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ARTICLE INFO ABSTRACT

Keywords: Deep eutectic solvents (DES) have emerged as green alternative extraction solvents. However, challenges in DES
Deep eutectic solvents recovery and recycling limit their broader application. In this study, a novel thermo-separating aqueous two-
Recovery

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 (EOPO) 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 55-65 %. 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 pre-
sents 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.

Recyclable process
Aqueous two-phase system
Alginate

solvents composed of one or more hydrogen bond donors (HBD) and one
or more hydrogen bond acceptors (HBA), formed upon a large depres-

1. Introduction

Many industrial processing and extraction methods currently depend
on conventional organic solvents, such as methanol, ethanol and sul-
phuric acid, which pose environmental, health and safety risks and are
often not recycled, generating chemical waste (Chemat et al., 2019;
Patrice Didion et al., 2023). To address these issues, alternative and
more sustainable processes are being investigated (Yang et al., 2025; Yi
et al., 2019; L. Zhang et al., 2023), with particular focus on green sol-
vents. 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 recy-
cling (Halder and Cordeiro, 2019; Khandelwal et al., 2016). DES are
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sion in melting point when mixed at a certain ratio (Hansen et al., 2021;
Ma et al., 2022).

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 (Lee and Mooney, 2012), is widely employed as a
thickening agent in food processing and in diverse biomedical applica-
tions (Abdul Khalil et al., 2018). Brown seaweeds contain approximately
20-35 % dry weight of the phycocolloid alginate (Belattmania et al.,
2020). Alginate is composed of two uronic acids: f-D-mannuronic acid
and o-L-guluronic acid (Fig. S1), with their composition and arrange-
ment varying depending on the seaweed species, habitat, and seasonal
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conditions (Mahmood Zia et al., 2017). Conventional processes for
alginate extraction from seaweed rely on large amounts of harsh sol-
vents and often yield limited efficiency (Dobrincic et al., 2020; Saji et al.,
2022). 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
(Hiemstra et al., 2024; Shang et al., 2021), mollusecs (Qu et al., 2023),
plants (Wu et al., 2021; L. Zhang and Wang, 2017) and fungi (W. Zhang
et al.,, 2020). However, DESs are characterised by their low vapour
pressure, which complicates both solvent recovery and product isola-
tion. As a result, DES removal is typically performed through ethanol
(Nie et al., 2020) or isopropanol (Das et al., 2016) precipitation, fol-
lowed by multiple washing steps and vacuum evaporation. Wu et al.
(2021) and Wang et al. (2022) employed ethanol precipitation com-
bined with dialysis. Shang et al. (2021) used a brominated macroporous
resin to load the DES phase, followed by washing with water. Although
polysaccharides were successfully recovered, the DES was simulta-
neously washed out and therefore could not be reused.

To enhance process sustainability in industrial applications, DES
recycling is essential. W. Zhang et al. (2020) recovered both poly-
saccharides and DES by repeatedly adding the DES to anhydrous ethanol
for precipitation. The DES—ethanol precipitate was distilled via rotary
evaporation, allowing the DES to be reused for up to five extraction
cycles. While anti-solvent 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 h) (Lo et al., 2024), and some DESs may
themselves precipitate upon alcohol addition, further limiting their
recyclability (Yu et al., 2024). Membrane-based separation processes,
especially electrodialysis combined with ultrafiltration (Liang et al.,
2019, 2023), have been used for DES recovery and product separation
(Elizondo Sada et al., 2024). Liang et al. (2023) demonstrated the
recycling of DES up to four times using ultrafiltration coupled with bi-
polar membrane electrodialysis. Although these techniques are easy to
operate and cost-effective, they impose strict requirements on mem-
brane performance due to the high viscosity of DES solutions, which
increases the risk of membrane fouling (Moslehyani et al., 2018).
Moreover, the recovery of concentrated extract is limited by concen-
tration constraints inherent to the process (Yu et al., 2024).

In this context, aqueous two-phase systems (ATPS) present a prom-
ising and environmentally friendly alternative for recovering poly-
saccharides 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 (X. Zhang et al., 2025)
and is widely used for gentle, efficient, and straightforward separation of
biomolecules and cells (Xue et al., 2024). Several ATPS types have been
explored, including polymer-polymer, polymer-salt, alcohol-salt, and
thermo-separating polymer-salt systems (Igbal et al., 2016; Pereira and
Coutinho, 2019). Among these, thermo-separating ATPSs are particu-
larly attractive due to their ability to induce phase separation and
product recovery simply by altering the temperature (Leong et al., 2015;
Musarurwa and Tavengwa, 2022). These systems have been applied in
the purification of several biomolecules, including anthraquinones (Yao
et al., 2025), saccharides and proteins (Lai et al., 2025) and vitamin B12
(Wan et al., 2018), lincomycin (Wang et al., 2021) and tea saponins (Wei
et al., 2021). Thermo-separation is achieved by increasing the temper-
ature 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 (Marimuthu et al., 2025). EOPO has been used for
EOPO-salt ATPS separation methods to separate products based on
temperature change, including peptides (Jiang et al., 2017), hyaluronic
acid (Marimuthu et al., 2025), polysaccharides (Wang et al., 2016) and
polyphenols (H. S. Ng et al., 2017). Limited studies have explored the
use of thermo-separating aqueous two-phase systems (ATPS) for product
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recovery from DES. Gao et al. (2020) 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. (2022) showed that polysaccharides from Amer-
ican 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 not reused in
subsequent extractions. Recovering 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 envi-
ronmentally friendly DES-based extraction processes, where both
product and solvent can be efficiently recovered and DES can be reused.

2. Materials and methods
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
(Fig. S2). Before use, the biomass was shredded, its dry weight was
determined, and it was sieved using 710 pm and 90 pm mesh sizes. The
fraction between 90 and 710 pm was collected and stored at 4 °C for
extraction. For alginate extraction and isolation, three DESs were used,
containing 15 wt% of water (Table 1, Table S1). As HBA, either choline
chloride or betaine was used and as HBD, ethylene glycol or urea was
used.

The DES constituents choline chloride (>98 %), betaine (>98 %),
ethylene glycol (>99 %), and urea (>99.5 %) 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).

2.2. DES preparation and characterisation

The DESs were prepared using the heating method (Abbott et al.,
2004). The HBA and HBD were mixed in a molar ratio of 1:2 (Table 1)
with 15 wt% of water, and this was put in a water bath at 80 °C for 1 h
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 to

Table 1
Composition of DESs used in this study.
HBA HBD Mole Abbreviation ~ Viscosity Density
ratio “ (mPa*s) “(g/
cm3)
DES Choline Ethylene 1:2 ChCLEG 17.11 1.105
1 chloride Glycol
DES Choline Urea 1:2 ChCL:U 7.36 1.142
2 chloride
DES Betaine Urea 1:2 Bet:U 91.48 1.195
3

2 Measured at 20 °C.
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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.

2.3. Alginate extraction and quantification

Three DESs were used to extract alginate from L. digitata (Table 1). A
solid:liquid ratio of 1:40 was applied (Das et al., 2016). The extractions
were performed at 80 °C for 1 h. During the extractions, the samples
were regularly vortexed. As a control, alkaline extraction was per-
formed. Acid water containing HoSO4 (pH 1.9) was added ina 1:1 (w/w)
ratio to the seaweed, and this was set for 1 h at room temperature.
Subsequently, Na;SO4 was added in a ratio of 0.0325:1 (w/w), and the
extraction was performed for 1 h. DES and alkaline extractions were
performed in triplicate. After extraction, the samples were centrifuged,
and the supernatant was taken for alginate quantification. Quantifica-
tion was performed using a method adapted from Cesaretti et al. (2003).
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 (1):
mg Cextract * Vtoml
DW> = (Eq- D)

Mbiomass *xDW

Extraction yield (g

where Cexracr i the concentration of the extract, Mp;omass is the weight of
the initial biomass, xpw is the weight fraction of the dry biomass and
Viota 18 the total volume of the extract.

2.4. Alginate isolation

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 2). For each DES, EOPO copolymers
with molecular weights of 1000, 2500, and 3900 were added to facilitate
aqueous two-phase separation (Table 2). After EOPO addition, the so-
lution was mixed thoroughly for 15 min and left for at least 1 h until
phase separation was observed. The EOPO-containing layer was subse-
quently transferred to the second ATPS to recover alginate from the
EOPO phase (Fig. 1).

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 (Fig. 1). To the iso-
lated 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 2 h until phase separation
occurred. From the observed phase separation, the position of the
aqueous layer was determined. The alginate concentration was deter-
mined from the aqueous layer. The percentage of alginate recovery (%)
was determined by comparing the initial alginate extracted to the algi-
nate 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 (2):

Table 2
Different variables tested per DES in the first ATPS.
EOPO1000 EOPO2500 EOPO3900
EOPO (wt %) 30 30 30
40 40 40
50 50 50
60 60 60
70 70 70
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Recovery yield (gmg > _ Cogueous™Vagueous (Eq. 2)

Dw Mbiomass *xDW

where Cuqueous i the concentration of alginate in the aqueous phase,
Mpiomass 1S the weight of the initial biomass, xpw is the weight fraction of
the dry biomass and Vygueous is the volume of the aqueous phase.

2.5. Alginate characterisation

The alginate fraction was characterised using Fourier Transform
Infrared Spectroscopy (FT-IR) 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 Fourier-transform infrared (FT-IR) 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. (2023). 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 precipi-
tated 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 pL were used for the methanolysis.

2.6. DES recycling

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 deter-
mined. After each cycle, the alginate recovery was assessed.

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 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 separa-
tion and solvent recycling is presented in Fig. 1. First, alginate is
extracted using DES. In the initial aqueous two-phase system (ATPS1),
EOPO is introduced, 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.

3. Results and discussion
3.1. Extraction and isolation of alginate
3.1.1. Extraction of alginate
Alginate was successfully extracted using each DESs (Fig. 2). Among

them, ChCLEG yielded the highest alginate content with an extraction
yield of 100.3 + 8.0 mg/g DW. ChCl:U resulted in the lowest yield,
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Fig. 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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Fig. 2. Extraction of alginate from L. digitata with three DESs and alkaline
extraction as control.

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 sulphuric 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 (Saji et al., 2022).
Additionally, solvent regeneration is not feasible in the conventional
method, further limiting its sustainability. The three DESs were subse-
quently utilised for alginate separation through the two-step ATPS
separation.

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 2). A high extrac-
tion 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 EOPOs were used
in different ratios for each DES (Section 2.4.1). The phase separation of
all combinations of DESs with EOPOs (Fig. S3) 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 (Fig. S3).
Gao et al. (2020) used DES ChCL:EG, containing 30 wt% water, for the
extraction and isolation of polysaccharides from Camellia oleifera Abel.
The highest recovery was observed when using EOPO2500 with ChCL:EG
(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 (R. Zhang et al.,
2024). 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 ChCl:EG and Bet:U con-
taining 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 re-
covery 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/cm3 (Table S2). In contrast, for EOP0O3900, the EOPO was
placed at the bottom layer since this copolymer has a density greater
than water, measuring 1.056 g/cm3 (Figs. S4 and S5 and Table S2).

DES ChCLEG and ChCLU displayed a preference for EOPO1000,
while Bet:U recovered more alginate with EOPO3900 (Fig. 3). For ChCl:
EG, the highest recovery reached was 66.0 + 6.2 %, at 40 wt% of
EOPO1000 (Fig. 3a). When taking into account the extraction yield,
66.2 mg/g alginate was recovered (Table 3). The recovery using
EOPO1000 was approximately twice that observed with EOPO3900 for
ChCLEG (Fig. 3a). This difference could be due to the larger viscosity of
EOPO3900 at 20 °C (Fig. S6), which may hinder efficient mass transfer
and phase separation compared to EOPO1000. When applying DES
ChCLU, the highest alginate recovery was reached (75.4 %) at 50 wt% of
EOPO1000 (Fig. 3b). This resulted in an alginate recovery yield of 53.8
mg/g DW (Table 3). ChClL:U resulted in the highest percentage of algi-
nate recovery, which was the DES with the lowest viscosity (Fig. S7).
The lower viscosity of ChCl:U compared to the other DES (Fig. S7) may
have facilitated more efficient mass transfer into the copolymer phase
(Liu et al., 2023; Yeow et al., 2024). For this DES, a clear influence of the
EOPO concentration on alginate recovery was observed. The highest
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Fig. 3. Recovery yields of alginate for (a) ChCLEG, (b) ChCl:U and (c) Bet:U using EOPO1000 and EOP0O3900.

Table 3
Alginate extraction yield, optimal recovery (%) and alginate recovery yield per
DES.

ChCLEG ChCL:U Bet:U
Extraction yield (mg/g DW) 100.3+80 71.4+25 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

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
(Fig. 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 decrease in 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 (Kepka
et al.,, 2004; Leong et al., 2017). 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 (Igbal et al.,
2016), 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
(Kuznetsova et al., 2015).

For ChCL:EG and ChCL: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 EOP0O3900,

possesses shorter polymer chain lengths. These shorter chains may
provide more free volume within the solution (H. S. Ng et al., 2017),
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 (Fig. 3c),
indicating that an alginate recovery yield of 54.8 mg/g DW was obtained
(Table 3). In contrast to the behaviour observed for ChCl:EG and ChCl:U
systems, both EOPO copolymers exhibited comparable recovery effi-
ciencies when Bet:U was used. This could be due to the increased vis-
cosity of this DES at 20 °C compared to ChCl:EG and ChCL:U (Fig. S7).
The hydrophobicity of the polymer increases when the molecular weight
increases, due to the increase in hydrophobic area compared to hydro-
philic groups (H. S. Ng et al., 2012). Therefore, an EOPO with a higher
molecular weight requires lower concentrations to form an ATPS, due to
the increased hydrophobicity (Leong et al., 2015; Leong et al., 2017).
This will, in turn, lead to enhanced phase separation. This trend corre-
lates with the results obtained from Bet:U, where the highest recovery of
alginate was obtained using the lowest weight percentage of EOPO3900.
For EOPO1000 with the same DES, the highest recovery was obtained at
50 wt%.

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 (Rabelo et al., 2004).
Similarly, lower separation of the enzyme guanylyltransferase was
observed when EOPO with a lower molecular weight was used (H. S. Ng
et al., 2012). For polyphenol extraction, a reversed trend was observed.
A shorter chain length of EOPO resulted in a lower polyphenol yield (H.
S. Ng et al., 2017). 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
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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 (ChCLEG)
gave lower alginate recovery, while the lowest-yielding DES (ChCL:U)
achieved the highest recovery (Table 3). This indicates that recovery
efficiency depends not solely on extraction yield but on alginate parti-
tioning between the DES and copolymer phases. An optimal equilibrium
between these phases appears to enhance recovery. Despite differences
in efficiency, final alginate yields were similar (55-66 mg/g DW),
highlighting the importance of this phase equilibrium in governing
overall recovery performance.

Since the final alginate yields were similar (Table 3), Bet:U was
selected for characterisation and subsequent DES recycling as the lowest
amount of EOPO could be applied compared to ChCl:EG and ChCl:U (30
wt% for Bet:U compared to 40 and 50 wt% for ChCl:EG and ChCLU,
respectively).

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, as it in-
fluences the polysaccharide’s physical and functional properties
(Bojorges et al., 2023). 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 (Ramos et al., 2018). 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 S3). These values are comparable to
the reported values (1.44-1.82) for L. digitata (Saji et al., 2022; Sharma
etal., 2023), 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 (Fig. 4). Both extracts showed
characteristic peaks at 1035 cm™! and 1080 cm™?, as well as at 1600
em ! and 1400 cm ™. The distinct peaks at approximately 1080 cm
and 1035 cm™! are associated with mannuronic and guluronic acid
units, respectively (Leal et al., 2008; Nesic et al., 2023). The bands at
1600 cm™! and 1400 cm ™! are associated with asymmetric and sym-
metric stretching modes of carboxylate groups (Kuzmanovic et al., 2017;
Nesic et al., 2023; Rashedy et al., 2021). Additionally, a broad band at
3500 cm ! and a weak band at 2900 cm ™! were observed, correlating to
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hydrogen-bonded O-H and C-H stretching vibrations, respectively
(Kuzmanovic et al., 2017). The appearance of these characteristic ab-
sorption bands demonstrates that the DES-EOPO system effectively ex-
tracts 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.

3.3. Recyclability of recovered DES

Previous studies have reported DES recovery using temperature-
responsive copolymers (Gao et al., 2020; Zhou et al., 2022). However,
whether the recovered DES can be effectively reused as an extraction
solvent has not yet 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 3.2.1) were used. Thus, it was 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 2.6). After ten extraction cycles with
Bet:U, the alginate extraction yields remained stable between 74 and 86
mg alginate/g DW (Fig. 5). After cycle seven, a slight decrease in
extraction yield was observed. The accumulation of other constituents in
the DES (M. H. Ng et al., 2024; Qiu and Aita, 2013), 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) (Fig. 5).

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 (Chen
et al., 2018; Ling et al., 2020). For this approach, DES could be recycled
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3500 cm! 1600 cm! 1035 cm!
f 1080cm' /|
\ /
[\ 74
1400 cm Y ‘\ /
\ ‘ /
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Fig. 4. FTIR spectra of alginate extracted with DES (

Bet:U) and with the conventional alkaline (AK) extraction.
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Fig. 5. Alginate extraction and recovery yield during DES recycling.

between 2 and 4 times. Jeong et al. (2015) 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 vac-
uum drying. Xie et al. (2021) 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, M. H. Ng et al. (2024)
applied antisolvent addition to precipitate ferulic acid, followed by
filtration. The DES was subsequently recycled successfully up to five
times.

Compared to the other recycling strategies, the proposed ATPS-based
approach enables a greater number of recycling cycles within the inte-
grated extraction-separation system. Since both alginate yield and re-
covery 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 (Fig. 6, Table S4).
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 (Fig. 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 present in DES, recovered alginate decreased to 25.1 + 7.7 mg/g in
cycle 6.

3.4. Overadll 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 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 (Fig. 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. How-
ever, 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 algi-
nate partitioning efficiency, altering the EOPO phase properties, such as
viscosity, polymer—solute interactions, or available partitioning capac-
ity, ultimately reducing the number of effective EOPO reuse cycles.

120 +
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Fig. 6. Alginate extraction and recovery yield during simultaneous DES and EOPO recycling.
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Fig. 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.

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
(Fig. 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 re-
quirements 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 vis-
cosity, 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.

4. Conclusion

In this study, a thermo-separating aqueous 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)
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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 per-
formed for up to five cycles while maintaining stable recovery perfor-
mance (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 straight-
forward method for the recovery and reuse of DES. Additionally, the
simultaneous recycling of DES and EOPO could enhance process sus-
tainability 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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