Separation and Purification Technology 388 (2026) 136807

FI. SEVIER

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

Contents lists available at ScienceDirect

Separation and
Purification
Technology

Mechanistic insights into temperature-responsive deep eutectic solvent for
alginate recovery and solvent recycling

Isa S.A. Hiemstra ®, Faridah Husna ®, Michel H.M. Eppink ”, Rene H. Wijffels -,

Antoinette Kazbar®"

& Bioprocess Engineering, Wageningen University & Research, PO Box 16 Wageningen, 6700, AA, Wageningen, the Netherlands
b TU Delft, Faculty of Applied Sciences, Department of Biotechnology, Van der Maasweg 9, 2629, HZ, Delft, the Netherlands
¢ Nord University, Faculty of Biosciences and Aquaculture, N8049, Bodo, Norway

ARTICLE INFO

Editor name: M Freire

Keywords:

Temperature-responsive deep eutectic solvents
Solvent recycling

Brown seaweed

COSMO-RS

Sustainable solvent design

ABSTRACT

Conventional alginate extraction from brown seaweed typically relies on harsh, non-recyclable chemicals,
limiting 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 101), 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.

1. Introduction

and L-guluronic acid (G). These two uronic acids are present in varying
sequences and ratios and are linked by p-1,4-glycosidic bonds [5]

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 contain valuable bioactive compounds,
including polysaccharides, proteins, lipids and polyphenols, with anti-
bacterial, antiviral and antifungal properties [1-3]. Among these com-
pounds, alginate is a polysaccharide that is widely used in the food,
pharmaceutical, and biomedical industries due to its gel-forming and
biocompatible properties [4]. This polysaccharide has a simple molec-
ular structure, containing two uronic acid units, D-mannuronic acid (M)

(Fig. S1).

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 sig-
nificant water consumption and a high energy input [6]. 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 [7]. Formed by the complexation of one

Abbreviation: DES, Deep eutectic solvent; TRDES, Temperature-responsive deep eutectic solvent; COSMO-RS, COnductor-like screening MOdel for real solvents;
UCST, Upper-critical solution temperature; LCST, Lower critical solution temperature; M/G, Mannuronic to guluronic acid ratio; K, Partition coefficient; y, Activity
coefficient; C, Solvent capacity; FTIR, Fourir-transform infrared spectroscopy; SEC, Size-exclusion chromatography; HBA, Hydrogen bond acceptor; HBD, Hydrogen
bond donor; MEA, Monoethanolamine; DEA, Diethanolamine; TEA, Triethanolamine.
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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 biocompat-
ible, biodegradable components that can be recycled [8,9], 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 [10,11], microalgae [12,13] and seaweed [14,15].

Although alginate was successfully extracted using DES in our pre-
vious study, achieving a higher extraction yield compared to conven-
tional processing [16], 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 [17].

Several approaches have been proposed for DES recovery, including
membrane separation [18], antisolvent addition [10,19] and the use of
macroporous resins [14]. 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 strate-
gies 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) [20]. 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
(CO2), changes in pH, or temperature, allowing for controlled phase
transitions through changes in polarity or solubility that facilitate se-
lective extraction and solvent recovery [20,21]. 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 addi-
tional reagents or complex equipment [21]. 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
[21,22]. In contrast, LCST behaviour involves phase separation at high
temperatures, driven by entropy and the weakening of hydrogen bonds
between the DES and water [23].

Despite growing interest in TRDESs, 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 behav-
iour 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 po-
tential, enabling the prediction of solvent behaviour across diverse
compounds and feedstocks, and guiding the development of more ver-
satile 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 understanding of TRDES behaviour during
extraction and recycling, thereby enabling simultaneous alginate isola-
tion and solvent recovery. First, 22 TRDES were selected and evaluated
for their phase switching behaviour. By addressing the solubility ca-
pacity and partition coefficient in COSMO-RS (COnductor-like
Screening MOdel for Real Solvents), a model used to predict thermo-
dynamic properties of fluids and solutions, the performance of different
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TRDES and the alginate partition behaviour was modelled. Subse-
quently, alginate extraction and recovery were conducted. The optimal
TRDES was used, extraction was optimised, and the alginate was char-
acterised. 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 biocom-
patible 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 con-
tributes 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.

2. Materials & methods
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 tetra-
borate (99 %), sulfuric acid (95-98 %), carbazole (>95 %) and ethanol
(>99 %) were purchased from Sigma-Aldrich.

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 ho-
mogeneous liquid formed. The details of the TRDES formulation tested
are listed in Table 1 and Fig. S2.

2.3. TRDES screening

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 min. 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 [24]. 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.

2.3.2. COSMO-RS

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 [26]. Ana-
lyses 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) calcula-
tions at the GGA:BP86 level with a TZP basis set [27].

The direct application of COSMO-RS to polymers such as alginate is
impractical, as it requires extensive quantum chemical COSMO
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Table 1
Details of the TRDES used in this study.
HBAs HBDs Molar ratios Reference
TRDES1 Monoethanolamine o-cresol 1:1 [22]
TRDES2 Monoethanolamine p-cresol 1:1
TRDES 3 Monoethanolamine m-cresol 1:1
TRDES 4 Diethanolamine o-cresol 1:1
TRDES 5 Diethanolamine p-cresol 1:1
TRDES 6 Diethanolamine m-cresol 1:1
TRDES 7 Triethanolamine o-cresol 1:1
TRDES 8 Triethanolamine p-cresol 1:1
TRDES 9 Triethanolamine m-cresol 1:1
TRDES 10 Monoethanolamine Guaiacol 1:1
TRDES 11 Monoethanolamine 3-Methoxyphenol 1:1 [24]
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 Methyltrioctylammonium chloride 1:1 [25]
TRDES 20 L-menthol Decanoic acid 1:1
TRDES 21 L-menthol Phenyl salicylate 1:1
TRDES 22 L-menthol Octanoic acid 1:1

calculations, making the process highly time-consuming [28,29].
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 [30,31].

With COSMO-RS, the activity coefficient of alginate was determined
using Egs. 1 and 2:

In(yr) = BH &)

7 = limity_o, @)

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 x° [32,33].

The solubility capacity (C) of each TRDES was calculated to deter-
mine the maximum amount of solute that can be dissolved in the TRDES,
following Eq. 3 [33]:

Cr =1/ 3)

The partition coefficient was calculated to evaluate the distribution
of the solute between the DES and aqueous phases [34,35], providing
insights into the alginate extraction and recovery efficiency. The parti-
tion coefficient was determined following Eq. 4:

1
7{° (water)

Kwater/ TRDES — 1 (4)
7§ (DES)

2.3.2.2. TRDES recycling simulation. The partitioning behaviour of
alginate across multiple extraction cycles was assessed by calculating
the partition coefficient Kyyqer/rrpes and 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 Eq. 5:

A GPartia'oning = —RTIn (K water/. DES) %)

mol*’K

where R is the molar gas constant (8.3144) and T is the separation

temperature (K).

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 accumu-
lated in the DES phase. This retained alginate was then included in the
solvent mixture composition for the subsequent cycle. At each stage, the
updated solvent composition was used to recalculate the activity coef-
ficient and partition coefficient of alginate.

2.4. Alginate extraction and recovery

A TRDES-water system was prepared to achieve a 50 % v/v TRDES
concentration [22], and this was used to extract alginate from S. lat-
issima at a solid-to-total liquid ratio of 1:40. The extraction was per-
formed 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 con-
ditions 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 at
room temperature. Subsequently, Na-SO4 was added at a 0.0325:1 (w/
w) ratio, followed by extraction for 1 h 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 supernatant was 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 mem-
brane with a molecular weight cutoff of 3.5-5 kDa. The alginate re-
covery yield of the dialysed aqueous phase was analysed using a
colorimetric assay as proposed by Cesaretti et al. [36]. The alginate
recovery yield was calculated following Eq. 6:

. mg Caqueou.s * Vaqueous
Yield = , (6)
(g D W) Mbiomass~ Xpw

where Cygueous is the concentration of the extract in the aqueous phase,
Mpiomass 1S the weight of the initial biomass, xpw is the weight fraction of
the dry biomass and Vogueous is the volume of the aqueous phase.

The schematic diagram of the TRDES extraction and recovery
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process is illustrated in Fig. 1.

2.5. Extraction optimisation

Extraction parameters were optimised with the best-performing DES
(Section 2.4) to increase the alginate yield. The varied parameters
include TRDES concentration (10 %-70 %), solid to total liquid ratio
(1:40, 1:60, 1:80), extraction temperature (40-80 °C), and extraction
time (10-60 min). When one parameter was varied, the others were kept
constant according to the conditions in Section 2.4. These single-factor
experiments follow an approach widely applied in literature focused on
responsive solvents [37-39]. The obtained optimum extraction param-
eters were subsequently used in the TRDES recycling study.

2.6. TRDES and alginate characterisation

2.6.1. 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, fol-
lowed 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.

2.6.2. 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 [40]. 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 pm, 300 x 7.5 mm) in series. Elution was car-
ried 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), and molecular
weights were converted to alginate equivalents via the Mark-Houwink
relation [40].

The average molecular weight (M,,) was calculated following Eq. 7:

=(Mve)

= e @

¥
[ .& @ o], s

\® _® ) Dialysis

~ ~N —> —>| ~ ~N Alginate
Extraction Separation
TRDES
— —
T Recycling

Fig. 1. Schematic diagram of alginate extraction using temperature-responsive
deep eutectic solvents.
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where M; represents the molecular weight of fraction i corresponding to
a specific retention time in the chromatogram, and c; is the intensity
(area) of fraction i, which is proportional to its concentration.

2.6.3. 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 re-
ported previously [41]. 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 precipi-
tated, redissolved in Milli-Q water, and 50 pL aliquots were used.

2.7. TRDES recycling

TRDES recycling was assessed after selecting the optimal TRDES
formulation and optimal extraction conditions (Sections 2.4 and 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 recovery yield was measured in the aqueous phase after
each extraction cycle.

2.8. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics version
30.0.0.0. The least significant difference (LSD) test and Duncan's mul-
tiple 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 letters in the
histogram indicate statistically significant differences at p < 0.05.

3. Results and discussion
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 homo-
geneous mixtures with water when the solution was heated up to 60 °C
(Table S1).

For TRDES 2-4, TRDES 10, and TRDES 12 and 16-18, phase sepa-
ration 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 [24]. 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 vol-
ume 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 sepa-
ration and were therefore discarded from the alginate extractions and
partition behaviour.

3.2. Partition behaviour and extraction performance of alginate

3.2.1. Computational analysis of capacity and partition coefficient

Prior to experimental extraction, COSMO-RS modelling was con-
ducted to evaluate the capacity and partition coefficient (Kyqter/pEs)
across the switchable TRDES systems for alginate. The capacity quan-
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tifies 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 af-
finity of alginate for both the aqueous and DES phases. This computa-
tional analysis enabled the selection of TRDES candidates with
favourable partitioning behaviour for subsequent experimental valida-
tion (Table 2).

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
(Fig. 2, Fig. 83). This analysis was performed to investigate the influence
on alginate partitioning when enabling temperature-responsive product
recovery.

3.2.1.1. Capacity. The capacity of the TRDES-water systems for algi-
nate decreased progressively from HBA monoethanolamine (31.5 for
TRDES1) to diethanolamine (17.9 for TRDES4) and triethanolamine
(12.9 for TRDES9) (Table 2). Monoethanolamine (MEA) based DES-
water systems exhibited superior capacities due to their balanced
hydrogen bonding capacity and favourable basicity [42]. Featuring both
a primary amine (-NHz) and a hydroxyl (-OH) group (Fig. S2), MEA can
act as both a strong hydrogen bond donor and acceptor [43], enabling
effective interactions with the carboxylate (-COO™) and hydroxyl (-OH)
groups of alginate (Fig. S1). Additionally, MEA's relatively high basicity
(pKa ~9.5) compared to diethanolamine (DEA, pKa ~8.7) and trietha-
nolamine (TEA, pKa ~7.7) [22,44] allows for partial protonation under
aqueous conditions. The resulting -NHs" groups can engage in electro-
static 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 ca-
pacity than the DES without water (Table 2). This improvement is
attributed to the role of water in increasing solvent polarity, enhancing
hydrogen bonding, and reducing viscosity [45], which together promote
more effective solvation of the alginate. In contrast, the DES without
water offers limited capacity due to its lower polarity (Table S2) and
higher viscosity compared to DES with water.

The menthol-based DES (TRDES19-22) with water showed low ca-
pacity toward alginate (less than 1.5) (Table 2). This could be due to
their predominantly hydrophobic nature (Table $2), which reduces

Table 2
Capacities (C) and partition coefficients (K) of alginate in the TRDES-water
systems at 20 °C.

Capacity DES-water” Capacity DES® Kwater/DES"
TRDES 1 3.15 x 10! 1.21 4.54
TRDES 2 2.53 x 10! 1.07 5.17
TRDES 3 2.93 x 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 x 10! 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 10! 2.69 2.05
TRDES 12 2.44 x 10! 1.70 3.23
TRDES 16 2.15 x 10! 1.01 5.44
TRDES 17 2.12 x 10! 3.26 x 10! 1.69 x 1071
TRDES 18 4.93 9.71 5.68 x 1071
TRDES 19 1.48 x 10° 1.85 x 107 2.97 x 10°
TRDES 20 5.36 x 10! 3.29 x 1073 1.67 x 10°
TRDES 21 1.49 8.28 x 1072 6.66 x 102
TRDES 22 7.07 x 107! 573 x 1072 9.62 x 10%
Water 5.51

# Calculations were performed at 20 °C.
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their solvation capacity toward alginate.

3.2.1.2. Partition coefficient. When considering the partition coeffi-
cient, it can be observed that the partition coefficient is above O for all
TRDES at 20 °C (Table 2) and across 20-80 °C (Fig. 2 and Fig. $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 tempera-
tures for each TRDES (Fig. S3). For TRDES], this decrease is from
approximately 4.54 at 20 °C to 0.88 at 80 °C (Fig. 2), suggesting that
alginate is more likely to partition into the water phase at lower tem-
peratures. 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 parti-
tioning of alginate into the aqueous phase.

For TRDES 18-22, the partition coefficient was significantly larger
than 1 at 20-80 °C (Table 2, Fig. 2 and Fig. S3), indicating that alginate
preferentially partitions in the water phase over the DES phase. Due to
the hydrophobicity of these DESs (Table S2), 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.

3.2.2. Experimental evaluation of alginate extraction yields

All of the TRDESs that could undergo phase separation recovered
alginate in the aqueous phase (Fig. 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 (Fig. 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 their improved
hydrogen bonding capacities (Section 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) (Fig. 3). This may be attributed to the mildly alkaline conditions
created by the alkanolamine-phenol-based DES [22]. Since the pKa of
an alginate polymer is in the range of 3.5-4.6 [46], 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 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 [47-49]. This, in
turn, can affect the accessibility of alginate and may significantly in-
fluence the extraction efficiency. Specifically, previous studies have
demonstrated that certain TRDESs and DESs can alter the permeability
and integrity of plant and microalgal cell walls, thereby enhancing the
release of target compounds [25,50].

Alkaline extraction reached a yield of 42.1 4+ 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 solu-
bility capacity and favourable partition coefficient
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3.3. Extraction parameters

From the previous section (Section 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
(Fig. 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 [37-39].

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 (Fig. 4a). The UCST of TRDES] is 55 °C [22],
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 [51]. Above the UCST, TRDES1 be-
comes fully miscible with water and forms micelle-like aggregates [22].
This arises from the amphiphilic nature of its components: mono-
thanolamine provides polar headgroups capable of hydrogen bonding,
while o-cresol contributes hydrophobic aromatic moieties (Fig. S2).
Elevated temperatures increase molecular mobility and weaken
hydrogen bonding, allowing the amphiphilic molecules to self-assemble
into micelles. These structures create localised microenvironments of
differing polarity, enhancing alginate solubilisation and mass transfer
[22]. Below the UCST, partial phase separation suppresses micelle for-
mation, resulting in a heterogeneous system with limited diffusion and
reduced extraction efficiency. Additionally, elevated temperatures can
promote the rupture of the cell wall [52], thereby enhancing alginate
release. Therefore, 80 °C was selected as the optimal temperature.
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when one of the extraction parameters was altered.

3.3.2. Effect of solid-liquid ratio

Solid-liquid ratios from 1:20 to 1:80 (g/mL) were assessed. The re-
sults show that from 1:20 to 1:60, the alginate yield increases and then
decreases when further increasing the solid-liquid ratio (Fig. 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 [53], 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 [24,54,55].
Therefore, a solid-liquid ratio of 1:60 was selected.

3.3.3. Effect of extraction time

The extraction time of 10 to 60 min was examined. The alginate yield
increased up to 40 min, but extracting longer than 40 min did not
significantly affect the extraction yield. (Fig. 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 be-
tween the polysaccharide in the biomass and the solvent is high, which
promotes mass transfer [56]. However, beyond 40 min, the extraction
yield plateaued, which could be due to the accumulation of impurities

[57] or because the extraction process has reached equilibrium [58].
Therefore, 40 min was chosen as the optimal extraction time.

3.3.4. TRDES concentration

The TRDES concentration of 45 to 52 % was investigated for alginate
extraction. The optimal yield was obtained when having a 50 % TRDES
concentration, and increasing or decreasing the concentration resulted
in lower yields (Fig. 4d). At lower TRDES concentrations, the solvent
may be too diluted, reducing its ability to break down the cell structure
[22], which will in 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 [54,59]. Therefore, a 50 %
TRDES concentration was selected as the optimal condition.

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 (Fig. 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 [46,60], which makes algi-
nate dissolve in alkaline conditions. On the other hand, acidic conditions
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promote the protonation of carboxyl groups in alginate, leading to
polymer precipitation or gel formation, thereby limiting its solubility
[61], 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 sulfuric acid is used and the process oc-
curs in a single step. Moreover, the TRDES can be recovered and reused,
reducing reagent consumption compared to traditional alkaline
extraction.

3.4. TRDES and alginate characterisation

Based on the optimal conditions identified in Section 3.2, the sub-
sequent extraction was performed based on these conditions and char-
acterisation of both the extracted alginate and the DES was performed.

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 (Fig. 5, Table $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 em™! [62].

For o-cresol, characteristic peaks include aromatic C—=C stretching at
approximately 1600 cm ™!, and C—O stretching near 1200 cm™! [63].
Upon DES formation, a small peak is observed at 3344 cm™! corre-
sponding to hydrogen bonding interactions between ethanolamine and
o-cresol, consistent with previous reports [22]. Upon the addition of
water to the DES and heating, a broader band emerges at 3400 cm !,
indicating the formation of additional hydrogen bonds between water
molecules and the DES components [22]. In addition, the aqueous phase
obtained after switching was analysed (Fig. S4). The FTIR spectrum of
this water phase was compared to that of pure water. No distinct peaks
attributable to DES components were observed, suggesting the absence
of detectable DES traces in the aqueous phase (Fig. $4).

3.4.2. 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.
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The FTIR spectra of alginate extracted using DES, water and alkaline
treatment exhibited comparable profiles (Fig. 6, Table S4), with char-
acteristic absorption bands observed at 1080 cm ! and 1020 cm?,
corresponding to vibrations of guluronic and mannuronic acid residues,
respectively [64,65]. The bands at ~1600 cm ! and ~ 1400 cm ™! are
attributed to the asymmetric and symmetric stretching vibrations of the
carboxylate (-COO™) functional groups, respectively [65-67]. Addi-
tionally, a broad absorption band around 3500 cm™! and a weak band
near 2900 cm ™! were observed, corresponding to hydrogen-bonded
O—H stretching and C—H stretching vibrations, respectively, present
in alginate [66].

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 (Fig. 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.

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 [41]. 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 rota-
tional freedom around their glycosidic linkages, promoting tighter cross-
linking and improved mechanical strength compared to gels rich in
mannuronic acid blocks [68,69].

Alginate extracted with TRDES resulted in an M/G ratio of 2.63 +
0.19, while for alkaline and water this was 1.15 4 0.01 and 1.55 + 0.02,
respectively (Table 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
[41,70,71]. The higher M/G ratio could be because the TRDES extrac-
tion was performed at higher pH conditions, causing an increased M/G
ratio [70]. This effect may be attributed to partial degradation of algi-
nate 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

—Ethanolamine
—o0-Cresol
—TRDES
—TRDES+water

]

3400 cm!

3344 cm™! 0

3900 3400 2900 2400

1900 1400 900 400
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Fig. 5. FTIR spectra of TRDES1 constituents, TRDES1 and TRDES1 containing 50 %v/v water.
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Table 3 conventional alkaline extraction yielded alginate with comparable mo-

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

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.
Based on FTIR, molecular size, and M/G ratio data, TRDES and

lecular characteristics. However, TRDES could offer additional advan-
tages due to its potential for recyclability, positioning it as a more
circular alternative.

3.5. TRDES recycling

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 performance. The recy-
cling study was conducted under the optimum extraction conditions
determined previously (Section 3.3).

The extraction yield of TRDES 1 remained stable from cycle 1 to 4



L.S.A. Hiemstra et al.

Separation and Purification Technology 388 (2026) 136807

LI e B

bc
ab
5 a
a a I I
2 3 4 D 6

Extraction cycle

Fig. 8. Extraction yield of alginate obtained using TRDES]1 over eight consecutive recycling cycles.

(Fig. 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 hydro-
philic DES betaine:urea reported a recovery of 56.0 + 0.9 mg/g, ach-
ieved through a two-step aqueous two-phase system (ATPS) [72]. 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 effi-
cient alternative. In another study, Saravana et al. [73] 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 (approxi-
mately 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. [74] re-
ported 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. [75] used COz-triggered switchable hydrophilicity solvents
for ultrasonic-assisted extraction of Polygonatum sibiricum poly-
saccharides. The solvent could be recycled five times, observing a
decrease in extraction yield per cycle. Gao et al. [76] 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.

The trend of an increase in the extraction yield contrasts with pre-
vious TRDES recycling studies, where extraction efficiencies declined
with successive cycles [22,25]. In these studies, the accumulation of
other constituents in the DES could have competed with the target
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compound [74], 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 [74]. 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 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 not yet 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. [22]
stated a polysaccharide recovery yield of 88 % from Ganoderma lucidum,
indicating that part of the alginate could be retained as well in the
TRDES.

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 pro-
gressive enrichment of alginate in the DES, enabling evaluation of its
impact on the partition coefficient and the Gibbs free energy of transfer
(AG) (Section 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 (Fig. 9, Table S5), 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 (Fig. 9). These computational findings are consistent with the
experimentally observed increase in extraction yield upon solvent reuse
(Fig. 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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extraction cycle.

3.6. 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
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 algi-
nate 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 observa-
tions 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 constitu-
ents. In this study, the primary objective was therefore to gain mecha-
nistic 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. [77] 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 separa-
tion 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. [53] designed a
DES/ionic liquid/water system using natural DES. While they success-
fully 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
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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 [21,54].
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For future research, it is recommended to select natural HBAs and
HBDs exhibiting moderate hydrophobicity, and perform computational
solvent pre-screening (capacity, partition coefficient and Gibbs free
energy change) to choose suitable candidates (Fig. 10). Recent advances
in machine-learning-enhanced COSMO-RS workflows offer an addi-
tional opportunity to accelerate this process [78]. 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 behav-
iour assessment. Combining this data should give preferred candidates
for laboratory validation on extraction, switching and solvent recycling
(Fig. 10). Focusing on natural compounds for designing temperature-
switchable DES, supported by ML-accelerated screening, not only en-
hances process intensification compared to conventional DES extraction
but also contributes to greater sustainability. This combined computa-
tional-experimental strategy facilitates the development and integra-
tion of DES technologies within biorefinery applications, promoting
greener and more efficient biomass valorisation.

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 sys-
tem. 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. Ther-
modynamic 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 capac-
ity, partition coefficient, and Gibbs free energy of transfer were identi-
fied 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 parti-
tion 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 alka-
nolamine-phenol combinations, which limit environmental sustain-
ability 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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