due its relevance in
the European context and in previous studies on DES-assisted seaweed processing
[48, 216, 342, 378, 424].

Initially, a citric acid pretreatment step was incorporated to enable fucoidan recovery,
following a previously reported study [377]. Subsequently, a biphasic DES extraction
system consisting of betaine:urea (BU) and dodecanoic acid:octanoic acid (FA) was
applied for the simultaneous extraction of alginate and fucoxanthin, respectively,
based on earlier studies [48, 342].

The FA DES phase used for fucoxanthin extraction was recycled for six consecutive
extraction cycles prior to product recovery to maximise pigment accumulation,
according to previous findings [342]. Fucoxanthin separation and purification were
based on the approach proposed by Kholany et al. [216] employing a hydrophilic
choline chloride:levulinic acid DES as a secondary separation phase. In addition, an
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alkaline extraction step was incorporated for further valorisation of the residual
seaweed pellet following biphasic extraction, according to the method described by
Bojorges et al. [57].
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Figure 10.2 Schematic process overview of the multiproduct DES-based seaweed extraction and
separation.

Table 10.1 summarises the extraction yields obtained for the different compounds
across the individual process steps. Detailed extraction and processing parameters for
each step are provided in Figure $10.1.

Table 10.1 Extraction yields (% DW) per processing step.

Section Alginate Fucoxanthin Fucoidan Reference
Citric acid - - 6.55% [377]
pretreatment

Biphasic extraction 4.53% 0.012% - [48, 342]
Alkaline extraction 11.9% - - [57]
Fucoxanthin recovery - 0.0114% - [216]

10.2.3 Process simulations in SuperPro Designer

10.2.3.1 Process modelling approach and assumptions

To establish the mass and energy balances required for the subsequent TEA and LCA,
the proposed seaweed biorefinery was simulated using SuperPro Designer (v14,
Intelligen, Inc., USA). The industrial-scale production facility was assumed to operate
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in batch mode for 330 days per year, with a feedstock processing capacity of 16,000 kg
of dried seaweed biomass per batch containing 10% residual moisture after drying.
Scaling from the experimental data compiled in Table 10.1 to the industrial
manufacturing scale in SuperPro was executed via linear scale-up principles, as
visually mapped in the process flow diagram (Figure $10.1).

To accommodate literature limitations and simplify the simulation framework, the
following process assumptions were implemented:

1. Biomass simplification: Non-target macroalgal constituents (proteins, lipids,
minerals, phenolics, and residual sugars) were not modelled explicitly but
lumped into generalised "pellet" and "biomass" mass streams.

2. Phase disengagement: A theoretical 100% phase separation efficiency was
assumed for the multi-phase DES systems.

3. Solvent purification: A 90% washing and removal efficiency was defined for the
betaine:urea (BU) and fatty acid (FA) DES streams to ensure sufficientimpurity
removal.

4. Alginate precipitation: An isolation threshold of 100% precipitation efficiency
was implemented for both alginate and sodium alginate fractions.

5. Solvent loss and purity: A standard 10% solvent mass loss per batch was
assumed for the choline chloride:levulinic acid (ChCl:LevA) matrix, with a
target fucoxanthin product purity exceeding 95% to represent an optimistic
baseline scenario.

10.2.4 Economic evaluation using SuperPro Designer

The economic viability of the biorefinery was studied based on the capital investment
(CAPEX) and operating cost (OPEX). Furthermore, for the economic evaluation the
payback time of the investment for 10 years of operation (calculated based on total
investment and the net profit), the net present value (NPV) with an interest rate of 7%
and a stable net cash flow for each operating year, and the annual revenues of the
process were considered. Calculations for the total capital investments, operating
costs, total revenues, gross margin, return of investment (ROI) and net present value
(NPV) were calculated, similar to Herrera Barragan et al. [409].

10.2.5 Raw material cost input and product selling prices

Data for the prices of the raw materials applied in the simulation were obtained from
recent market sources and literature. These inputs in SuperPro were essential for the
estimation of the raw material’s annual expenses and overall operating costs. Table
$10.1 summarises the raw materials used and their corresponding costs. The alginate,
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fucoidan and fucoxanthin selling prices were based on previous techno-economic
literature data (Table 10.2) and were implemented for the TEA analysis.

Table 10.2 Unitary selling cost for alginate, fucoidan and fucoxanthin.

Product Selling cost (€/kg) Reference
Alginate 10 [409]
Fucoidan 300 [409, 425]
Fucoxanthin 40,000 [426]

10.2.6 Process descriptors

10.2.6.1 Citric acid pretreatment and fucoidan recovery

The process started with the citric-acid pretreatment of dry biomass, aiming to gently
extract fucoidan and improve the alginate extraction in the following steps. A Solid-to-
Liquid ratio (SLR) of 1:60 (w/w) and 1% (w/v) citric acid was used at 35 °C for 1 h
following parameters reported by Fawzy & Gomaa [377] with modifications. The extract
was later subjected to a diafiltration process to concentrate the content and remove
small molecules and spray-dried to obtain a powder.

10.2.6.2 Biphasic DES extraction

Based on the set-ups reported previously [48, 342], a biphasic approach was proposed
and designed. BU (betaine-urea) and FA (dodecanoic and octanoic acids) DES were
prepared separately as described in the literature by applying heat, after which 45%
(w/w) water was added to BU. A FA:BU ratio of 1:2 (w/w) was selected for the extraction
process. The pellet stream from the citric acid pretreatment referred as “Pellet 1”, was
subjected to the biphasic system extraction with a SLR of 1:60 (w/w). The extraction
was conducted at 35 °C for 1 h under continuous stirring.

10.2.6.3 BU-alginate recovery and DES reuse

After the biphasic extraction the mixture was centrifuged and three fractions resulted:
residual biomass (pellet 2), alginate rich BU DES and pigment rich FA DES. The FA DES
was reused for 5 more consecutive cycles directly entering again the biphasic
extraction system, to accumulate the fucoxanthin until saturation, while the BU DES
was led to the diafiltration for alginate recovery. The diafiltration started with a pre-
concentration step using a concentration factor of 9 to reduce the volume of the
stream. The diafiltration step was operated such that the alginate concentration in the
retentate did not exceed 2% mass composition, to minimise membrane fouling and
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prevent excessive increases in viscosity. At the same time, the permeate stream was
maintained at approximately 85% BU mass composition, ensuring that it was
sufficiently enriched to be fed directly back into the biphasic extraction reactor without
any additional processing.

To recover and purify the alginate-rich retentate, ethanol precipitation was applied. For
precipitation, a ratio of 1:2 (v/v) extract to ethanol solution (80%) and 1% NaCl are
selected, at 25 °C under continuous stirring [57]. The precipitated alginate recovered
from the bottom of the reactor, was dried at 70 °C and grinded to a final powder
product. After the reuse of the DES for 6 cycles, the extracted compounds were
purified, and the wasted solvents replenished.

10.2.6.4 Alkaline extraction

The fucoxanthin accumulated in the FA DES after six consecutive extraction cycles was
recovered by a liquid-liquid extraction approach, as reported [216]. Assuming a similar
behaviour, the hydrophilic DES choline chloride-levulinic acid (CCLev) was used.
CCLev was added to the FA fraction at a ratio of 1:4 (v/v), promoting the migration of
fucoxanthin from the fatty acid phase due to the polar functional groups present in the
molecule. The extraction was performed at 25°C for 10 min, after which two phases
were formed. The bottom phase, containing the fucoxanthin, was then mixed with
water as an antisolvent (1:1, v/v), promoting the formation of an oily phase expected to
contain the recovered fucoxanthin. Finally, the FA fraction (top phase) was washed and
recovered for the preparation of fresh FA DES. The water content from the CCLev acid
was then removed and the DES fraction was recovered to be reused.

10.2.6.5 Fucoxanthin recovery

The fucoxanthin accumulated in the FA DES after six consecutive extraction cycles was
recovered by a liquid-liquid extraction approach, as reported previously [216].
Assuming a similar behaviour, the hydrophilic DES choline chloride-levulinic acid
(CCLev) was used. CCLev was added to the FA fraction at a ratio of 1:4 (v/v), promoting
the migration of fucoxanthin from the fatty acid phase due to the polar functional
groups present in the molecule. The extraction was performed at 25 °C for 10 min, after
which two phases were formed. The bottom phase, containing the fucoxanthin, was
then mixed with water as an antisolvent (1:1, v/v), promoting the formation of an oily
phase expected to contain the recovered fucoxanthin. Finally, the FA fraction (top
phase) was washed and recovered for the preparation of fresh FA DES. The water
content from the CCLev acid was then removed and the DES fraction was recovered to
be reused.
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10.2.7 Sensitivity analysis

To identify the critical economic drivers of the DES biorefinery and to assess how the
NPV could be improved, a sensitivity analysis was performed. Three parameters were
varied against their baseline configurations to evaluate its process impact:

1. Solid-to-Liquid Ratio (SLR): To evaluate the impact of reducing the volumetric
solvent load, the baseline SLR of 1:60 was varied to more concentrated ratios
of 1:40 and 1:20.

2. Alginate market value: The baseline commodity selling price of €10/kg was
increased stepwise to €20, €50, €100, and €200/kg. This pricing model
assumes that the enhanced structural and rheological functionality of the
alginate extracted via the betaine:urea (BU) platform justifies a higher
functional-grade market value.

3. Fucoxanthin extraction yield: Shifting from the model baseline of 0.02% (w/w
dry biomass), an optimised extraction scenario of 0.2% was evaluated,
reflecting literature benchmarks where yields up to approximately 0.5% have
been successfully demonstrated for the same seaweed species [228].
Additionally, 0.01, 0.1, 0.15% extraction yields were assessed.

10.2.8 Life cycle assessment

A life cycle assessment (LCA) of the biorefinery process was performed according to
the guidelines of ISO 14040 and 14044.

10.2.8.1 Goal and scope

The primary objective of this attributional LCA was to evaluate whether the novel multi-
product biorefinery configuration, simultaneously isolating fucoidan, alginate, and
fucoxanthin, demonstrates a superior environmental sustainability profile compared
to the conventional industrial acid-alkaline extraction chain that explicitly yields
standard sodium alginate.

To ensure an equitable benchmark between the structurally distinct products, a
performance-based functional unit (FU) was established. The FU is defined as 1 kg
sodium alginate with enhanced thickening performance, expressed as consistency
index (K) as reported [48]. Specifically, the alginate exhibited at least a 10-fold higher
thickening capacity than that obtained by conventional acid-alkaline extraction from
the same batch of biomass.

For the LCA, a cradle-to-gate approach was adopted, the geographical scope
considers the Netherlands. The defined system boundaries encompass the upstream

266



Techno-economic and life cycle assessments

operations, including seaweed cultivation under future conditions, harvesting, and
transportation to the facility as well as biorefinery chain as further detailed in the
previous sections, i.e. citric acid pretreatment, the biphasic and alkaline extraction
stages, and the subsequent downstream purification modules, including wastewater
and solid waste treatment processes for the generated effluents. Since the products
have various potential end-uses, the downstream product utilization including end-of-
life have been excluded.

10.2.8.2 Life cycle inventory and impact assessment

For S. latissima cultivation linear scaling was applied to the LCI for the future scenario
cultivation and harvesting reported by Slegers et al. [427], while energy inputs for drying
and grinding were collected from SuperPro Designer. The biorefinery process models
and mass-energy balances were based on the SuperPro flowsheet simulations,
including direct emissions of oxygen, nitrogen, carbon dioxide and water vapour. The
background data were derived from Ecoinvent 3.8. Proxy compounds were used for
betaine (based on reaction stoichiometry using trimethylamine and chloroacetic acid),
octanoic acid (fatty acids from coconut oil), dodecanoic acid (fatty acids from coconut
oil), levulinic acid (succinic acid) and choline chloride (trimethylamine), representing
similar production processes and chemical structures. Wastewater treatment was
approximated using a 50%-50% mix of wastewater treatment of vegetable oil refineries
and potato starch production. The inputs for membrane production and cleaning were
considered to fully account for the membranes’ impact on the process. Details are
provided in the Appendix.

The conventional process uses a combination of acidification and alkaline extraction,
followed by microfiltration, ethanol precipitation, dewatering and subsequent
purification to obtain sodium alginate. This process was modelled following Nazemi et
al. [428]. The process description is detailed in the Appendix.

The LCAwas implemented and characterised using SimaPro software (Desktop version
10.4). Environmental impacts were quantified across 18 midpoint impact categories
using the ReCiPe 2016 Midpoint v1.09 methodology, applying the standard hierarchist
perspective based on consensus-based characterization pathways. The evaluated
impact categories comprised: Global Warming; Stratospheric Ozone Depletion;
lonising Radiation; Ozone Formation (Human Health); Fine Particulate Matter
Formation; Ozone Formation (Terrestrial Ecosystems); Terrestrial Acidification;
Freshwater Eutrophication; Marine Eutrophication; Terrestrial Ecotoxicity; Freshwater
Ecotoxicity; Marine Ecotoxicity; Human Carcinogenic Toxicity; Human Non-
Carcinogenic Toxicity; Land Use; Mineral Resource Scarcity; Fossil Resource Scarcity;
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and Water Consumption. Following the comparative baseline assessment against the
conventional benchmark, a detailed contribution analysis was executed to isolate
which specific internal processing sub-sections within the novel biorefinery dominate
the environmental footprint across each of the 18 impact parameters.
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10.3. Results and discussion

10.3.1 Is the current biorefinery economically feasible?

The economic evaluation estimated a total capital investment of €135.9 million, with
annual operating costs of €70.9 million. Under the simulated production capacity, the
process generated 40.2 million €/year in total revenues, resulting in a negative gross
margin of -76.3%, and a negative net present value (NPV) of -263.1 million € (Figure
10.3). Furthermore, the annual production comprised approximately 265.7 t of
alginate, 94.8 t of fucoidan, and 228 kg of high-purity fucoxanthin. Assuming the same
selling price for all alginate fractions (€10 kg'), alginate generated €2.66 million year”,
representing only 6.6% of the total revenue despite accounting for the vast majority of
the product mass (73.7%). In contrast, fucoidan and fucoxanthin together generated
€37.56 million year™', corresponding to 93.4% of the total process revenue, with
fucoidan contributing €28.43 million year" (70.7%) and fucoxanthin €9.13 million year
1(22.7%). This highlights the importance of product value rather than production
volume in an integrated approach.

E Total captial investments
O Operating costs

E Total revenues

m Gross profit

-2,E+08 -1,E+08 -5,E+07 0,E+00 5,E+07
€ year™

Figure 10.3 Financial summary of the multiproduct biorefinery including the annual gross profit,
revenue, operating cost and total capital investment.

Under the evaluated assumptions, the proposed process was not economically
feasible. This finding is consistent with the current state of DES-based biorefineries,
where commercial feasibility generally depends on process optimisation rather than
solvent substitution alone [408, 411]. In addition, recent reviews identify solvent
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recovery, coproduct valorisation and pretreatment performance as the principal
factors determining economic viability.

The revenue distribution further highlights the importance of multiproduct valorisation
(Figure 10.4). Producing alginate alone would likely be insufficient to offset the high
capital and operating costs associated with biomass processing. The incorporation of
high-value co-products substantially increases the revenue potential of the process
and represents the primary economic driver, as demonstrated by the contribution of
fucoidan and fucoxanthin. This observation agrees with previous techno-economic
studies demonstrating that DES-based biorefineries become economically attractive
primarily through multiproduct valorisation. Kumar et al. [417], for example, identified
lignin as the major contributor to process revenue in a NADES biorefinery, while Zang
et al. [429] similarly showed that coproduct generation substantially improved the
economic feasibility of a DES-pretreated lignocellulosic biorefinery. Nevertheless, it is
worth noting that the alginate selling price used in the model (€10 kg™") was deliberately
conservative and does not account for the enhanced viscosity observed when using
the BU DES system [48]. Since viscosity is one of the main quality attributes
determining the commercial value of alginate [56, 430], the production of a higher-
viscosity alginate could justify a higher market price, consequently improving the
economic performance of the proposed biorefinery.

Fucoxanthin
23%

Alginate
6%

Fucoidan
1%

Figure 10.4 Revenue distribution of the multiproduct biorefinery using a biphasic system.
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10.3.2 Main OPEX and material contributions

The annual operating expenditure (OPEX) of the proposed process was primarily
dominated by raw material consumption (Figure 10.5a). Total raw material costs
amounted to EUR 29.8 million year™, representing 46% of the total annual operating
costs, followed by facility-dependent costs (18%) and depreciation (18%). This
indicates that the economic performance of the process is governed predominantly by
solvent and reagent consumption rather than utilities or labour.

A detailed breakdown of the raw material costs (Figure 10.5b) revealed that betaine
and dodecanoic acid were the largest individual cost contributors, accounting for 48%
(EUR 14.3 million year”) and 25% (EUR 7.5 million year”) of the annual raw material
costs, respectively. Their dominant contribution can be attributed to the combination
of relatively high market prices (approximately EUR 2.40 kg‘1 for betaine and EUR 3.00
kg‘1 for dodecanoic acid) and the large solvent quantities required during the biphasic
extraction process.

The particularly high contribution of betaine is largely a consequence of the current
process configuration, in which the betaine:urea (BU) DES is used only five times as
extraction and the process generates losses during recovery. As a result, fresh DES
must be supplied continuously, substantially increasing the annual raw material
demand. BU recycling modelling is difficult due to limitations in SuperPro Designer
regarding impurity accumulation. It remains unknown how the chemical composition
of the DES matrix changes upon repeated recycling cycles. Buildup of co-extracted
compounds such as polyphenols and residual polysaccharides could alter solvent
properties and alginate extraction yields, which introduces high model uncertainty.
Previous studies, however, have confirmed that recovery and reuse of betaine:urea
DES is technically feasible. Hiemstra et al. (2025) [335] demonstrated DES recovery
using a temperature-responsive aqueous two-phase system (ATPS), enabling
simultaneous alginate separation and recycling of both the DES and thermo-
responsive polymer. Subsequently, another study by Hiemstra et al. (2026) [384]
reported a DES-salt ATPS that enabled direct interfacial precipitation of alginate while
allowing DES reuse, whereas Elizondo Sada et al. [271] demonstrated the potential of
pressure-driven membrane processes for simultaneous DES and alginate recovery.

Collectively, these studies indicate that integration of a DES recovery step is
technically achievable and could reduce raw material consumption. Nevertheless,
incorporating solvent recycling would require additional downstream separation
operations, increasing equipment requirements and capital investment. Therefore, the
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economic benefit of reduced solvent consumption should be evaluated against the
additional capital and operating costs associated with solvent recovery technologies.

Besides solvent recycling, another important opportunity for reducing raw material
costs is decreasing the solvent-to-liquid (S/L) ratio. The current process employs an
experimentally optimised S/L ratio of 1:60, which was selected to maximise extraction
performance at laboratory scale. However, such a high solvent loading is not optimal
for industrial implementation. Consequently, reducing the S/L ratio represents a
promising strategy for improving process economics and was therefore further
evaluated in the sensitivity analysis.

2%
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mBetaine

B Facility dependent @ Choline chloride

W Raw materials W Dodecanoic acid

| Utilities mEthyl alcohol
@Labourdependent 0% B Levulinic acid
mOctanoic acid
B Various consumables

mSeaweed
@ Depreciation
®Urea

OlLaboratory/QC/QA
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Figure 10.5 Overview of (a) annual operating costs breakdown and (b) annual raw material
costs breakdown.

10.3.3 Sensitivity analysis

10.3.4 Solid to liquid ratio

As indicated previously, the major operating costs originate from the solvent
components, particularly the BU fractions. Consequently, reducing the solvent-to-
liquid ratio (SLR) would be expected to improve the economic performance of the
process. To evaluate this effect, additional scenarios with SLRs of 1:40 and 1:20 were
simulated, and the operational cost and the total revenue (Figure 10.6, together with
the NPV (Figure 10.7) were used as indicators. Interestingly, only increasing the SLRto
1:20 reverted the difference between the operation costs and the total revenue,
resulting in a positive NPV (€20 million). This improvement reflects the more efficient
utilization of the solvent (less units per unit of product), which increases the effective
processing capacity of the biorefinery and, consequently, the production of alginate,
fucoidan, and fucoxanthin, leading to higher total revenues. However, this scenario
represents an idealised assumption that does not account for the thermodynamic and
transport limitations expected at higher biomass loadings. The affinity of the DES
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towards the extracted polymers imposes a finite solubilization capacity, meaning that
extraction efficiency is unlikely to increase linearly with SLR. Furthermore, increasing
the biomass concentration would substantially increase the viscosity of the mixture.
Given the already high viscosity of the BU system, this effect would likely hinder mass
transfer and reduce extraction efficiency, ultimately limiting the practical
implementation of such high SLRs.
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Figure 10.6 Operating costs and total revenue (M€ per year) at different simulated SLR.

Itis well known that the remarkable solvent properties of DES arise from their extensive
hydrogen-bonding network. However, this same characteristic also represents one of
their main drawbacks, as it leads to high viscosities [9, 14]. Therefore, from an
operational perspective, identifying or designing DES with a high affinity towards
alginate while maintaining a low viscosity remains one of the major challenges in the
development of DES-based alginate extraction processes.
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Solid-to-liquid ratio

Figure 10.7 NPV (7% discount rate) for scenarios of SLR of 1:60, 1:40 and 1:20.
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10.3.4.1 Alginate price

Compared to the other recovered seaweed compounds, alginate has a relatively low
unit market price. However, its commercial value strongly depends on its rheological
properties, particularly viscosity. To evaluate the influence of product quality on the
economic performance of the process, different scenarios were simulated by
increasing the alginate selling price from €10 to €200 kg™ (Figure 10.8). Interestingly,
despite alginate representing the largest fraction of the recovered biomass, its
contribution to the total revenue remained limited until prices approached €200 kg™.
Nevertheless, such a selling price is not unrealistic. High-purity alginates with tailored
functional properties are known to command considerably higher market values due
to their performance in specialized applications [431]. Considering the approximately
tenfold increase in viscosity observed for the alginate extracted with the BU system
[48], this product could potentially be positioned within this higher-value market
segment, substantially increasing its contribution to the overall process revenue.

An additional advantage of the proposed biorefinery is that the extraction sequence
inherently removes and valorises compounds that would otherwise be considered
impurities in a conventional alginate production process, such as fucoidan and
fucoxanthin [432, 433]. As a result, the subsequent alginate extraction is expected to
produce a cleaner product while simultaneously generating value from fractions that
are typically discarded, further enhancing the economic potential of the integrated
process.
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0.E+00 l
200

-5.E+07

-1.E+08

-2.E+08

NPV 7% (EUR)

-2.E+08

-3.E+08
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Alginate price (€/kg)

Figure 10.8 NPV (7% discount rate) obtained after simulating scenarios with different alginate
prices.
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10.3.4.2 Fucoxanthin yield

The economic performance of the proposed biorefinery was found to be highly
sensitive to the fucoxanthin recovery yield. In the base-case scenario, a fucoxanthin
yield of 0.02% (w/w dry biomass) was assumed, based on the performance reported
for a TPP extraction system, although this system was focused on optimising the
alginate extraction yield.

Previous studies demonstrated that considerably higher fucoxanthin yields are
achievable under alternative extraction conditions. Martins et al. [228] reported
fucoxanthin yields of approximately 0.5% (w/w dry biomass) from the same seaweed
(S. Latissima) using an ionic liquid-based extraction system. Although direct
comparison between the two processes should be made with caution, these findings
indicate that substantial improvements in fucoxanthin recovery may still be possible
through experimental optimisation of the biphasic system.

To evaluate the economic impact of a potential improved pigment yield, a sensitivity
analysis was performed assuming enhanced fucoxanthin yields of 0.05, 0.1, 0.15 and
0.2% (w/w dry biomass) (Figure 10.9). These values remain below the highest yields
reported in the literature while representing a technically plausible yield through
process optimisation. Under these scenarios, the NPV increased from — 263 € million
year' in the base case to + 225 million € year”, being the critical yield ~0.1 %DW;
demonstrating that fucoxanthin recovery is an important influential parameter
governing overall process profitability.
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Figure 10.9 Sensitivity of the net present value (NPV, 7% discount rate) for the fucoxanthin yield.
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These results highlight that economic feasibility is strongly dependent on the efficient
recovery of high-value co-product fucoxanthin rather than alginate. Consequently,
further optimisation of fucoxanthin extraction should be regarded as a key priority for
improving the commercial viability of the process.

10.3.5 TEA overview

Overall, the sensitivity analyses demonstrate that the economic viability of the
proposed biphasic system can primarily be influenced by three process parameters:
solvent consumption, alginate product value, and fucoxanthin recovery. Reducing the
solid-liquid ratio decreases raw material costs, while increasing the market value of
alginate through the production of higher-value grades further improves the economic
performance. However, the analysis identifies fucoxanthin recovery as the most
influential parameter, with 10-fold improvements in fucoxanthin yield resulting in the
largest increase in profitability and converting the process from an economically
unfeasible to a feasible scenario. Consequently, future process optimisation should
prioritise enhancing fucoxanthin extraction while simultaneously reducing solvent
consumption and maximising the value of the recovered alginate through its improved
functionality, as these combined improvements could impact on the overall techno-
economic feasibility of the proposed biorefinery system.

Interestingly, these three parameters; solvent consumption, coproduct valorisation
and solvent recovery, correspond closely to the principal economic drivers identified
in recent reviews of DES biorefineries [408, 434]. The present study expands this
framework by identifying product functionality as an additional design parameter that
should be incorporated into future techno-economic assessments of emerging
extraction technologies.

10.3.6 Environmentalimpact of DES-based versus conventional process

To evaluate whether the proposed DES-based multiproduct biorefinery represents an
environmentally favourable alternative to conventional seaweed processing, the
environmental impacts of the integrated process were compared with those of the
conventional alkaline extraction process used for sodium alginate production. Aworst-
case perspective was taken, allocating 100% of the cultivation and biorefinery impacts
to the produced alginate.
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Figure 10.10 presents the midpoint impact categories, with the maximum impact fixed
at 100% for each indicator. Overall, the DES-based biorefinery reduced the
environmental burden in 16 out of the 18 evaluated impact categories. The largest
improvements were observed for global warming potential, ionising radiation, and
fossil resource scarcity, while water consumption decreased by approximately 94%.
These reductions demonstrate that integrating selective extraction can substantially
improve the environmental performance of seaweed processing.
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Figure 10.10 Midpoint impact assessment comparing the novel with the conventional process
when the FU is the production of alginate with a thickening performance equivalent to 10 times
the one obtained with the conventional process. Eighteen midpointimpact categories are shown
on the x-axis, while the y-axis represents the relative contribution of each process step to the
total environmental impact. Abbreviations: GWP—Global Warming Potential; SOD—
Stratospheric Ozone Depletion; IR—Ilonizing Radiation; OF-HH—Ozone Formation (Human
Health); FPMF—Fine Particulate Matter Formation; OF-TE—Ozone Formation (Terrestrial); TA—
Terrestrial Acidification; FEU—Freshwater Eutrophication; MEU—Marine Eutrophication; TET—
Terrestrial Ecotoxicity; FET—Freshwater Ecotoxicity; MET—Marine Ecotoxicity; HCT—Human
Carcinogenic Toxicity; HNCT—Human Non-Carcinogenic Toxicity; LU—Land Use; MRS—Mineral
Resource Scarcity; FRS—Fossil Resource Scarcity; WC—Water Consumption.

The DES-based biorefinery exhibited higherimpacts for marine eutrophication and land
use compared to conventional alginate extraction. Process contribution analysis
(Figure 10.11) showed that these categories were dominated by the production of the
fatty acids used to prepare the hydrophobic DES, followed by the production of betaine
and urea (Figure 10.12). In contrast, electricity, steam, cooling water and direct
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process emissions contributed only marginally across most impact categories. These
results indicate that the environmental performance of the proposed biorefinery is
governed primarily by the production of solvent constituents rather than by the
extraction process itself. This observation is consistent with recent life cycle studies
demonstrating that the environmental performance of DES-assisted processes
depends largely on solvent composition, recovery strategy, and overall process
integration [162, 210, 416, 434]. Previous LCAs have similarly shown that the
manufacture of DES constituents generally dominates the environmental footprint of
DES-based extraction processes, whereas the energy required for solvent preparation
contributes only a minor share [162, 210].
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Figure 10.11 Midpoint impact assessment of the novel process based on the characterization of
individual process steps across 18 midpoint impact categories. Midpoint indicators are
presented on the x-axis, while the y-axis shows the relative contribution of each process step to
the overall process impact. Abbreviations: GWP—Global Warming Potential; SOD—
Stratospheric Ozone Depletion; IR—lonizing Radiation; OF-HH—Ozone Formation (Human
Health); FPMF—Fine Particulate Matter Formation; OF-TE—Ozone Formation (Terrestrial); TA—
Terrestrial Acidification; FEU—Freshwater Eutrophication; MEU—Marine Eutrophication; TET—
Terrestrial Ecotoxicity; FET—Freshwater Ecotoxicity; MET—Marine Ecotoxicity; HCT—Human
Carcinogenic Toxicity; HNCT—Human Non-Carcinogenic Toxicity; LU—Land Use; MRS—Mineral
Resource Scarcity; FRS—Fossil Resource Scarcity; WC—Water Consumption.
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Figure 10.12 Detailed contribution in BU & FA DES preparation step across 18 midpoint impact

categories. Fatty acids from coconut oil were assumed to be proxies of dodecanoic acid and
octanoic acid. Midpointindicators are presented on the x-axis, while the y-axis shows the relative
contribution of each process step to the overall process impact. Abbreviations: GWP—Global
Warming Potential; SOD—Stratospheric Ozone Depletion; IR—lonizing Radiation; OF-HH—
Ozone Formation (Human Health); FPMF—Fine Particulate Matter Formation; OF-TE—Ozone
Formation (Terrestrial); TA—Terrestrial Acidification; FEU—Freshwater Eutrophication; MEU—
Marine Eutrophication; TET—Terrestrial Ecotoxicity; FET—Freshwater Ecotoxicity; MET—Marine
Ecotoxicity; HCT—Human Carcinogenic Toxicity; HNCT—Human Non-Carcinogenic Toxicity;
LU—Land Use; MRS—Mineral Resource Scarcity; FRS—Fossil Resource Scarcity; WC—Water
Consumption.

Because no dedicated life cycle inventories are currently available for dodecanoic acid
and octanoic acid, coconut oil-derived fatty acids were used as proxy datasets.
Consequently, the reported impacts largely reflect the environmental burdens
associated with producing these solvent components. These findings emphasize that
solvent selection should be based not only on extraction efficiency but also on the
environmental impacts associated with solvent synthesis and production [37, 416].
Accordingly, selecting lower-impact solvent constituents, reducing solvent demand,
and improving solvent recovery and reuse are expected to provide the greatest
reductions in environmental impact.
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Besides solvent production, the citric acid pretreatment represented the second
largest environmental hotspot, contributing approximately 10-30% of the totalimpacts
depending on the midpoint category (Figure 10.13). By comparison, alginate
purification, fucoxanthin purification, ethanol recycling, and Saccharina latissima
cultivation contributed relatively little across most impact categories. Similarly,
ultrafiltration and diafiltration, membrane cleaning, electricity, steam, and wastewater
treatment accounted for only minor contributions. These results indicate that
pretreatment chemistry constitutes the second major opportunity for process
improvement. Reducing fresh citric acid consumption through recovery and reuse or
by adopting lower-impact pretreatment strategies is therefore expected to deliver
substantially greater environmental benefits than further improvements in process
energy efficiency. This finding is consistent with previous LCAs of biomass and
seaweed biorefineries, which identify reagent production and consumption, rather
than the extraction operations themselves, as the dominant contributors to
environmental impacts [422, 435, 436].
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Figure 10.13 Detailed contribution in the CA pretreatment step process steps across 18
midpoint impact categories. Midpoint indicators are presented on the x-axis, while the y-axis
shows the relative contribution of each process step to the overall process impact.
Abbreviations: GWP—Global Warming Potential; SOD—Stratospheric Ozone Depletion; IR—
lonizing Radiation; OF-HH—Ozone Formation (Human Health); FPMF—Fine Particulate Matter
Formation; OF-TE—Ozone Formation (Terrestrial); TA—Terrestrial Acidification; FEU—
Freshwater Eutrophication; MEU—Marine Eutrophication; TET—Terrestrial Ecotoxicity; FET—
Freshwater Ecotoxicity; MET—Marine Ecotoxicity; HCT—Human Carcinogenic Toxicity; HNCT—
Human Non-Carcinogenic Toxicity; LU—Land Use; MRS—Mineral Resource Scarcity; FRS—
Fossil Resource Scarcity; WC—Water Consumption.
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The lower environmental impacts observed for the DES-based biorefinery differ from
several recent comparative LCAs, in which DES-assisted extraction exhibited higher
environmental burdens than conventional ethanol- or water-based processes due to
the impacts associated with solvent synthesis [210, 211, 422, 437, 438]. Conversely,
Wang et al. [422] demonstrated that DES-based lignocellulosic pretreatment can
outperform conventional technologies when solvent recovery and process integration
are incorporated into the process design.

An important aspect of the present assessmentis the use of a functional unitbased on
equivalent thickening performance rather than product mass. Because the DES-
extracted alginate exhibited higher viscosity, a smaller quantity of product was
required to achieve the same functionality, resulting in lower environmental impacts
per functional unit. This finding demonstrates that improvements in product quality
can directly influence the environmental performance of biorefineries and highlights
the importance of selecting functional rather than mass-based functional units when
processing technologies modify material properties. Assessing products solely on a
mass basis may therefore underestimate the environmental benefits associated with
enhanced functionality.

10.3.7 Process overview and outlook

Interestingly, the environmental hotspots closely mirror the economic hotspots
identified in the techno-economic assessment, where DES constituents also
dominated the raw material costs (96%). Together, the TEA and LCA therefore identify
solvent demand as the principal design parameter governing both the economic and
environmental sustainability of DES-based biorefineries. This convergence suggests
that strategies aimed atreducing solvent consumption, improving solvent regeneration
and extending solvent lifetime are likely to deliver simultaneous economic and
environmental benefits. A similar trend has recently been highlighted in holistic
sustainability assessments of DES-based biomass processing, where solvent demand
consistently emerged as the primary driver influencing both production costs and
environmental impacts [434]. The present work extends these observations by
demonstrating that this relationship also holds for an integrated multiproduct seaweed
biorefinery and by highlighting the additional importance of product functionality as a
process design parameter.

The combined techno-economic and environmental assessments demonstrate that

the implementation of DES-based biorefineries requires a broader process perspective
than simply replacing conventional solvents with DES. While the integrated
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multiproduct concept showed clear environmental advantages over the conventional
alkaline extraction route, both assessments indicate that the overall sustainability of
the process is governed by a limited number of interconnected process parameters
and not by the extraction technology itself.

One of the most important observations is the convergence between the TEA and LCA
results. Both analyses independently identified solvent production and consumption
as the dominant process bottlenecks. This suggests that future process development
should prioritize reducing fresh solvent demand through lower solvent-to-liquid ratios,
improved solvent affinity, or more efficient regeneration strategies. Such
improvements are expected to simultaneously reduce operating costs and
environmental impacts.

The results also highlight the importance of considering product characteristics
(functionality) during process development. Most of current extraction technologies
are typically evaluated based on extraction yield, whereas the present work indicates
that product functionality may become equally important for industrial
implementation. The higher viscosity obtained for DES-extracted alginate illustrates
how preserving functional properties may increase product value without necessarily
increasing production volumes. Future assessments should therefore integrate
product functionality alongside extraction efficiency when evaluating emerging
extraction technologies.

Finally, this study raises an important aspect regarding solvent recyclability. However,
the present results suggest that increasing the number of recycling cycles alone is
insufficient to evaluate solvent sustainability. Future studies should investigate how
repeated use influences solvent composition, the accumulation of co-extracted
compounds and, ultimately, product functionality. Such knowledge will be essential
for designing regeneration strategies that maximise both solvent lifetime and
extraction performance. Current literature generally reports the percentage of solvent
recovered or the number of successful recycling cycles. However, these indicators
alone may not adequately describe the long-term performance of DES systems. During
repeated operation, changes in solvent composition caused by the accumulation of
co-extracted compounds or degradation products may gradually alter extraction
behaviour and downstream separation efficiency [384]. Consequently, future research
should not only investigate how often DES can be recycled, but also how their
physicochemical properties evolve during repeated use and how these changes
influence extraction performance and product quality.
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Overall, the framework presented in this study demonstrates how integrated TEA and
LCA can be used to identify the critical process parameters that govern the industrial
implementation of DES-based biorefineries. Although demonstrated here for a
seaweed biorefinery, the same approach can support the development of DES-based
fractionation processes for other biomass resources by guiding research towards the
process variables with the greatest impact on both economic and environmental
performance.
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10.4. Conclusion

This study presents one of the first integrated techno-economic and environmental
assessments of a DES-based multiproduct seaweed biorefinery. By combining
industrial process simulation with TEA and LCA, the key factors governing the industrial
implementation of DES-based biorefineries were identified and addressed. The results
demonstrated that although the proposed DES-based biorefinery reduced the
environmental impact compared with conventional alkaline alginate extraction, it was
not economically feasible under the baseline assumptions for the production of
commodity-grade alginate. Product functionality also emerged as an essential design
parameter, indicating that improving the value of recovered alginate may have a greater
impact on overall process feasibility than maximising extraction yield alone.
Furthermore, both the TEA and LCA identified DES production and solvent
consumption as the principal process bottlenecks, highlighting the importance of
minimising solvent demand while maximising solvent recovery and regeneration.

Finally, future research should move beyond demonstrating solvent recyclability
towards understanding solvent functionality during repeated reuse. Investigating
changes in solvent composition, impurity accumulation, recovery efficiency, and
regeneration strategies will be essential for developing economically viable and
environmentally sustainable DES-based biorefineries. Ultimately, successful
industrial implementation of DES-based biorefineries will depend not only on the
development of high-performance solvents, but on integrated process engineering in
which solvent design, circularity, and product functionality are optimised
simultaneously.
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10.5. Supplementary information

Table $S10.1 Raw materials' costin (€ kg ).

Raw Materials Unit Cost (€ kg ") Source

Betaine 2.40 (Cocamidopropyl Betaine Supplier Guide:
Top Chinese Manufacturers for B2B Buyers,
n.d.)

Citric acid 1.70 (Global Citric Acid Price | Tridge, n.d.)

Choline chloride 1.20 (Choline Chloride 50% (Feed) | 25 Kg, Bulk |
Wholesale Prices at FDCM, n.d.)

Dodecanoic acid 7.00 Henan Ruidea Industry Co., Ltd. (2026)

Ethyl alcohol 1.10 (Ethanol Price Index — Business analytiq,
n.d.)

Levulinic acid 3.70 (Levulinic Acid Market Size, Production,
Average Price, n.d.)

Sodium carbonate 0.45 (China Battery-Grade Sodium Carbonate,

Price of Sodium-lon Battery Per Ton Today,
Sodium-lon Battery Prices Charts -
Shanghai Metals Market (SMM), n.d.)

Sodium chloride 0.17 (Soda Ash Price - Current & Forecasts |
Intratec.Us, n.d.)

Octanoic acid 2.00 (Wholesale N-Capylic Acid Octanoic Acid
Cas 124-07-2 Caprylic Acid, n.d.)

Seaweed 0.80 (Pauletal., 2024)

Urea 0.38 (Urea Price Index - Business analytiq, n.d.)

Water 0.004 (Water Rates Are Rising across Europe: How

Can Property Owners Prepare? |
Smartvatten, n.d.)

Table S10.2Executive summary of the economic analysis.

Total capital investment €135.9 million
Operating costs €70.9 million
Total revenues €40.2 million
Gross margin -76.25%

ROI -13.75%

NPV €-263.1 million
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Life cycle inventory
Table $10.3 Background data obtained from Ecoinvent 3.8.

Input

Seaweed Saccharina latissima [427]

Citric acid Citric acid {GLO}| market for | APOS, S

Water Water, deionised, from tap water, at user {Europe without
Switzerland}| market for water, deionised, from tap water,
at user | APOS, S

NaOH Sodium hydroxide, without water, in 50% solution state
{GLO}| market for | APOS, S

HClL Hydrochloric acid, without water, in 30% solution state
{RER}| market for | APOS, S

Urea Urea, as N {GLO}| market for | APOS, S

Dodecanoic
acid proxy
Octanoic acid
proxy

Betaine proxy

Betaine proxy

Na(COs)2

NaCl
Ethanol

Levulinic acid
proxy

Choline
chloride proxy
Electricity

Steam

Fatty acid {RER}| fatty acid production, from coconut oil |
APOS, S
Fatty acid {RER}| fatty acid production, from coconut oil |
APOS, S

Trimethylamine {RER}| market for trimethylamine | APOS, S

Chloroacetic acid {RER}| market for chloroacetic acid |
APOS, S

Sodium bicarbonate {GLO}| market for sodium bicarbonate
| APOS, S

Sodium chloride, powder {GLO}| market for | APOS, S
Ethanol, without water, in 99.7% solution state, from
ethylene {RER}| market for ethanol, without water, in 99.7%
solution state, from ethylene | APOS, S

Succinic acid {GLO}| market for succinic acid | APOS, S

Trimethylamine {RER}| market for trimethylamine | APOS, S

Electricity, medium voltage {NL}| market for | APOS, S
Steam, in chemical industry {GLO}| market for | APOS, S

Amount based
onreaction
stoichiometry
Amount based
onreaction

stoichiometry

[127]
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Water water Wastewater from vegetable oil refinery {GLO}| market for |
treatment APOS, S

Water water Wastewater from potato starch production {GLO}| market
treatment for | APOS, S

Direct emission Oxygen (g)
Direct emission Nitrogen, atmospheric (g)
Direct emission Carbon dioxide (g)

Direct emission Water (g)

In industrial membrane synthesis, polymeric membranes are typically produced by a
combination of synthetic polymers, mostly polyesters due to the high stability for large
scale applications and polyethylene when pore structure is important (Tan & Rodrigue,
2019). Due to the extensive use of these materials for membrane synthesis, a
membrane composition of 85 % polyester and 15 % polyethylene by mass was
assumed for the polymeric membrane dataset.

Table S$10.4 Polymeric membrane dataset: Material and energy inputs for 1kg membrane
synthesis. Emissions and waste streams are neglected.

Ecoinvent 3.5 background process Value Unit
Polyester-complexed starch biopolymer {RER}| production | APOS, S 0.8785 kg
Polyethylene, low density, granulate {RER}| production| APOS,S 0.1785 kg
Electricity, medium voltage {NL}| market for | APOS, S 0.33 kWh
Heat, from steam, in chemical industry {RER}| market for heat, from 2 MJ

steam, in chemical industry | APOS, S

The operationalinputs associated with membrane maintenance were also considered.
Specifically, the consumption of water and cleaning chemicals required for membrane
cleaning. For maintaining the membrane performance, cleaning-in-place (CIP) was
assumed to take place after the completion of each batch. For organic fouling, an
alkaline mixture of NaOH 0.1% (w/v) (corresponding to 0.025M NaOH) was selected,
while for inorganic colloidal fouling, an acid cleaning step using 0.2% (w/v)
(corresponding to 0.055 M) HCL solution was considered [439]. According to the
literature, performing a 30-minute cleaning cycle with 3 L of solution per square meter
of membrane surface is enough to bring back 90% of membrane permeability (Ahmed
et al., 2006).

The operationalinputs associated with membrane maintenance were also considered.
Specifically, the consumption of water and cleaning chemicals required for membrane
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cleaning. For maintaining the membrane performance, cleaning-in-place (CIP) was
assumed to take place after the completion of each batch. For organic fouling, an
alkaline mixture of NaOH 0.1% (w/v) (corresponding to 0.025M NaOH) was selected,
while for inorganic colloidal fouling, an acid cleaning step using 0.2% (w/v)
(corresponding to 0.055 M) HCL solution was considered [439]. According to the
literature, performing a 30-minute cleaning cycle with 3 L of solution per square meter
of membrane surface is enough to bring back 90% of membrane permeability (Ahmed
et al., 2006).
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General discussion:

From extraction solvents to processing
platforms



Chapter 11

11.1. General discussion

Deep eutectic solvents (DES) have emerged as a promising class of alternative solvents
for biomass processing due to their beneficial solvent properties. Their tuneable
physicochemical properties, potential low volatility, ease of preparation, and potential
for solvent recycling enable selective dissolution of biomass components while
offering opportunities to reduce chemical consumption and integrate processing steps
within a single solvent platform [5-7, 177]. Conventional industrial seaweed
processing relies on a fragmented sequence of at least eight distinct procedures:
mechanical size reduction, acidification, alkaline extraction, solid-liquid separation to
isolate soluble sodium alginate, followed by acid precipitation, neutralisation,
washing, and final milling to obtain alginate. This current process is constrained by high
water consumption, extensive use of harsh chemicals resulting in chemical waste,
substantial energy demands and long processing times [57, 124, 432]. Moreover, only
alginate is recovered in this process, leaving other valuable components unvalorised
as waste.

Replacing this linear, one-product chain with a DES-centered process could offer
opportunities for process intensification and less chemical waste due to circular
solvent use. This intensification could be achieved by consolidating the conventional
acidification and alkaline extraction sequence into a single DES-mediated extraction
step, while also eliminating solvent waste through DES recycling (Figure 11.1).

However, such process designs depend primarily on both appropriate solvent
selection and efficient recovery strategies. Due to the large possibilities of DES,
computational solvent screening should be addressed for identifying promising DES
candidates [440]. After effective extraction, a critical bottleneck in designing a DES-
focused downstream processing design is accounting for suitable product recovery
strategies [69, 70]. While polysaccharide extraction using DES has been successfully
demonstrated in literature, downstream product recovery remains largely
unaddressed or is reliant on high-volume organic solvent consumption [119, 207, 441,
442]. This, in turn, leaves DES recycling underperformed, which compromises the
potential environmental benefits of DES-based processing compared to conventional
processing.

To address this limitation, the main focus of this thesis was to investigate circular and
simple configurations to recover both the alginate and the DES, while also evaluating
the possibility of DES recycling over multiple extraction cycles. In an idealised DES
biorefinery concept, the process workflow is streamlined into fewer core stages:
seaweed size reduction, DES-mediated extraction, solid-liquid phase separation,
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downstream solvent-polymer separation with integrated DES recycling, polymer
purification, precipitation, and drying.

Consequently, the overall aim of this study was to assess the technical feasibility of
integrated DES biorefineries by integrating solvent screening, extraction efficiency,
with focus on product isolation, and solvent recycling dynamics within a unified
circular process design, and to evaluate economic and environmental viability of a
multiproduct DES-based extraction process.

While this thesis demonstrated that DES enables efficient extraction of alginate and
other seaweed constituents through reduced processing steps, and that alginate can
be recovered and DES can be recycled multiple times depending on the process (5-10
cycles), it also revealed that multiple solvent recycling rounds is a critical requirement
for achieving both environmental and economic feasibility. Despite demonstrating the
technical feasibility of DES recycling, this study also reveals that recovery yields are not
stable upon recycling across all investigated systems. This unstable performance
indicates that a mechanistic understanding of solvent-alginate interactions during
recovery is required to achieve predictable process stability and a robust,
economically and environmentally viable process design.

Three overarching conclusions emerge from this work:

1. Productrecovery from DES-based alginate systems an essential and technically
feasible step but remains the primary process engineering bottleneck.

This thesis demonstrates that both alginate recovery and DES recycling can be
achieved through different downstream process configurations (Chapters 4-8), which
is a critical requirement for obtaining an environmentally and economically viable
process (Chapter 10). However, none of the investigated recovery strategies
consistently provided a stable recovery performance, as reflected by fluctuating
recovery yields and process-dependent alginate fractionation. These observations
indicate that the challenge is no longer whether alginate can be recovered from DES,
but how this can be achieved in a robust, reproducible and viable manner. Future
research should therefore focus on improving process robustness through a better
mechanistic understanding of the physicochemical phenomena governing DES-
alginate systems during repeated extraction and recovery, including changes in DES
composition, polymer—solvent interactions, and phase behaviour. Consequently,
while future research should prioritise understanding these fluctuations and DES-
alginate interactions, complete solvent—polymer separation should not necessarily be
regarded as the ultimate process objective. Instead, future DES-based bioprocesses

295



Chapter 11

should also evaluate whether direct utilisation of functional DES-alginate assemblies
provide a more efficient and value-added alternative for polymer-based applications.

2. DES selection screening should not focus solely on solvent-solute interactions
but go towards integrated dissolution-disruption screening design.

The results demonstrate that extraction performance can partially be predicted from
solvent-solute interactions alone (Chapters 2, 3, 5, 7). While COSMO-RS provided
valuable insight into molecular affinity of alginate and fucoxanthin towards DES,
extraction efficiency could not always be predicted by solvent-solute interactions
alone (Chapter 3), due to the potential structural constraints of the seaweed matrix,
which led to deviations between screening results and extraction efficiencies. Future
DES development should therefore integrate solvent-solute interactions screening
(COSMO-RS) with molecular and transport models that explicitly account for biomass
interactions and deconstruction, enabling more predictive solvent and process design
focused on both dissolution and disruption performance of the DES.

3. DES processes should be engineered as multifunctional process platforms that
integrate multiple process functions rather than serving solely as one unit
operation for extraction in order to provide an alternative to the conventional
alginate extraction.

The greatest process-engineering potential of DES lies not solely in replacing
conventional solvents, but in their ability to combine several processing steps within a
single solvent platform. Throughout this thesis, DES simultaneously contributed to
biomass disruption, selective extraction, compound stabilisation, product
fractionation, and solvent recycling (Chapters 5, 7, 9, 10). Designing future DES
systems around these integrated process functions, focussing on processes occurring
in nature, offers opportunities for process intensification by reducing unit operations,
simplifying downstream processing, and improving the overall efficiency of circular
seaweed biorefineries, in order to facilitate the transition from conventional extraction
methods to sustainable DES alternatives.
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Section 1: From product separation to DES-alginate valorisation

11.2. Rethinking product recovery and DES recycling

Product recovery and solvent recycling are essential components of any circular DES-
based extraction process. While DES have demonstrated considerable potential as
extraction media, their often low volatility necessitates alternative separation
approaches that enable both efficient product isolation and solvent regeneration [16,
69, 443]. Life cycle assessments confirmed that efficient, multi-cycle solvent recovery,
together with improved product functionality, is critical to achieving a positive
environmentalimpact (Chapter 10).

To address solvent regeneration, a range of recovery and recycling strategies were
investigated (Chapters 4-8), including membrane-based separation, three-phase
partitioning, thermo-separating aqueous two-phase systems, temperature-responsive
DES, and DES-based aqueous biphasic systems (Table 11.1). Collectively, these
studies demonstrate the proof of concept that both alginate recovery and DES reuse
can be achieved through multiple downstream process configurations. However, the
recovery yields remained unstable upon sequential solvent recycling. This operational
variance highlights that while the technical feasibility of the recovery step (yielding 75-
93% alginate recovery) has been established, engineering bottlenecks remain to be
overcome (Table 11.1). Ultimately, a deeper understanding of the recovery dynamics
is required in order to stabilise these processing loops and obtain predictable process
stability.

BOX 1: FROM PRODUCT SEPARATION TO DES-ALGINATE VALORISATION

Main Results & Conclusions:

By evaluating five recovery strategies, this work demonstrates that alginate isolation and
repeated DES reuse are technically feasible across several process configurations. Among
the evaluated options, the DES-salt ATPS emerged as the most promising configuration for
direct alginate separation from DES via the formation of an intermediate precipitation phase
between the DES and the aqueous salt phase, thereby enabling direct alginate isolation while
preserving the DES phase for subsequent multi-cycle reuse.

However, all investigated recovery approaches were constrained by irregular recovery yields
upon sequential solvent recycling. Additionally, the recovered alginate exhibited distinct
variations in M/G ratios and molecular weight depending on the specific separation operation
applied, indicating that the recovery methodology could dictate which macromolecular
fractions are selectively isolated from the extracted polymer pool.
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Opinion and Outlook:

From a process-engineering perspective, complete downstream alginate-solvent separation
introduces operational complexity and auxiliary chemical or salt demands, which reduce the
overall process efficiency. The LCA demonstrated that DES production represents a major
contributor to the environmental and economic footprint of DES-based processing,
highlighting that DES recycling is essential for commodity alginate production.

For conventional alginate applications where isolated alginate is required, future
developments should focus on improving solvent recycling systems that enable efficient
separation. The fluctuating yield observations indicate that DES-based alginate recovery
cannot be fully investigated with recovery yields alone. Instead, detailed structural
characterisation is needed to determine whether the observed differences arise from
molecular modification, selective fractionation, or persistent polymer—solvent associations.
A critical knowledge gap remains regarding the structural characteristics of the extracted
fractions and the extent to which DES and salt counterions remain associated with the
recovered alginate. Systematically quantifying these residual interactions (e.g. SEC-MALS,
NMR, ICP-OES) and mapping absolute polymer and DES variations across multi-cycle runs is
essential to understand and control the fluctuating yields observed upon recycling.

However, for applications where the DES contributes additional functionality, retaining the
DES within the alginate matrix may represent a more suitable strategy. Rather than treating
the DES-alginate extract as a downstream processing bottleneck, this combined mixture
should be exploited as a process-intensification opportunity by directly formulating this
mixture for end-use applications. By eliminating this separation step, the DES-alginate
assembly could be directly formulated as a value-added material, potentially increasing
product value beyond that of isolated alginate alone.

Consequently, the future of DES-based alginate processing may not rely on a single universal
recovery strategy, but rather on matching the downstream objective to the intended
application: either efficient DES recycling for commodity polymer production, or direct
valorisation of DES-alginate assemblies for higher-value functional materials.

11.2.1 Membrane filtration

Membrane filtration (Chapter 4) demonstrated the technical feasibility of pressure-
driven DES recovery using a UF-DF-NF configuration. Evaluated under controlled
conditions with a simplified model mixture, the system enabled a clear baseline
assessment of separation performance, yielding substantial alginate recovery
efficiencies. However, this simplified matrix does not fully reflect the compositional
complexity of real seaweed extracts, where co-extracted polysaccharides, salts, and
phenolic compounds are expected to induce severe membrane fouling and alter
overall process stability. Although membrane filtration achieved good alginate
recovery, viscosity-related flux limitations, membrane fouling, and limited DES
retention reduce its suitability for circular DES processing. These limitations directly
motivated the exploration of the alternative phase-based recovery strategies
discussed in the following sections.
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11.2.2 Three phase partitioning

Three-phase partitioning enabled simultaneous extraction of alginate and pigments
using a hydrophobic DES (Chapter 5), demonstrating strong process intensification
through dual functionality of the solvent system. Alginate partitioned predominantly
into the aqueous salt phase, while the DES phase facilitated pigment extraction and
biomass disruption. However, the system exhibited limitations in terms of product
recovery stability and downstream processing requirements. Alginate isolation
required dialysis, reducing overall process integration and increasing solvent demand.
In addition, partial transfer of alginate into the DES phase during recycling resulted in
fluctuating yields across cycles, indicating sensitivity of phase behaviour to ionic
strength and system composition. These observations highlight that while TPP enables
multifunctional extraction, its circularity is limited by additional purification steps and
incomplete phase control during solvent reuse.

11.2.3 DES-EOPO temperature responsive ATPS

The temperature-responsive DES-EOPO system provided an efficient and mild route
for alginate recovery, enabling repeated recycling of both DES and copolymer phase
over multiple cycles (Chapter 6). Phase separation was induced through temperature
modulation, allowing controlled product partitioning without chemical additives.
Despite its promising circularity, the system introduces significant operational
complexity due to the need for precise temperature control, multiple recyclable
components, and a two-step phase operation. In addition, polymer accumulation and
changes in phase composition during recycling may influence long-term stability.
While the system demonstrates strong proof-of-concept performance for circular
separation, its complexity reduces its suitability for industrial implementation without
further simplification.

11.2.4 Temperature-responsive DES

Temperature-responsive DES enabled direct and simple alginate recovery through
thermally induced phase switching (Chapter 7), without the need for additional phase-
forming agents or solvents. This represents one of the most operationally
straightforward recovery concepts investigated in this thesis. However, the
applicability of this system is constrained by the use of components with limited
toxicity profiles and by incomplete phase separation behaviour in certain cycles.
Although DES recycling was successfully demonstrated, long-term process
robustness and product compatibility remain limiting factors for broader application.
Compared with multi-component systems, TRDES offers simplicity but reduced
flexibility in terms of green chemistry constraints and system design space.
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11.2.5 DES-salt aqueous two-phase system

DES-salt ATPS combined salting-out-induced phase separation with interfacial
precipitation, enabling direct alginate isolation without dialysis and maintaining DES
recyclability (Chapter 8). Among the systems investigated, this approach provides one
of the most integrated recovery routes, as product isolation and phase separation
occur simultaneously. The system achieved consistent alginate recovery across all
tested conditions; however, it requires relatively high salt concentrations (50 wt%),
which may affect process economics and material efficiency. In addition, salt phase
recycling was not feasible, limiting full circularity of all process streams. Nevertheless,
compared with membrane-based and switchable systems, DES-salt ATPS offers a
favourable balance between simplicity, direct recovery, and solvent reuse, making it
one of the most promising candidates for further process development.

11.2.6 Recovery strategies comparison

A central conclusion emerging from Chapters 4-8 is that no single recovery strategy
simultaneously maximises product recovery, solvent circularity, process simplicity,
and mild extraction parameters (Table 11.1). Instead, each approach represents a
different engineering trade-off between the complexity of downstream processing,
energy requirements, productivity, and the feasibility of solvent reuse. Therefore,
recovery strategy selection should not be based solely on recovery efficiency, but on
the overall balance between process performance and operational requirements.
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Taken together, the comparative assessment demonstrates that DES-based recovery
strategy selection cannot be based solely on recovery efficiency. Instead, industrial
implementation requires balancing solvent circularity, process simplicity, operational
intensity, productivity and waste generation (Table 11.1). Within this framework, the
DES-salt ATPS with interfacial precipitation (Chapter 8) provides the most balanced
overall configuration among the investigated systems. By enabling direct product
recovery through interfacial precipitation, Llimiting downstream processing
requirements to two processing steps, and maintaining solvent recyclability, and short
processing times, this approach achieved a favourable combination of recovery
performance (76.4%) and volumetric productivity (0.601 £ 0.042 g/L-h). However, the
process still requires relatively high salt concentrations, resulting in salt waste
generation and limiting complete solvent circularity. Therefore, while DES-salt ATPS
represents the most promising recovery strategy identified in this thesis, further
optimisation of phase-forming components and recycling strategies remains
necessary to improve its environmental and industrial feasibility. Consequently, no
single recovery strategy simultaneously optimises all process criteria. The selection of
arecovery strategy should ultimately be driven by the intended application and process
requirements rather than by recovery efficiency alone.

Although Chapter 8 identified the DES-salt ATPS as the most favourable recovery
strategy, the broader question is whether the overall DES-based process constitutes a
process intensification compared with conventional alkaline extraction. Conventional
alginate production typically requires at least eight sequential processing steps,
including acid pre-treatment, alkaline extraction, precipitation, neutralisation,
washing, and solvent disposal, while consuming fresh acid and alkaline chemicals in
each production cycle without solvent recycling. In contrast, the integrated DES-based
process developed in this thesis requires six processing steps (or seven when milling
of the recovered alginate is included), while simultaneously enabling solvent recycling
and reducing the consumption of fresh extraction chemicals (Figure 11.1). Rather than
intensifying a single processing step, the process integrates extraction, product
recovery, and solvent reuse within one processing platform. Consequently, the overall
intensification arises from process integration and solvent reuse, rather than simply
from a reduction in the number of individual process steps. Nevertheless, whether this
laboratory-based process intensification ultimately translates into a reduction in
overall unit operations, equipment requirements, and process complexity at industrial
scale remains to be verified through integrated process simulation. Future work should
therefore employ process modelling, for example using SuperPro Designer, to
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quantitatively assess the extent to which DES-based biorefineries achieve a decrease
in unit operations compared with conventional alkaline extraction.
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Figure 11.1 Comparisons of (a) DES-based and (b) alkaline-based alginate extraction
flowsheets.

Despite the favourable performance of the DES-salt ATPS system, opportunities
remain to further simplify recovery operations, improve solvent circularity, and reduce
process intensity. Crucially, while Chapter 8 optimises the recovery steps, it
introduces an inorganic waste stream of potassium triphosphate. Future engineering
frameworks must therefore integrate an auxiliary salt-recovery loop to achieve full
circularity for both DES and salt phase. Continued development of DES-based recovery
technologies is therefore warranted. The following section discusses potential
adaptations of the recovery strategies investigated in this thesis, together with
emerging concepts from the literature that may further enhance product recovery,
solvent recyclability, and overall process integration.

11.2.7 Emerging concepts for next-generation recovery strategies

This section explores emerging directions for improving and redesigning DES-based
recovery strategies beyond the systems investigated in this thesis. It is divided into (i)
adaptations of the applied methodologies (Section 11.2.7.1) and (ii) alternative
emerging recovery concepts reported in literature (Section 11.2.7.2), highlighting
potential routes for future development.
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11.2.7.1 Adaptations of applied recovery strategies

Among the recovery strategies investigated in this thesis, salt-induced phase
separation was applied in three-phase partitioning (Chapter 5) and DES-salt aqueous
two-phase systems (Chapter 8). In both systems, high ionic-strength salts promoted
phase separation and alginate recovery but also generated salt-containing waste
streams (Table 11.1).

While these approaches demonstrated effective product recovery and solvent
recyclability, both exhibited fluctuations in alginate recovery during solvent recycling,
suggesting that recovery stability is governed not only by phase formation but also by
the electrostatic environment surrounding the polymer (Section 11.2). Combined with
the environmental burden associated with salt disposal (Table 11.1), these findings
indicate that replacingionic salting-out agents with non-ionic alternatives may improve
both process robustness and circularity.

In the TPP system (Chapter 5), the gradual transfer of alginate into the hydrophobic
DES phase during recycling could have been from electrostatic shielding of alginate
carboxylate groups by ammonium ions [444], reducing the polymer's effective charge
density and hydrophilicity. As a result, stronger interactions between alginate and the
hydrophobic fatty-acid DES may promote partial partitioning of the polymer into the
DES-rich phase during repeated cycles.

Sugar-driven TPP systems may provide an attractive alternative. Sugars such as
sucrose and mannose have been successfully applied as phase-forming agents in
DES-based three-phase systems for biomolecule purification [237, 445], where phase
separation is induced through competitive hydrogen-bonding interactions rather than
ionic charge screening. Because sugars do not neutralise alginate carboxylate groups,
they may better preserve polymer hydration and favour retention of alginate within the
hydrophilic phase. In addition, sugars are generally less corrosive and environmentally
preferable than inorganic salts [446]. Their higher viscosity, however, may reduce mass
transfer and slow phase separation [447], requiring experimental validation of their
overall process performance.

A similar dependence on ionic strength was observed in DES-salt aqueous two-phase
systems (Chapter 8), where potassium phosphate served as the phase-forming agent.
Although this system enabled efficient interfacial alginate recovery, the use of up to 50
wt% salt generated substantial salt waste (Table 11.1), while recycling of the salt phase
did not maintain stable recovery performance. Interactions between potassium ions
and alginate carboxylate groups may similarly modify the polymer's local counterion
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environment, thereby influencing partitioning during repeated recycling cycles [448-
450].

Consequently, the sugar-based concept proposed for TPP may also be extended to
DES-salt ATPS. Replacing potassium phosphate with non-ionic phase-forming
compounds could minimise electrostatic screening while maintaining phase
separation through hydrogen-bonding-driven "sugaring-out" mechanisms, as
demonstrated for biomolecule recovery in ATPS [451-454]. Whether such systems can
achieve comparable phase separation, recovery efficiencies, and long-term
recyclability remains unknown and represents an important direction for future
research.

11.2.7.2 Alternative classes of switchable DES

The main limitation of the temperature-responsive DES system investigated in Chapter
7 was not the switching concept itself, but the solvent formulation and recovery time
required (Table 11.1). Although alginate recovery and DES recycling were successfully
demonstrated, the optimal o-cresol:ethanolamine formulation is not compatible with
food-related or other bio-sensitive applications due to toxicity concerns.
Consequently, future development should focus on identifying alternative switchable
DES systems that retain the operational simplicity of stimulus-responsive recovery
while improving sustainability and industrial applicability.

Several alternative switchable DES concepts have been reported in literature (Table
11.2). Among these, pH-responsive DES are the most mature but rely on repeated
acid/base addition and associated salt generation, making them less compatible with
circular processing concepts [163, 237, 455]. CO,-responsive DES offer a more
attractive alternative because switching is achieved without direct chemical addition,
although current systems remain constrained by slow switching kinetics and the
widespread use of toxic amine-based components [167, 262, 313, 326]. Biphasic
temperature-responsive DES are particularly interesting for multiproduct fractionation
[338, 456, 457], but do not fundamentally solve the challenge of product recovery
because the target compounds remain dissolved in one of the DES phases upon
switching [458]. The target compounds remain dissolved within one of the DES phases
and therefore still require an additional recovery step, such as adsorption or resin-
based separation [338, 456].

Collectively, these alternative switchable DES systems demonstrate that the concept
explored in Chapter 7 remains promising. The principal limitation lies in the
development of solvents that combine reversible responsiveness with low toxicity.
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Consequently, future advances in switchable DES design should focus more on

developing switchable DES with low environmental impact.

Table 11.2 Types of alternative responsive DES, their advantages, limitations and relevance for
seaweed biorefineries.

System Switching Main Advantages Main limitations Relevance for
mechanism seaweed
biorefineries
pH- Acid/base Well-established; Acid/base Limited
responsive induced effective phase consumption, salt compatibility
DES protonation switching and product  accumulation, with circular
recovery potential biomolecule  processing
degradation
CO,- CO,/N, Reversible switching Slow kinetics in Promising
responsive  bubbling without chemical viscous DES, gas- alternative to
DES addition; reduced handling Chapter 7
waste generation infrastructure, many
systems remain
amine-based
Biphasic Temperatur Selective partitioning Additional solvent Useful for
TRDES e-induced between hydrophilic phase, increased fractionation
phase and hydrophobic DES downstream rather than
separation phases; suitable for complexity, product recovery

multiproduct
fractionation

still requires further
recovery

Perspective Box 1: The future of temperature-responsive DES: Multicomponent one-pot
extraction using a single TRDES

TRDES could offer a conceptual basis for developing one-solvent, multiproduct biorefinery
platforms. Through reversible modulation of the solvent polarity and phase behaviour, such
systems could evolve into integrated one-pot processes capable of sequentially targeting
compounds with different physicochemical properties.

In a seaweed biorefinery context, this would enable an initial low-temperature (<30 °C)
hydrophobic extraction step for fucoxanthin, followed by a temperature-induced transition (>
60 °C) to a more hydrophilic solvent environment suitable for the subsequent extraction and
recovery of alginate. In this manner, sequential fractionation could potentially be achieved
within a single solvent system, while simultaneously enabling in situ phase control and
solvent reuse.

A conceptual process scheme illustrating this multiproduct TRDES (Figure 11.2) indicates the
potential of TRDES dual-solvent properties. Although this concept remains dependent on the
development of less toxic and more sustainable TRDES formulations, the findings of this
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thesis suggest that further improvements in solvent design and responsiveness represent a
promising direction. In this context, TRDES should be viewed as switchable platforms that
could enable one-pot multiproduct extractions for next-generation circular biorefinery
designs.
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Figure 11.2 Conceptual design of a multiproduct TRDES biorefinery.

11.2.8 Alternative emerging recovery concepts

The limitations of the temperature-responsive DES system investigated in Chapter 7
highlight the need for exploring alternative stimulus-responsive recovery strategies
that avoid the use of additional chemicals while maintaining solvent recyclability. One
emerging, yet largely unexplored, concept is the development of electrochemically
responsive deep eutectic solvents (ERDES). Inspired by redox-switchable ionic liquids
used in electrochemical and energy-storage applications [459-461] and redox flow
batteries [462], ERDES could, in principle, enable reversible tuning of solvent
properties through the application of an electrical potential. Such an approach may
provide a reagent-free switching mechanism, potentially allowing selective product
recovery while preserving the solvent for repeated reuse.

Although electrochemically switchable DES have not yet been explored for biomass
fractionation, they represent a promising direction for future research. Designing DES
containing redox-active yet biocompatible components could enable electrically
controlled modulation of solvent polarity, hydrogen-bonding interactions, or phase
behaviour, thereby facilitating controlled release of dissolved biomolecules. Such
systems could overcome some of the limitations associated with thermal or
chemically induced switching, while offering improved opportunities for process
integration and continuous operation. Thus, a reagent-free switching mechanism can
be created, which can be formulated using non-toxic components (e.g. choline
chloride with urea or formic acid) [463]. Nevertheless, significant challenges remain,
including the identification of suitable redox-active DES components, demonstration
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of reversible switching over multiple cycles, evaluation of energy requirements, and
assessment of biomolecule stability under electrochemical conditions. Consequently,
electrochemically responsive DES represent a long-term research direction with the
potential to further advance one-pot, multiproduct seaweed biorefineries.

Perspective Box 2: The future of responsive DES? One-pot multiproduct biorefinery using
ERDES

In the context of seaweed biorefinery, electrochemically responsive DES (ERDES) could
potentially enable sequential multiproduct extraction of compounds with differing polarity
within a single solvent platform (Figure 11.3). In a reduced state, the DES could hypothetically
preferentially solubilise hydrophobic compounds such as fucoxanthin. Upon oxidation,
changes in local charge distribution would disrupt the hydrogen-bond network, potentially
inducing a shift in solvent polarity and promoting phase separation or precipitation of the
hydrophobic fraction. The regenerated hydrophilic state could subsequently be reused for
extraction of compounds including alginate, enabling sequential multi-product valorisation.
However, this concept has not yet been demonstrated for extraction purposes yet. Major
challenges include maintaining DES formation in the presence of bulky redox-active groups,
ensuring electrochemical stability, and overcoming the inherently slow mass-transfer
kinetics associated with viscous DES systems. Consequently, electrochemically switchable
DES should currently be regarded as a conceptual long-term research direction rather than a
near-term recovery technology.
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Figure 11.3 Conceptual design of a multiproduct ERDES biorefinery.

11.3. DES-alginate interactions during extraction and
recovery

The recovery concepts discussed in Section 11.2 demonstrate that several promising
strategies exist to improve product recovery from DES but that recovery yields can
fluctuate. Conversely, successful multi-cycle solvent reuse with stable recovery
performance has been reported for a range of low-molecular-weight compounds,
including metals and phenolic compounds [464, 465], indicating that DES themselves
do not inherently prevent efficient product recovery. Instead, these observations
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suggest that the principal challenge encountered throughout this thesis could be
linked to the nature of the extracted product.

To understand why alginate recovery remains more challenging than the recovery of
smaller molecules, it is therefore first necessary to examine the potential molecular
interactions that develop between alginate and DES during extraction and how these
may persist throughout the subsequent recovery process.

11.3.1 Alginate after extraction

During extraction, alginate is released from its native cell-wall environment, where it
exists as a calcium-crosslinked network embedded within a matrix of cellulose and
fucoidan [466, 467]. Disruption of these interactions requires not only dissolution of
the polymer but also the cleavage of the intermolecular associations that define its
native supramolecular structure. Consequently, while the primary chemical structure
of the alginate remains intact, its macromolecular conformation and solvation state
undergo a transition from their native biomass arrangement [48, 468]. Instead, the
isolated chains associate with the solvent matrix. Since the solvent influences the
alginate organisation directly [469], this may lead to the formation of hew polymer-
solvent interaction networks.

Consequently, the recovered alginate fraction is inherently influenced by both its
location within the biomass structure (cell wall-bound versus more loosely associated
fractions) and the extent to which the extraction solvent disrupts these interactions.
This not only affects extraction yield, but also determines which molecular fractions
become available for subsequent recovery, potentially influencing the molecular
weight distribution, M/G ratio, and functional properties of the recovered alginate [48,
227].

Within DES systems, alginate is unlikely to behave as a simple isolated solute. Instead,
extensive hydrogen-bonding and electrostatic interactions between the alginate
polymer and DES components may partially replace its native interactions with water
and counterions, resulting in solvent-mediated conformations or transient polymer—
solvent assemblies [469, 470]. Depending on DES composition, additional
electrostatic interactions may occur between DES components and alginate
carboxylate groups [471], which could further stabilise these structures in solution.

A critical unresolved question remains regarding the extent to which DES constituents
remain structurally associated with the recovered alginate after extraction and
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recovery (Chapter 3-8). While alginate is treated as the isolated product, it remains
unclear whether DES extraction and recovery yield a chemically equivalent "native"
polymer or a material that retains persistent associations with DES constituents.
Research has demonstrated that NADES components can partially replace native
alginate-alginate hydrogen bondingwith weaker, more dynamic intermolecular
interactions [470]. Thus, given that conventional algal biorefining yields standard
sodium alginate, extracting biomass with alternative eutectic media in Chapters 3 and
Chapters 5-8 opens the possibility for counterion exchange along the polyelectrolyte
backbone. This potential counterion shifting depends on the specific DES and recovery
method used.

Previous studies have demonstrated through NMR that quaternary ammonium
species, including choline and betaine, can remain associated with alginate through
hydrogen-bonding and electrostatic interactions, even after washing and drying [472-
474]. Similar interactions have also been reported for ammonium-containing systems
[475]. These findings support the hypothesis that analogous DES-alginate or salt-
alginate assemblies may have formed during the recovery processes investigated in
this thesis (Figure 11.4).

Importantly, these potential interactions do not necessarily alter the primary chemical
structure of alginate but they could influence fractionation behaviour by stabilising or
selectively retaining polymer fractions during downstream processing. The spatial
distribution of the negatively charged carboxylate groups differs significantly between
the flexible, linear mannuronic acid (M) blocks and the rigid, buckled guluronic acid (G)
blocks [448, 476]. Consequently, bulky organic cations such as choline or betaine
could exhibit preferential affinities toward specific block configurations [474],
potentially altering the local solubility, hydrophobicity, and hydrodynamic volume of
the corresponding polymer chains.

This could indicate that the DES might not only govern alginate extraction but also
dictates the affinity with which specific alginate fractions remain associated with the
solvent phase during different recovery operations [48]. These differences in M/G ratios
became apparent when comparing them for different recovery processes (Chapters 5-
8).
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Perspective Box 3: Are DES-alginate and salt-alginate assemblies formed during
extraction and recovery?

Even though alginate was recovered using several strategies, it remains unclear whether the
recovered alginate retains persistent interactions with DES or salts constituents used. During
extraction and recovery, the potential extensive hydrogen-bonding network within the DES
may partially replace the hydration shell and counterion environment surrounding alginate.
Hydrogen-bond donor and acceptor components, such as choline chloride or betaine-based
DES, may remain associated with hydroxyl and carboxylate groups along the polymer
backbone through potential hydrogen bonding and electrostatic interactions (Figure 11.4).
Likewise, ammonium or potassium ions originating from salt-based recovery systems may
remain associated with alginate carboxylate groups through ion pairing or charge
compensation (Figure 11.4). The recovered alginate may therefore comprise DES-associated
or salt-associated alginate assemblies with varying degrees of residual solvent coordination.
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Figure 11.4 Potential alginate variants formed across the different processing approaches.

Future research should therefore establish whether these proposed assemblies exist and
determine their stability and functional significance. Combining solid-state NMR, FTIR,
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), ICP-OES, elemental analysis,
and advanced microscopic techniques could provide direct insight into the molecular
architecture of recovered alginate. Such studies would clarify whether DES-based extraction
generates structurally distinct polymer-solvent assemblies with application-specific
properties.

11.3.2 Recovery as selective fractionation process

The differences in molecular weight (Mw) and M/G ratio observed across Chapters 5-8
(Table 11.3) suggest that recovery conditions influenced which fractions of alginate are
preferentially isolated, even if extraction conditions are comparable. In the TPP system
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(Chapter 5), alginate recovered from the salt-rich phase exhibited an M/G ratio of
approximately 1.05, indicating a comparatively balanced composition of mannuronic
and guluronic acid units. In contrast, DES-EOPO ATPS (Chapter 6) resulted in a higher
M/G ratio (1.96), while temperature-responsive DES recovery (Chapter 7) yielded an
even more pronounced enrichment in M-block content (M/G = 2.63). Conversely, the
DES-salt ATPS system (Chapter 8) produced a markedly lower M/G ratio (0.22),
indicating strong enrichment in guluronic-acid-rich fractions. These variations were
accompanied by differences in average molecular weight, with relatively high My
alginate obtained in the TRDES system (989 £ 227 kDa), whereas DES-salt ATPS yielded
lower molecular weight fractions (438 + 93 kDa), suggesting partial fractionation during
interfacial precipitation and phase partitioning.

Particularly noteworthyis that Chapters 6 and 8 employed the same DES (Bet:Urea 1:2)
but yielded substantially different M/G ratios. This observation indicates that the
structural characteristics of the recovered alginate are not governed by solvent
composition alone but are strongly influenced by the recovery environment itself.
Consequently, the recovery step may act as a fractionation process that selectively
isolates different types of alginate from the extracted polymer pool.

Table 11.3 Structural characteristics of recovered alginate fractions across different
downstream configurations.

Chapter System M/G Mw

5 Three-phase partitioning 1.05+0.00 n.d?

6 Temperature-responsive ATPS 1.96 +0.02 n.d?

7 TRDES 2.63+0.19 989 + 227
8 DES-salt ATPS 0.22+0.02 438 £93

2Average molecular weight was not measured.

Mechanistically, these differences may arise because each recovery environment
selectively stabilises different alginate fractions. M-block-rich regions are generally
more flexible, highly hydrated, and expose accessible hydroxyl and carboxyl groups
[432], potentially making them more susceptible to stabilisation within DES-rich
phases through hydrogen-bonding and solvation interactions [48, 334]. In contrast,
high ionic-strength recovery media, such as potassium phosphate or ammonium
sulphate, could suppress electrostatic interactions and promote salting-out or partial
dehydration effects around the polysaccharide, thereby reducing repulsion between
chains [60, 243, 477, 478]. Previous studies have demonstrated that alginate chains in
saline media become more flexible due to shielding of intra-chain repulsions [479].
Because G-block-rich sequences are more rigid and have a stronger tendency toward
ordered self-association, such environments could preferentially stabilise condensed
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G-rich fractions, whereas DES-dominated systems could favour retention of more
flexible, hydrated M-rich regions [448, 480] favouring their selective partitioning into
condensed phases rather than remaining dissolved. Consequently, downstream
systems with strong dehydration or electrostatic screening effects (e.g., DES-salt
ATPS, TPP) may preferentially enrich G-block-containing fractions, whereas systems
dominated by hydrogen-bonding interactions or polymer compatibility (e.g., TRDES
(Chapter 7) and EOPO-containing (Chapter 6) recovery methods) may favour the
retention or recovery of more flexible, M-rich chains.

The observed differences in molecular weight and M/G ratio suggest that each recovery
strategy selectively stabilises different alginate fractions, even when the same
biomass and DES are used (as in Chapter 6 and 8). Hydrogen bonding within DES-rich
environments and electrostatic screening in salt-rich systems likely alter polymer
solvation and phase partitioning, thereby influencing which fractions are preferentially
recovered. Consequently, downstream recovery should not be regarded solely as a
separation step but also as a fractionation process that determines the molecular
characteristics of the final alginate product.

Future work should therefore focus on understanding this fractionation depending on
the downstream process. Techniques such as SEC-MALS (Size-Exclusion
Chromatography with Multi-Angle Light Scattering) to determine absolute molecular-
weight distributions [481], NMR spectroscopy for M/G block composition rather than
only the ratios [481, 482], rheological measurements to assess network behaviour
[483], and elemental analyses (ICP-OES) should be applied to quantify residual salts or
DES-derived ions [484], both after extraction and after recovery. Such studies would
provide important insight into the nature of the extracted and recovered alginate and
clarify whether different DES recovery strategies produce chemically equivalent
materials or distinct alginate fractions with application-specific properties.

Overall, alginate is a particularly challenging target for DES-based extraction and
recovery systems. The proposed polymer-solvent coupling effects could offer a
potential framework to explain the deviations observed across Chapters 4-8 and
highlight that successful DES-based biorefinery design must consider not only
extraction efficiency but also recovery dynamics and polymer analysis. Instead, these
mechanism-dependent pathways may provide a process-engineering opportunity to
actively steer the characteristics of the recovered alginate based on its intended end-
use application, thereby tailoring the polymer's properties for specific material
demands.
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Perspective Box 4: Functional DES-alginate systems: Do we even need recovery?

The recovery of alginate from DES has been considered successful when the polymer is
isolated from the solvent phase. However, DES-alginate interactions are not merely a
downstream separation challenge but may also provide an opportunity for designing new
functional materials. Consequently, the interactions that complicate downstream separation
may instead become advantageous when retained within the final application.

Several studies have demonstrated that DES-alginate systems can be utilised directly,
thereby bypassing conventional solvent-product separation. For instance, DES-loaded
calcium alginate hydrogel beads have been employed as green sorbents for solid-phase
extraction of pesticides, exploiting the combined structural stability of alginate and the
solvation properties of DES [485]. Similarly, DES-alginate hydrogel systems have been shown
to enhance drug solubility and enable sustained transdermal release, with significantly
improved skin permeation compared to conventional alginate hydrogels [486]. Beyond
biomedical applications, DES-alginate composites have also been explored in polymer
electrolyte membranes for fuel cell technologies [487] and in halochromic smart packaging
forfreshness monitoring [488]. In addition, recent work has demonstrated that alginate-based
hydrogel matrices can be used as functional separation media themselves, for metalrecovery
systems where desorption of cobalt from DES-containing phases is achieved via alginate
binding [489].

Inthis perspective, DES no longer acts solely as a temporary extraction medium, but becomes
an integrated component of the final product (Figure 11.5). Retained DES constituents may
provide additional functionalities, including enhanced molecular mobility, plasticisation,
improved solubilisation capacity, or controlled release behaviour.

This concept represents a shift from separation-driven bioprocessing towards application-
driven material design. Instead of aiming for separation from DES, future research should also
consider whether the DES-alginate system itself provides enhanced functionality compared
with isolated alginate. Such a strategy may be particularly relevant for high-value applications
where material performance, rather than polymer purity alone, determines product value.
This perspective expands the role of DES beyond extraction and separation, positioning DES
as a potential building block of next-generation products.
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Figure 11.5 Potential combined DES-alginate applications.
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Section 2: Solvent screening and extraction

11.4. DES for dissolution and disruption

The large design space of DES, arising from the wide range of possible hydrogen bond
acceptor-donor combinations and compositional ratios, necessitates the use of pre-
screening approaches to guide solvent selection. In this thesis, COSMO-RS-based
screening (Chapter 2, 3, 5, 7) was used to support the identification and prioritisation
of DES candidates for alginate extraction.

A central finding of this thesis is that effective DES selection for biomass processing
should not be based solely on solute-solvent affinity. To the best of our knowledge, a
predictive framework that simultaneously accounts for both fluid-phase solute
dissolution and physical biomass matrix deconstruction does not yet exist in literature.
Computational screening paradigms remain fragmented; thermodynamic tools such
as COSMO-RS are routinely applied upfront to screen thousands of DES combinations
for the pure dissolution of isolated target solutes, whereas Molecular Dynamics (MD)
simulations are conventionally relegated to a retrospective, post-hoc role to analyse
how specific ions disrupt cell wall networks on an atomic scale. Because matrix
disruption modelling is utilised post-hoc rather than being integrated directly into the
initial solvent screening phase, the critical coupling between physical macromolecular
accessibility and thermodynamic solubility is lost.

Instead, solvent screening must account for two coupled mechanisms: (i) molecular
dissolution of target compounds and (ii) disruption of the biomass matrix to enable
their release. In algal systems, extraction efficiency is governed not only by
thermodynamic solvation, but also by the ability of the solvent to penetrate, swell, and
weaken the structural organisation of the biomass matrix. These matrix interactions
are particularly critical for alginate extraction, where strong polysaccharide networks
and cell wall cohesion represent a major barrier to mass transfer and solute
accessibility. Additionally, future screening frameworks should integrate an
environmental life-cycle assessment (LCA) upfront, prior to computational affinity
simulations, to ensure that only sustainable DES candidates with low synthesis
footprints are advanced through the development pipeline.

BOX 2: INTEGRATED DISSOLUTION-DISRUPTION DES SCREENING

Main Results & Conclusions:
Computational solvent screening using COSMO-RS successfully prioritised promising DES
candidates based on predicted thermodynamic affinity towards target compounds, including
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alginate and fucoxanthin. However, high predicted solvent affinity did not consistently
translate into high experimental extraction yields from seaweed biomass, demonstrating that
solute-solventinteractions alone are insufficient to predict extraction performance. COSMO-
RS evaluates interactions in a homogeneous liquid phase and therefore does not account for
the accessibility of target compounds within the complex biomass matrix. During biomass
fractionation, extraction efficiency depends not only on solute dissolution, but also on
solvent-driven interactions and disruption of cell wall structures. Therefore, future DES
screening strategies should integrate dissolution capacity, biomass disruption potential, and
solvent sustainability to enable more reliable prediction of extraction performance.

Opinion and Outlook:

Future DES design frameworks should transition from isolated solute-centric screening
towards integrated process-oriented prediction approaches. Combining COSMO-RS with
molecular dynamics (MD) simulations could provide complementary information on solvent—
solute affinity and solvent-induced biomass accessibility, including solvent penetration,
swelling, and matrix interactions. Furthermore, incorporating life cycle assessment (LCA)
during early-stage solvent selection would enable environmentally favourable DES
candidates to be prioritised before experimental validation, preventing the optimisation of
solvents that perform well experimentally but have limited sustainability potential. Ultimately,
integrated computational screening pipelines combining molecular interactions, biomass
disruption mechanisms, and sustainability metrics could accelerate rational DES
development for biomass fractionation.

11.4.1 Solvent screening

In this thesis, computational pre-screening was employed as a strategy to reduce the
experimental search space and guide solvent design. COSMO-RS proved to be a
versatile tool across multiple chapters in this thesis. It was applied to screen and rank
DES candidates for selective alginate solvation (Chapter 2), to elucidate solvent—
solute interactions between alginate and DES systems (Chapter 3), to assess the
affinity of secondary target compounds fucoxanthin and chlorophyll a in the context of
DES-based seaweed pretreatment for alginate extraction (Chapter 5), and to evaluate
alginate partitioning behaviour between phases for product recovery in temperature-
responsive DES systems (Chapter 7). These applications demonstrate the broader
utility of molecular thermodynamic modelling for supporting rational solvent selection
and process design in DES-based biorefinery systems.

Within this context, the solvent screening framework developed in Chapter 2
demonstrated the potential of computational pre-screening to rationalise
experimental DES selection and to provide molecular-level insight into observed
extraction behaviour. Overall, a reasonable agreement was observed between the
predicted DES capacities and the experimental extraction performance reported in
Chapter 3. For example, Choline chloride: thiourea exhibited the highest predicted
capacity (4828) towards alginate (Chapter 2) and, together with choline chloride:urea,
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resulted in the highest experimental extraction yields (74 % after optimisation for
choline chloride: urea) (Chapter 3). Conversely, choline chloride:acetic acid displayed
a substantially lower predicted capacity (0.6) and correspondingly yielded lower
alginate extraction efficiencies. These observations support the applicability of
COSMO-RS as a useful tool for guiding initial DES selection.

However, the absolute magnitude of the predicted capacity values did not always
directly translate to experimental performance. Forinstance, despite a markedly lower
predicted capacity (23), choline chloride:ethylene glycol exhibited extraction yields
comparable to those obtained with choline chloride:thiourea. This discrepancy
highlights an important limitation of the current screening framework: COSMO-RS
evaluates primarily solvent-solute thermodynamic interactions [67], focusing on the
affinity between the target compound and the solvent system, thereby operating under
the assumption that the solute is already freely accessible in the fluid phase. In
biomass extraction, however, extraction performance is not solely governed by
solubilisation of the target compound, but also by the ability of the solvent to disrupt,
swell, or permeabilise the surrounding biomass matrix. DES must actively compete
with the cohesive non-covalent forces stabilising the algal cell wall. It must break down
inter- and intra-molecular hydrogen bonds between cellulose microfibrils and matrix
polysaccharides [490-492].

Additionally, the application of COSMO-RS becomes increasingly challenging for large
and structurally complex biomolecules, such as proteins and polysaccharides. The
predictive accuracy of the model partially depends on the quality of the molecular
structures used as input, whereas macromolecules often exhibit irregular
conformations, structural heterogeneity, and extensive intra- and intermolecular
interactions that are difficult to represent adequately within the COSMO-RS framework
[316]. Consequently, the current screening framework using solely COSMO-RS is ideal
for relatively small, well-defined molecules freely dissolved in (aqueous) solution, such
as phenolic pollutants, algal toxins and pesticides [66, 493, 494], but limited predicted
accuracy for larger molecules.

11.4.2 Integrated disruption-dissolution solvent screening

DES have previously been reported to induce structural modification and disintegration
of algal, plant and bacterial walls through interactions with polysaccharide-rich
networks, including cellulose- and hemicellulose-like components [206, 495, 496].
Given this intrinsic capability, future solvent screening strategies should explicitly
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account for DES performance not only in terms of solute affinity, but also with respect
to the biomass matrix interactions. Within this thesis, this is particularly relevant in the
context of Chapter 5, where computational screening was primarily based on
pigment-DES interactions, while cell wall disruption and alginate release had to be
evaluated experimentally. Integrating both aspects into the screening workflow would
therefore provide a more comprehensive and predictive framework for DES selection
in biomass fractionation processes.

To move beyond solute-centric thermodynamic screening, a more holistic multiscale
modelling framework should be integrated. Molecular dynamics (MD) simulations have
already been applied post-hoc to DES-biomass systems, including seaweed,
microalgal and plant cell wall models, to elucidate deconstruction mechanisms at the
molecular level, such as ion-driven disruption of polysaccharide hydrogen-bond
networks[148, 206, 338, 497]. As demonstrated for plant cell wall matrices, MD is
capable of capturing structural swelling, wall permeabilisation, and the associated
energetic penalties of biomass deconstruction [498]. These studies show that MD can
resolve structure—interaction relationships governing cellulose dissolution and
biomass permeabilisation and may therefore be used as a predictive screening tool
rather than solely a mechanistic descriptor. Instead of utilising MD as a post-hoc
mechanism, future frameworks should implement it a priori as a predictive screening
tool. Therefore, a dual disruption—dissolution design framework could provide a more
robust prediction of extraction performance, limiting the dependence on experimental
screening (Figure 11.6).
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Figure 11.6 DES design approach based on combined solute affinity and biomass matrix
interaction screening.
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Section 3: Multifunctional DES platforms and nature-inspired
processing

11.5. From extraction solvents to multifunctional process
platforms

The results presented throughout this thesis indicate that DES can contribute to
seaweed biorefineries beyond their role as extraction solvents alone. By combining
selective extraction, biomass disruption, product stabilisation, and solvent recycling,
DES-based systems offer opportunities for process intensification and integrated
valorisation of multiple biomass fractions. In particular, the biphasic DES approach
investigated (Chapter 9) demonstrates how hydrophilic and hydrophobic DES can fulfil
complementary functions within a single processing platform, thereby enabling more
efficient utilisation of brown seaweed biomass.

BOX 3: MULTIFUNCTIONAL DES PLATFORMS AND NATURE-INSPIRED PROCESSING

Main Results & Conclusions:

Biphasic extraction with DES (FABU) evaluated within this work demonstrated that DES could
function as multifunctional process platforms that integrate several operation steps within a
single medium. However, techno-economic assessments indicated that simply deploying
DES as substitution for the conventional extraction solvents is economically unviable for
producing low-cost alginate. Nevertheless, sensitivity analyses indicated that the process
becomes economically viable ifimproved alginate functionality and improved preservation of
fucoxanthin are rewarded with higher market prices. By demonstrating both increased yields
and enhanced functionalities, this consolidated biphasic configuration could potentially be
integrated in high-value advanced applications, as complemented by a promising
environmental profile validated through life-cycle assessments.

Opinion & Outlook:

Although immediate commercial feasibility remains constrained by economic thresholds for
commodity applications, DES represent a viable technological alternative when engineered
as high-value multifunctional process platforms. In this integrated approach, the solvent is
no longer solely an extracting solvent, but an active, quality-enhancing component that
justifies its downstream processing costs by unlocking additional material properties. To
transition beyond the limits of alginate processing and realise the full potential of DES, future
bioprocess engineering should adopt biomimetic design principles. Translating how natural
eutectic networks perform transportation, stabilisation and solubilisation mechanisms in
vivo could provide a baseline, allowing to design industrial processing designs that align with
biological functionalities and operational viability.

11.5.1 DES as multifunctional process media

Previous studies demonstrated that hydrophilic and hydrophobic DES can fulfil
complementary functions in brown seaweed processing. Reynaga-Navarro et al. [48]
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showed that hydrophilic DES enabled the extraction of high-viscosity alginate with
improved functional properties, whereas hydrophobic DES promoted biomass
disruption and facilitated fucoxanthin recovery (Chapter 5). Combining these
functionalities within a single biphasic DES system, together with a pretreatment step
enabling recovery of fucoidan and mannitol, therefore represented an attractive
strategy for integrated multiproduct seaweed biorefineries, as investigated in Chapter
9.

The limited partitioning of fucoxanthin into the fatty acid DES phase, despite favourable
COSMO-RS predictions, demonstrates that thermodynamic affinity alone is
insufficient to predict extraction performance in complex biomass systems. While
fucoxanthin exhibited a theoretical preference for the hydrophobic DES phase,
experimental results suggest factors including biomass accessibility, mass-transfer
limitations, and intracellular localisation of the pigment could have imposed stronger
constraints on extraction than solvent-solute interactions alone.

Rather than representing a limitation, the enhanced fucoxanthin recovery observed
during the subsequent alkaline extraction step suggests that the primary function of
the FABU system may lie in increasing compound accessibility through structural
biomass modification or disruption. In this context, disruption and solubilisation of
fucoxanthin appear to be partially decoupled processes: the DES system facilitates
release of intracellular compounds from the biomass matrix, while recovery may occur
in a later processing step. The improved preservation of fucoxanthin observed relative
to conventional alginate extraction alone, further indicates that DES extraction of
alginate may contribute to biomass processing through protective and stabilising
effects in addition to direct extraction.

These findings broaden the perspective on the role of DES in integrated biorefineries.
Rather than acting solely as extraction solvents, DES may function as multifunctional
process media that combine pretreatment, stabilisation, and selective recovery within
a single processing platform.

11.5.2 Towards environmentally and economically viable seaweed
biorefineries

The techno-economic and life cycle assessments demonstrated that the feasibility of

DES-based seaweed biorefineries is primarily determined by solvent-related factors,

with DES production and its constituents representing the dominant contributors to
both process costs and environmental impacts. Despite these challenges, the DES-
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based process showed environmental advantages compared with conventional
alkaline extraction, indicating the potential of DES as a more sustainable alternative
when solvent-related limitations are addressed.

The limited economic competitiveness under current assumptions is mainly attributed
to the high cost of DES components and solvent consumption. However, sensitivity
analyses showed that process feasibility can be improved through efficient solvent
recycling and the production of higher-value alginate fractions with enhanced
functional properties. These main bottlenecks were directly addressed throughout this
thesis through the development of DES recycling strategies (Chapters 4-8) and
multiproduct fractionation approaches that increased the valorisation potential of
seaweed-derived compounds (Chapter 9).

Collectively, the TEA and LCA demonstrate that maximising solvent recycling and
increasing product functionality represent the two principal strategies for improving
the economic and environmental feasibility of future DES-based seaweed
biorefineries.

11.6. From multifunctional DES to biomimetic process
engineering

Throughout this thesis, DES were primarily investigated as extraction and separation
media for circular seaweed biorefineries. However, the challenges encountered during
alginate recovery highlight a broader perspective: the molecular interactions that
enable DES-based extraction may also provide opportunities for applications where
solvent-solute interactions are desirable rather than problematic. Therefore, DES
should not only be considered as alternative extraction solvents, but as multifunctional
processing environments capable of controlling molecular interactions, stabilising
compounds, and influencing product functionality.

Instead, the proposed biological functions of NADES have inspired numerous
technological applications, including drug delivery, cryopreservation, and biocatalysis.
NADES may act as intracellular media involved in metabolite solubilisation, transport,
and stabilisation [17,499], inspiring DES-based systems thatimprove the solubility and
stability of pharmaceutical compounds [500], protect biological materials during
(cryo)preservation [3, 25, 501-503], and enhance enzymatic performance compared to
in aqueous media [504-506]. Together, these developments demonstrate that DES can
function as stabilising and functional process environments rather than solely
extraction solvents.
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Perspective Box 5: Learning from Nature - Biomimetic design of next-generation DES

NADES are increasingly recognised as intracellular liquid environments that enable living
organisms to solubilise, transport, stabilise, and biosynthesise metabolites that are
otherwise poorly accommodated in agueous cellular environments. Rather than functioning
as passive solubilising agents, they actively regulate molecular organisation and biological
function.

Engineering perspective

The future of DES technology should not be driven solely by replacing conventional solvents,
but by translating the biological functions of NADES into bioprocessing. Rather than designing
DES exclusively to dissolve target compounds, future solvent systems should be engineered
to actively stabilise sensitive biomolecules throughout processing, regulate molecular
transport and controlled release, direct selective phase behaviour and fractionation, and,
where appropriate, remain incorporated within the final product as functional material
components rather than temporary processing aids. This biomimetic design philosophy
fundamentally redefines the role of DES in bioprocess designs (Figure 11.7). Instead of acting
as alternative solvents that are ultimately removed from the process, DES become functional
environments deliberately designed to perform the same molecular tasks that NADES are
proposed to fulfil in nature. By learning from these naturally occurring eutectic systems,
future DES technologies may evolve beyond extraction towards integrated process platforms
that simultaneously enhance process efficiency, product functionality, and material
performance.

TARGETED STABILIZATION

‘\é ’n_

ADVANCED BIOMATERIALS

’
LY

DEEP EUTECTIC SOLVENTS
(NADES)

Figure 11.7 Potential nature-inspired DES applications.

From a process engineering view, this biomimetic perspective suggests a shift from
designing DES exclusively for efficient extraction and subsequent removal towards
designing solvents that actively contribute to the final process or product. Future DES-
based systems may intentionally exploit solvent-molecule interactions for controlled
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release, stabilisation of sensitive biomolecules, preservation, functional biomaterial
development, and integrated extraction—formulation processes. The findings of this
thesis illustrate the relevance of this concept: interactions between DES components
and alginate that complicate recovery also demonstrate the ability of DES to influence
polymer organisation and phase behaviour. Rather than treating these interactions
only as downstream limitations, future process engineering may exploit them as a
design feature. Thus, biomimetic DES design may enable a transition from solvents
that simply extract molecules towards functional environments that stabilise,
transport, and organise biological materials throughout processing, inspired by
biological roles of DES.
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Summary

The transition towards a circular bioeconomy requires sustainable technologies
capable of converting renewable biomass into multiple high-value products while
reducing chemical consumption, waste generation, and environmental impact. Brown
seaweed represents an attractive feedstock because it contains a wide range of
valuable compounds, including alginate, fucoidan, laminarin, mannitol, and pigments
such as fucoxanthin. However, conventional industrial alginate production relies on
harsh acid and alkaline treatments, extensive water consumption, and multiple
downstream processing steps, while recovering only a single product. Deep eutectic
solvents (DES) have emerged as promising alternative solvents due to their tuneable
physicochemical properties, selective extraction capability, and potential for solvent
recycling. Nevertheless, although DES-based extraction has been widely investigated,
product recovery and solvent recycling remain major bottlenecks that currently limit
industrial implementation.

The aim of this thesis was to evaluate the feasibility of a circular DES-based
multiproduct seaweed biorefinery by integrating computational solvent screening,
extraction process development, product recovery, solvent recycling, and techno-
economic and environmental assessment. Particular emphasis was placed on
developing recovery strategies that enable both efficient alginate isolation and
repeated DES reuse.

Chapter 2 investigated the molecular interactions between alginate and a wide range
of DES using the computational screening tool COSMO-RS. Molecular descriptors
including activity coefficients, capacity, selectivity and partition coefficients were
evaluated to identify DES with favourable affinity towards alginate while maintaining
selectivity over other seaweed polysaccharides. The results demonstrated that
COSMO-RS is a valuable first screening tool for narrowing down promising solvent
candidates prior to experimental validation.

Chapter 3 experimentally evaluated the laboratory extraction performance of selected
DES. Response surface methodology was subsequently used to optimise the
extraction conditions. DES achieved higher alginate extraction yields compared to
conventional alkaline processing while preserving polymer characteristics. However,
extraction performance did not always correspond directly with the computational
predictions, demonstrating that extraction efficiency depends not only on solvent-
solute interactions but also on the ability to interact with the seaweed biomass matrix.

Chapter 4 investigated pressure-driven membrane filtration as a proof-of-concept
recovery strategy for separating alginate from DES. A combination of ultrafiltration,
diafiltration and nanofiltration successfully recovered alginate from a simplified DES
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model solution, demonstrating the technical feasibility of membrane-based DES
recovery. However, viscosity-related limitations, high water usage and incomplete DES
retention highlighted the limitations of this approach for circular processing of complex
seaweed extracts.

Chapter 5 explored three-phase partitioning (TPP) as an integrated extraction and
recovery strategy for multiproduct seaweed biorefinery. A fatty acid-based
hydrophobic DES simultaneously extracted pigments while pretreating the seaweed
for alginate recovery in the aqueous phase. The hydrophobic DES could be reused over
multiple extraction cycles, although alginate recoveryyields did fluctuate upon reusing
the DES and fucoxanthin remained dissolved within the DES phase. The chapter
demonstrated the potential of integrating multiple process functions within a one-pot
system.

Chapter 6 developed a thermo-separating aqueous two-phase system (ATPS)
combining DES with a temperature-responsive EOPO copolymer. This approach
enabled cyclic extraction, alginate recovery, and recycling of both DES and polymer
phases. Although successful recycling was achieved, the process required multiple
separation steps and relatively complex phase management, motivating the search for
simpler recovery concepts.

Chapter 7 introduced temperature-responsive deep eutectic solvents (TRDES) as a
one-solvent platform for alginate extraction, recovery and solvent recycling. The study
demonstrated that reversible temperature-induced phase transitions can facilitate
alginate recovery while allowing repeated solvent reuse. However, the optimal solvent
formulation relied on amine-based components with limited suitability for food-related
applications, and product recovery still required dialysis. The results indicated that the
switching concept itself is promising, whereas future work should focus on developing
greener temperature-responsive solvent formulations.

Chapter 8 combined the advantages of previous recovery systems (TPP and ATPS) by
developing a DES-salt aqueous two-phase system with direct interfacial precipitation
of alginate. This strategy enabled simultaneous product recovery and DES recycling
while reducing downstream process complexity. Among all recovery strategies
investigated, this process provided the most favourable balance between recovery
efficiency, solvent circularity, processing time and operational simplicity.

Chapter 9 expanded the role of DES beyond single-product extraction by developing a
biphasic fatty acid-betaine:urea (FABU) system for one-pot multiproduct extraction.
The biphasic DES simultaneously recovered alginate and fucoxanthin while improving
the fucoxanthin yield and integrity after FABU pretreatment. This chapter
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demonstrated that DES can function not only as extraction solvents but also as
multifunctional processing platforms enabling integrated biomass fractionation.

Chapter 10 evaluated the techno-economic feasibility and environmental
performance of the biphasic DES process through techno-economic assessment (TEA)
and life cycle assessment (LCA). The analyses showed that DES production constitutes
the largest contributor to both operating costs and environmental impacts.
Nevertheless, the process becomes increasingly attractive when DES recycling is
implemented, solvent consumption is reduced, fucoxanthin yields are increased, and
higher-value alginate applications are considered. Compared with conventional
alkaline extraction, the integrated DES process demonstrated improved environmental
performance while highlighting the importance of solvent recycling for economic
viability.

Chapter 11 integrates the findings of the preceding chapters and identifies three
overarching conclusions. First, alginate recovery from DES is technically feasible but
remains the primary process engineering bottleneck, requiring improved mechanistic
understanding of DES-alginate interactions during repeated recycling. Second, DES
selection should evolve from purely solvent-solute screening towards integrated
dissolution—disruption design by combining molecular affinity with biomass
interaction modelling. Third, DES should no longer be viewed solely as extraction
solvents but as multifunctional process platforms capable of integrating biomass
disruption, selective extraction, product stabilisation, fractionation and solvent
recycling within a single process.

Overall, this thesis demonstrates that DES provide a promising foundation for the
development of circular seaweed biorefineries. Although challenges remain in
achieving robust product recovery and long-term solvent recycling, the results show
that DES-based processing can intensify conventional extraction processes while
creating opportunities for integrated multiproduct recovery. Future developments
should therefore focus on designing DES as multifunctional processing environments
that enable sustainable and economically viable biomass valorisation.
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