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Natural eutectic solvents (NaESs) for the valorization of biomass have been gaining interest in recent
years. However, almost no study is available on their impact on the physicochemical and mechanical pro-
perties of polysaccharides and their plasticizing power during extraction. In this work, microwave-assisted
extraction was combined with hydrophilic NaESs to intensify the extraction process of polysaccharides
from the lichen Evernia prunastri, modifying their mechanical properties to obtain viscoelastic materials.
With this integrated extraction/formulation process, the energy consumption and production time were
reduced by 35% and 23%, respectively. Four solvent systems, namely, sorbitol: betaine, lactic acid:
betaine, glycerol : betaine and oxalic acid : proline, were tested. The maximum polysaccharide extraction
yield of 44.31% was obtained with oxalic acid: proline at 100 °C for 5 min. For lactic acid : betaine and
glycerol : betaine, the highest yields were reached at 120 °C for 15 min (35.93% and 32.93%, respectively).
The type of eutectic solvent chosen had a significant impact on the physicochemical and mechanical
properties of the extracted polysaccharides. With glycerol : betaine, polysaccharides with higher molecular
weights were obtained. Directly drying after the extraction, a flexible material was obtained, exhibiting
elastic behavior under deformation, with a Young's modulus of 20.6 MPa and a maximum deformation of
94%. With lactic acid : betaine, a material exhibiting a plastic deformation of up to 245% and less resistance
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(Young's modulus of 12.1 MPa) was obtained. With oxalic acid: proline, the material exhibited elastic
deformation of up to 24% and a Young's modulus of only 9.9 MPa. A particular interest was also given to
the valorization of the residual solid obtained from the extraction into high-value-added artificial humic

rsc.li/greenchem substances.
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1. This work sets a precedent for the intensification of natural polysaccharide extraction and formulation, combining them into one step using natural eutec-
tic solvents. A particular effort was also made to follow a biorefinery approach.

2. Using NaDESs, polysaccharides can be extracted and formulated into plasticized materials, reducing the energy and time consumption by 35% and 23%,
respectively, compared with traditional polysaccharide formulation and with mechanical properties varying with the eutectic used. The formulated polymers
can be used as coatings or bioplastic materials.

3. This work describes a combined approach to polysaccharide isolation and formulation for the first time. The work encourages further investigation into
adjusting the process for biorefinery schemes, adapting it to other natural biomasses, and optimization of the coating applications. Studying the recycling of
the eutectics after use would also be highly valuable for improving the process.

1. Introduction
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Traditionally used in folk medicine or as dyes, the lichen
Evernia prunastri has gained considerable interest since
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decades, notably for its large set of unique metabolites, which
display antibacterial, antioxidant, antitumoral or photoprotec-
tive properties." These secondary metabolites, called lichenic
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acids, are investigated for their potential drug use and
extracted for the fragrance industry as “oak moss absolute” to
give a woody smell and fix perfumes. However, after the extrac-
tion of these secondary metabolites, polysaccharides remain
in the residual solid, with potential as bio-based materials.
Indeed, the main compounds of the cell walls and extracellular
matrices of Evernia prunastri are glucans and galactomannans,
which are known for their gel and film-forming properties,
respectively, with good biocompatibility, safety and
biodegradability.> They can thus be found in nutraceuticals,
cosmetics, and food products as texturizing agents, stabilizers,
edible coatings, films and drug delivery systems.*” The valori-
zation of all lichen fractions could be addressed following a
biorefinery concept, giving added value to the wastes from
lichenic acid extraction. Conventional polysaccharide extrac-
tion with alkaline or acidic hot water may present the draw-
backs of using aggressive chemicals and, in some cases, of
being time and energy consuming and causing polysaccharide
degradation. The desire to reduce the use of contaminant solu-
tions and to increase energy efficiency has led to the emer-
gence of new extraction techniques, based on using greener
solvents, such as ionic liquids or natural deep eutectic solvents
(NaDESs), and intensification strategies, such as ultrasounds
or microwaves. Microwaves are electromagnetic waves with a
frequency ranging from 0.3 to 300 GHz, usually 2450 MHz.
These nonionizing radiations heat samples through two
mechanisms: the dipolar rotation and the ionic conduction.
Contrary to the conventional heating techniques via conduc-
tion and convection, the heat transfer with microwaves occurs
from the inner part of the sample to the exterior, leading to
much faster heating. The increase in pressure in the raw
material cells due to water evaporation can also lead to their
disruption, more easily releasing metabolites and increasing
the extraction yields.®'° The reduction in heating time, even at
low power, and the high extraction yields make it a sustainable
technology. However, the efficiency of microwave-assisted
extraction depends on the choice of the solvent used. It should
be able to absorb microwaves (high dielectric constant) but
also dissipate energy into heat (high dielectric loss factor).'!
Water is considered as a good solvent for microwave heating.
However, in the past few decades, it has been observed that
eutectic solvents can be even better, reaching higher tempera-
tures in a much shorter time than water.">'®* NaDESs are sol-
vents made of two or three primary or secondary plant metab-
olites, mainly sugars, polyols, amino acids and organic acids.
Mixed, they establish hydrogen bonds that lower the overall
melting point of the system, making them liquid at a much
lower temperature than each compound independently. They
are called “deep” when their eutectic point temperature is
lower than that of the ideal liquid mixture.’* In function of
their chemical composition, they can be classified into 5
different categories.'>'® They are usually prepared by heating
and stirring, or freeze-dried after dissolution, but microwave
and ultrasounds have been more recently used to reduce the
preparation time.'” " These solvents raised an increasing
interest in the last decade for the expected low toxicity, rela-
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tively low cost, easy and rapid preparation, low melting point,
high boiling point, selectivity and high dissolving
capacity.>*® They are considered to be a safer, less expensive
and biodegradable alternative to ionic liquids. Originally
hydrophilic, some hydrophobic ones have now been produced,
as well as, more recently, supramolecular DESs, which are
DESs integrated into macrocyclic molecules such as cyclodex-
trins.’® They have found a wide range of applications, from
functionalized material synthesis, energy (DES as a precursor
of graphene nanocomposites, or as an electrocatalyst or elec-
trolyte for battery applications), environmental remediation
(DES synthesis of nitrogen-doped carbon or porous nano-
materials for gas and wastewater contaminant adsorption),
biomedicine (gel sensors, drug solubilization and delivery
systems), biodiesel and chemical production to extraction and
fractionation.’®>* They have been indeed studied for the
extraction and fractionation of cellulose, hemicellulose and
lignin from biomass, with high yields.”>®* Moreover, their low
toxicity and beneficial properties such as plasticizers could
make them interesting to keep in final formulations after the
extraction.?*?® Some studies also highlighted the use of eutec-
tic solvents for the acetylation or cationization of sugars and
cellulose and as plasticizers for starch.'>?'* However, there is
a lack of studies on the impact of extraction with eutectics on
the mechanical properties and formulation of polysaccharides.
Usually, polysaccharides are extracted from biomass, washed
and dried to obtain a powder that can be afterward formulated
into films, by dissolving them in water, adding a plasticizer
and drying it. As presented in a previous work where menthol :
lauric acid was used in biphase with water to extract lichen’s
polysaccharides, the energy consumption of the formulation
of film was estimated to be 16.5 kW h (ref. 13) (5 h of freeze-
drying at 1300 W, heating and stirring at 70 °C for 2 h, 500 W
to dissolve the polysaccharides and drying the films in an oven
at 40 °C for 24 h, 1500 W with a duty cycle of 25%). Current
challenges regarding energy and resource consumption lead
us to redesign our production processes to make them more
efficient. Process intensification may be a way forward. As
some NaDESs are good solvents for biomass and exhibit plasti-
cizing effects, it has been hypothesized that new polysacchar-
ide-based materials with enhanced mechanical properties
might be obtained directly from the extraction. This combined
effect of eutectics as solvents and plasticizers at the same time
has never been studied yet. The elimination of some of the
typical steps for polysaccharide formulation would thus
improve the energy and time efficiency of film production. To
follow a biorefinery approach and upgrade all fractions of the
lichen, a particular focus was also placed on valorizing the
residual solid after the eutectic extraction by studying the pro-
duction of artificial humic substances (AHSs). AHSs are
complex heterogeneous, high-molecular-weight compounds
synthesized from biomass through an innovative hydrothermal
process called hydrothermal humification.>**> The AHS con-
ventionally consists of three fractions: humin (the solid frac-
tion), humic acid (the solid recovered from the base extract via
acidic precipitation), and fulvic acid (the liquid phase). AHS

This journal is © The Royal Society of Chemistry 2025
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mimics the natural counterpart contained in soil. Their
research is in its early stages, and there is an increasing inter-
est in their potential means of tackling soil-related issues in
agriculture.®® Indeed, thanks to their functional groups that
can complex and chelate minerals, they play a key role in
micronutrient transport within the soil and increase their
availability to plants.*®

The aim of this work was to evaluate the performance and
plasticizing properties of different eutectics for the microwave-
assisted extraction of cell-wall polysaccharides from the lichen
Evernia prunastri, how their composition influences the struc-
ture of polysaccharides and to what extent, they can change or
even improve their mechanical performance compared to
those extracted by hydrothermal microwave extraction. The
valorization of the residual solid after the eutectic extraction
through the production of high-value-added AHS was also
explored. The authors are not aware that similar works using
eutectics as extraction solvents and plasticizers to obtain
ready-to-use polysaccharides, with different mechanical pro-
perties in function of the eutectic used, have been explored.

2. Results and discussion

2.1. Eutectic solvent selection and characterization

The selection of eight eutectic solvents was done based on the
literature according to the following criteria. The first point
was the price of the eutectic solvents. To design the most cost-
effective process, the least expensive compounds were favored
whenever possible. The toxicity of the compounds used was
also taken into account seriously, not to exclude some poten-
tial applications, such as topical use. Particularly, choline
chloride is currently prohibited for cosmetic uses (EU
Cosmetic Regulation No. 1223/2009). It has also been exten-
sively studied in the context of eutectic solvents, and thus, was
excluded from this study. As the objective of this work was to
extract as much polysaccharides as possible and study how the
plasticizing properties of the eutectic solvents behaved on the
polysaccharides, eutectics with good extraction properties such
as acidic ones (with LA:Bet and OA:Pro) were selected, as
they were leading to interesting extraction yields of polysac-
charides from lignocellulosic materials,”>>’ as well as com-
pounds known for their plasticizing properties such as glycerol
and sorbitol.?” Lastly, particular interest was paid to betaine.
Indeed, as a zwitterion, it could be thought that the ionic
interaction between betaine molecules would be much stron-
ger than the hydrogen bonds responsible for eutectic solvent
formation. However, the shielding of the positive charge by
methyl groups makes it an excellent hydrogen bond acceptor,
which is worth studying.’® Betaine is moreover a safe com-
pound, produced on an industrial scale from renewable
sources (by-product of sugar production), already used in
healthcare product formulations. However, OA:Bet, FA:Bet
and CA: Bet (after any kind of mechanical stress) turned into
solids. In addition, a LA:Pro mixture get colored even if no
heat was applied. It was, then, decided to continue working on
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Fig. 1 Visual appearance during the first selection of eutectic solvents
(OA: oxalic acid, Bet: betaine, Pro: proline, LA: lactic acid, CA: citric acid,
Sorb: sorbitol, FA: formic acid, Gly: glycerol).

OA: Pro, Sorb: Bet, LA: Bet and Gly: Bet. The visual aspect of
the solvents is displayed in Fig. 1.

The usually high viscosity of eutectic solvents can make them
difficult to manipulate. Indeed, the NaDES presented high resis-
tance to flow, especially OA : Pro and Sorb : Bet with shear viscos-
ities at 25 °C higher than 1000 Pa s and 100 Pa s, respectively
(Fig. 2). For this reason, water (in a molar ratio of 5) was required
to be added to the aforementioned systems. The molar ratios of
0.8, 2, 8 and 9.2 were also tested, but 5 molar was the lowest
water amount for which an acceptable viscosity was reached for
all solvents. A strong impact of temperature on the viscosity
typical for ionic solvents was observed. The addition of water
lowered the influence of temperature on the viscosity and
caused its decrease up to 0.03 Pa s for LA : Bet and Gly: Bet and
up to 0.1 Pa s for OA: Pro and Sorb : Bet (Fig. 2). Although the
addition of water in eutectic solvents is widely used to solve the
viscosity issue, a too high amount of water can lead to obtaining
a solution instead of a tertiary system. DSC and FTIR spectra
were performed to study whether a tertiary eutectic system or a
dilution was obtained after the addition of water.

DSC heating and cooling thermograms of the eutectics with
(dash) and without (continuous) water are displayed in Fig. 3A
and B. (Note that OA: Pro: H,0 was not homogeneous at less
than 35 °C, so only the DSC analysis of OA:Pro was per-
formed. Hence, the results are not demonstrated for this
solvent.) All systems exhibit the typical glass transition specific
to eutectic solvents, characterized by a change in the heat
capacity, at —45.2 °C, —74.7 °C, —23.4 °C, and —25 °C, respect-
ively, for LA : Bet, Gly: Bet, OA: Pro and Sorb : Bet. As observed
by ref. 39 and 40, these glass transition temperatures shifted
to lower temperatures (—83.5 °C, —96.5 °C and -74.8 °C,
respectively) when water was incorporated into the binary
NaDES. The drop in phase transition temperature of these
eutectic solvents with the addition of water can be explained
by the plasticizing effect of water.*" Water hydroxyl groups
interact with those of the solvent, destabilizing its supramole-
cular structure and increasing the mobility of the compounds,
resulting in a decrease in the glass transition temperature.*” In
addition, no thermal effect from separate components was
observed, meaning that tertiary eutectic solvents were indeed
obtained by the addition of water.>**?

The FTIR spectra of the different solvents with (dash) and
without (continuous) water are shown in Fig. 3C. Regardless of
the presence of water, all solvents have the same characteristic
peaks. For lactic acid and betaine, C=O0 stretching of the lactic
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acid carboxyl group at 1725 ecm™' and COO~ asymmetric

stretching of betaine at 1612 cm™", C-N stretching from the
quaternary ammonium group of betaine at 1124 cm™" and C-
O stretching at 1035 and 1208 cm™" of the hydroxyl and car-
boxyl groups of lactic acid, respectively, were described by
Tang Weiwei 2019. For glycerol and betaine, the peak at
1040 cm™" may be due to the C-O stretching vibration of the
hydroxyl group of glycerol, the C-N stretching vibration at
1112 em™', C-O stretching at 1241 cm™" and COO™~ asymmetric
stretching at 1622 cm™" and symmetric stretching at 1335 and
1393 cm™" for betaine.** The C-O stretching vibration of sorbi-
tol hydroxyls is observed at 1042 cm™', and C-N, C-O and
COO™ stretching at 1126, 1239 and 1618 cm™" for betaine.
Regarding oxalic acid and proline, C=O stretching of the car-
boxyl group of oxalic acid and proline can be seen at 1718 and
1614 cm™', C-N stretching of amine from proline at 1037 and
1091 ecm™" and C-O stretching of the carboxyl group of oxalic
acid at 1208 cm™". The addition of water broadens the peak at
3000-3500 cm™*, the region for the OH group vibration. Some
shifts in characteristic peaks are also observed after the
addition of water. The most obvious ones being shifts from
1208 to 1217 em™' and from 1208 to 1220 cm™" of the C-O
stretching vibration of oxalic acid and lactic acid probably due
to changes in hydrogen bonds associated with the addition of
water.”> The microwave heating profiles (40 W, 1 min) of the
different eutectic solvents (0.8 g) with (dash) and without (con-
tinuous) water are displayed in Fig. 3D. As ref. 43 and 46 also
observed, there is a decrease in the microwave heating
efficiency with the addition of water in the eutectic solvents.
All eutectics (binary and tertiary) exhibit a much higher overall

6496 | Green Chem., 2025, 27, 6493-6511

heating rate than water only, making them efficient solvents
for microwave heating. Even though eutectics without water
reach a much higher final temperature than those with water,
two strongly different trends can be observed on their heating
profiles. At the beginning, all the eutectics with water have a
higher heating rate. They reach 80 °C in less than 30 seconds,
whereas binary NaDES reach only 35-45 °C. However, tertiary
eutectics face a drastic decrease in their heating rate and only
reach 100 °C after 1 min, when binary solvents face an increase
in their heating rate and can reach up to 140 °C. Exception is
made for OA:Pro:H,O that, even facing a decrease in its
heating rate, still reaches 160 °C. This behavior may come
from the high value of the Kamlet-Taft dipolarity/polarizability
(m*) parameter presented in Table 1. It means that the electron
distribution can be easily distorted by an external electric
field, leading to an increase in the dipolar rotation mecha-
nism. Gonzalez-Rivera et al. (2021)"? also studied the micro-
wave absorption behaviour of a eutectic made with oxalic acid
(ChCl: 0A), as they observed particularly good extraction pro-
perties for this solvent. They showed that the microwave
response of the eutectic was increasing with the increase in
the microwave power, indicating its good microwave absorp-
tion properties. This high absorption power was also associ-
ated with the high dipolar/polarization of the solvent, corre-
lated with a high =n*. Second, the potential formation of
oxalate anions may increase the ionic conduction, resulting in
a higher heat generation. The low heating rate of the binary
solvents at the beginning may be explained by their very high
viscosity (Fig. 1). A too high viscosity may result in slower
heating, as molecular movements and heat dissipation are

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 DSC heating (A) and cooling (B) profiles of different eutectic solvents s without (continuous) and with (dash) water. The temperature indi-
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Table 1 Kamlet—Taft parameter values of different solvents

Solvent Enr T a p

Water 48.62 1.100 1.140 0.475
LA:BET:H,0 49.29 1.142 0.967 0.550
GLY:BET:H,0 48.87 1.184 1.032 0.575
SORB: BET: H,0 48.96 1.057 1.094 0.718
OA:PRO:H,0 44.67 1.472 1.762 0.228

more difficult than in systems with lower viscosity. However, as
shown in Fig. 2, the shear viscosity of binary eutectics drasti-
cally decreases with the increase in temperature, which may
explain the increase in their heating rate after reaching
50-60 °C. However, many factors can positively or negatively
affect the ability of solvents to absorb microwaves (character-
ized by the dielectric constant) and dissipate the energy as
heat (characterized by the dielectric loss). The large difference

This journal is © The Royal Society of Chemistry 2025

in the solvent heating rate with and without water after 30 s is
probably due to a combination of these factors. Indeed, the
addition of water is likely to increase the specific heat capacity
of the system, resulting in a slower heating rate. Moreover,
water may disrupt the hydrogen bonds established between
the binary solvents, reducing their dielectric properties.*®*”
Although the presence of water decreases the overall heating
rate of the solvents, it is required to improve their usability.

2.2. Influence of the eutectic solvents on the polysaccharide
extraction yield, composition and molecular weights

The different average molecular weights and the polydispersity
index (PDI) can give interesting information on the size and
heterogenicity of the extracted polysaccharides. Indeed, the
calculation of the number average molecular weight (M,) is
more influenced by low-molecular-weight polysaccharides,
while the weight average molecular weight (M) gives more

Green Chem., 2025, 27, 6493-6511 | 6497
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importance to high-molecular-weight ones. Moreover, the PDI
indicates how homogeneous are the polysaccharide molecular
weights; a PDI = 1 meaning monodisperse. In Fig. 4, a
different trend in M, (Fig. 4A), M,, (Fig. 4B) and PDI (Fig. 4C)
as a function of the solvent used can be observed.
Polysaccharides extracted with Gly:Bet: H,O have statistically
a significantly higher M, (5.25 x 10*-6.82 x 10*) and M,, (1.85
x 10°-2.33 x 10°) than those extracted with the other eutectics
(p-value of one-way ANOVA and Turkey tests <5%) and a homo-
geneous high polydispersity index (3.34-3.99). Polysaccharides
with a wide range of globally high molecular weights
were then extracted. On the contrary, M, and M,, of the poly-
saccharides extracted with OA : Pro: H,O and LA : Bet: H,O are
globally lower, respectively, between 2.40 x 10" and 4.18 x 10*
and 2.71 x 10 and 5.23 x 10" g mol™" for M,, and between 7.87
x 10" and 1.89 x 10° and 9.19 x 10* and 1.86 x 10> g mol " for
M,, (no statistical difference between the two solvents). The
use of acid eutectic solvents may enhance the hydrolysis of
the glycosidic bonds, leading to lower molecular
weight fractions.*®° These molecular weights are coherent
with the molecular weight of galactomannans and
glucans extracted from different types of biomasses.”’ >
Regarding the PDI, no statistical difference was observed
between the three solvents but the values were much more dis-
persed for LA:Bet:H,O and OA:Pro:H,0 than for
Gly: Bet: H,O, which has a relatively constant PDI with the
extraction temperature and time. To compare, water seems to
extract high-molecular-weight polysaccharides with less hetero-
genicity (for 120 °C, 25 min, M, = 5.58 x 10, M,, = 1.48 x 10°
and PDI = 2.66). Focusing on the maximum extraction yield of
each solvents, it can be observed that the use of
glycerol : betaine : H,O (120 °C, 15 min) yields relatively high-
molecular-weight polysaccharides with a high polydispersity
index (M, = 6.18 x 10% M, = 2.23 x 10°, PDI = 3.61),
LA : Bet: H,O (120 °C, 15 min) yields relatively low-molecular-
weight polysaccharides with high polydispersity index (M, =
2.91 x 10%, M,, = 1.093 x 10°, PDI = 3.74), and OA: Pro: H,O
(100 °C, 5 min) yields low-molecular-weight polysaccharides
with intermediate polydispersity index (M, = 3.21 x 10*, M,, =
7.87 x 10%, PDI = 3.12).
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Fig. 5 shows the evolution of the poly/oligosaccharide yield
and the composition of the different eutectic phases before
the ethanolic precipitation (A-D) and the yield and compo-
sition of the precipitated polysaccharides (E, F) as a function
of the solvents and the extraction conditions. For
Sorb : Bet: H,O after the addition of ethanol, the whole eutec-
tic extract formed a soft solid, which explains why no precipi-
tated polysaccharide yield is indicated. It is also important to
note that, even after washing the polysaccharides, there is an
amount of eutectic remaining, which confers unique mechani-
cal properties to the polysaccharides, but which also enters the
gravimetric extraction yield. It means that these yields give an
idea of the best extracting conditions but cannot be used for
comparisons among solvents. Data in Fig. 5A confirmed that
Sorb: Bet has the lowest polysaccharide and oligosaccharide
extraction yields, barely reaching 20% under the harshest con-
dition. These low yields coincide with the high amount of
residual solid recovered. The yields of polysaccharides and
oligosaccharides in the liquid phase (A-D) and precipitated
form (E, F) for the three other eutectics exhibit similar beha-
viors. LA:Bet: H,O and Gly:Bet: H,O exhibit similar trends
with the increase in the extraction yield with time and temp-
erature, reaching maximum polysaccharide and oligosacchar-
ide yields in the liquid phase of, respectively, 48.88 + 0.59 g
per 100 g lichen and 35.26 + 0.26 g per 100 g lichen at 120 °C
during 25 min, and a maximum precipitation of, respectively,
35.93 and 32.93% at 120 °C and 15 min. Interestingly,
OA:Pro:H,O has a very different behavior, reaching its
maximum polysaccharide and oligosaccharide yields in the
liquid phase at 80 °C and 25 min (51.06 + 1.23 g per 100 g
lichen) and 100 °C and 5 min (50.49 + 2.32 g per 100 g lichen)
and its best precipitated polysaccharide yield (44.31%) at
100 °C, 5 min. These yields are in the same range as those
obtained by hydrothermal microwave-assisted extraction at
180-200 °C during 5 min.>® The use of these eutectic solvents
allows for an increased extraction yield of polysaccharides at
low temperatures, better preventing them from degradation. It
is also interesting to observe the evolution of the glucan/galac-
tomannan percentage in the eutectic phases. Although the
extraction conditions do not appear to impact the glucan
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content, which remains relatively constant, galactomannans
are more challenging to extract. They are indeed more effec-
tively extracted at higher temperatures and longer extraction
times for Sorb:Bet:H,0, LA:Bet:H,0 and Gly: Bet: H,O.
Once again, the use of OA:Pro: H,O reduces the temperature
and extraction time needed to extract galactomannan. The very
low yield of precipitated polysaccharides at 120 °C, 15-25 min
with OA:Pro:H,0 is adequate to the analysis of the liquid
phases, where almost no polysaccharides and oligosaccharides
were identified, whereas formic acid, acetic acid, levulinic acid
and hydroxymethyl furfural were detected. This means that
during this experiment, glucose, galactose and mannose are
degraded into hydroxymethyl furfural and then into levulinic
acid and formic acid.”® Note that formic acid can also be pro-
duced by the degradation of oxalic acid, which can explain its
particularly high amount at 120 °C. This also demonstrates the
high hydrolyzing power of the eutectic OA: Pro:H,0, which
makes it possible to extract a high amount of saccharides at
low temperatures but lead to significant degradation under
harsher conditions. Polymers with a maximum yield were
selected for further characterizations. First, their monosac-
charide composition was determined by performing an acid
hydrolysis followed by an HPLC analysis. The results are dis-
played in Fig. 5F. All polysaccharides are mainly composed of
glucans and galactomannans (mannose backbone with galac-

This journal is © The Royal Society of Chemistry 2025

tose ramifications, whose M/G ratio varies), the main cell-wall
polysaccharides of Evernia prunastri. However, the proportion
of glucose, galactose and mannose varies as a function of the
solvent use. Polysaccharides extracted with water and
Gly: Bet: H,O have the highest glucose content and an almost
similar galactose and mannose content, which would mean
that the galactomannans have an M/G ratio of almost 1. On
the contrary, for polysaccharides extracted with LA:Bet: H,O
and OA: Pro: H,O, glucose and galactose are detected in lower
amounts than mannose. The high M/G ratio may be due to the
degradation of galactose units due to a stronger action of these
two solvents. This can also explain why the polysaccharides
extracted with LA:Bet:H,O and OA:Pro:H,O have a lower
molecular weight than those extracted with Gly: Bet : H,O. The
M/G ratio affects many properties of the galactomannans, such
as their solubility and their rheological properties. Modulating
this ratio can thus be interesting. Since glucans are good at
forming gels and galactomannans better at forming films,
their different proportions can also influence the final
mechanical properties of the dried material.

2.3. Influence of the eutectic solvents on the
polysaccharides’ mechanical properties

As the mechanical properties of polysaccharides are highly
dependent on their molecular weight and polydispersity, the

Green Chem., 2025, 27, 6493-6511 | 6499
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viscoelastic properties (frequency sweep rheological test) of the
precipitated polysaccharides, washed and centrifuged, before
drying, were measured. Usually, higher molecular weights
mean more chain entanglement, and thus higher viscosity,
tensile strength and elastic modulus,®® while a high polydis-
persity index means higher flexibility and mobility of the
chains. This can be observed in Fig. 6. Water and
Gly: Bet: H,O, which give the highest molecular weights and
galactose ramifications, also exhibit the highest elastic
modulus (higher than 10 000 Pa). They both exhibit gel visco-
elastic properties with an elastic modulus (G’) much higher
than the viscous one (G") invariant with the frequency. On the
contrary, OA:Pro:H,0 and LA:Bet:H,0 exhibit weaker
elastic properties with a closed modulus, respectively, around
5000 Pa and 1000 Pa, increasing with the frequency.

After drying in an oven at 50 °C, the polysaccharides had
very different visual aspects and mechanical properties. The
one extracted with Gly:Bet:H,O being still flexible and
elastic, followed by the one extracted with LA:Bet: H,0, still
flexible but more viscous and stickier. However, dry polysac-
charides extracted with OA:Pro:H,O were hard breakable
solids. To further study the discrepancies in the mechanical
properties of the polysaccharides, a tensile test was performed.
The sample preparation for this test was a bit complicated as
low quantities were used and as all polysaccharides were very
different. A tensile tester used was not optimal for our small
samples but can give an interesting first overview of the
mechanical properties of each material. As observed in Fig. 7,
polysaccharides extracted with both Gly:Bet:H,O and
OA:Pro:H,O present an almost elastic deformation of,
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Fig. 7 Tensile test performed on the dried polysaccharides extracted
with lactic acid : betaine : water at 120 °C for 15 min (black), glycerin:
betaine : water at 120 °C for 15 min (blue) and oxalic acid : proline : water
at 100 °C for 5 min (pink).

respectively, 94% and 24%, an ultimate tensile strength of 16.7
and 5.7 MPa and a Young modulus of 20.6 and 12.1 MPa.
However, the material obtained with LA:Bet: H,O presents a
wide uniform plastic deformation of 245% but is much less
resistant, with an ultimate tensile strength of 3.7 MPa and a
Young modulus of 9.9 MPa. These results show that the
mechanical properties of the dried materials are strongly
impacted by the choice of the solvent. It could therefore be
envisioned to tailor these properties by choosing the eutectic
mix as a function of the application desired for the material.
The plasticizing power of some eutectic solvents due to their
ability to form hydrogen bonds with polysaccharides has been

100000 ¢ LA:Bet
10000 &
AA
ahAA
1000 | aaanasst
anst
100
10
1
1 10 100
Angular frequency (rad/s)
AG'[Pa] AG"[Pa]
100000 ¢ OA:Pro
10000 ¢
1000 &
100 ¢
10 &
1 N ;
1 10 100

Angular frequency (rad/s)
G'[Pa) G" [Pa]

Fig. 6 Frequency sweep of the polysaccharides extracted with water at 120 °C for 15 min (green), lactic acid : betaine : water, 120 °C for 15 min
(black), glycerin: betaine : water, 120 °C for 15 min (blue) and oxalic acid : proline : water, 100 °C for 5 min (pink) after ethanolic precipitation and

centrifugation, before drying.
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already observed.*”>” However, the authors are not aware that
such a strong combined effect of eutectics as solvents and
plasticizers on the mechanical properties of polysaccharides,
directly during the extraction, has been already demonstrated.
Many works study eutectic solvents for the extraction of hemi-
cellulose, or polysaccharides, but obtaining dried powder that
still has to be formulated.*® ®° The advantage of this process is
the elimination of the drying and formulation steps usually
required after the extraction of polysaccharides with water.
Since drying is an energy-consuming operation, the sustain-
ability of the processes using eutectic solvents should be
emphasized. These flexible materials were obtained after only
one drying step at 50 °C for 24 h (1500 W, estimated duty cycle
of 30%). The total energy consumption to obtain this material
was then 10.8 kW h, in 24 h, with no additional use of water.

2.4. Eutectic solvent discrepancies in extraction efficiency

To better understand the effect of the different eutectic solvents
on the raw material, a SEM analysis was performed on the raw
material and on the different residual solids (Fig. 8). Even if the
lichen structure has been studied since the second half of the
20th century, their exact composition and the function of all
their metabolites remain unknown. It is however well established
that they are composed of an outer layer called cortex (inferior or
superior) made of tightly packed fungal filament cells (hyphae)
embedded in an extracellular matrix of extracellular polymeric
substances (EPS), an algal layer and the medulla, made of loosely
interlaced hyphae.®*®” Although the cell-wall polysaccharides
that composed the fungal hyphae are mainly glucans, galacto-
mannans and chitin, the composition of the EPS is still unclear.
Polyuronic acids, glucans, heteropolysaccharides, pigments, phe-
nolic compounds, lipids and proteins, secreted by both myco-
bionts and photobionts, should compose it.®® The structural
composition of the milled raw material can be seen in Fig. 8A.
Hyphae from the medulla and fragments of the cortical hyphae
embedded in the extracellular matrix can be identified. It is then
interesting to compare the different residual solids to under-
stand which compounds were extracted by the different eutectic
solvents. First, it seems that free hyphae from the medulla are

Fig. 8 SEM images of (A) raw lichen, (B) residual solid after extraction
with LA : Bet: H;0O, (C) residual solid after extraction with Gly : Bet : H,O,
(D) residual solid after extraction with OA: Pro:H,O, (E) residual solid
after extraction with H,O, and (F) residual solid after extraction with
LA : Bet: H,0, at 120 °C for 15 min.

This journal is © The Royal Society of Chemistry 2025
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extracted with LA:Bet:H,0, Gly:Bet:H,0, OA:Pro:H,0 and
water but still remain in the residual solid of the Sorb : Bet: H,O
extraction. Moreover, it seems that LA: Bet: H,O, Gly: Bet: H,O
and water extracted some part of the extracellular matrix, making
the embedded hyphae visible. This phenomenon is even more
visible with OA:Pro:H,0, where almost no EPS seems to
remain. This observation is reinforced by the previously dis-
cussed extraction yield and the weight of residual solid recovered,
the larger amount being for Sorb: Bet: H,O, followed by water,
Gly: Bet: H,0 and LA:Bet:H,0 and then OA:Pro:H,0.*® An
increase in the extraction of lignocellulosic materials with eutec-
tic solvents, especially acidic ones, is also observed. Indeed, the
carboxylic acids may destroy the biomass cell wall interacting
with carbohydrate’s hydroxyl groups.

To understand the discrepancies in extraction yields and
residual solid appearance between the different solvents used,
the Nile Red polarity parameter Eng and Kamlet-Taft para-
meters, namely the dipolarity/polarizability (x*) and the hydro-
gen bonding acidity and basicity (a,f), were determined using
a solvatochromic scale empirical technique. Nile Red, 4-nitroa-
niline and 4-nitroanisol dyes were used for this purpose.
Reichardt’s dye is more commonly used, but, as it lost its
absorbance band when protonated in an acidic medium, Nile
Red was chosen instead.’® n* gives indication on dispersion
and electrostatic interactions between the solvent and the
solute, while @ and g indicate the solvent ability to, respect-
ively, donate or accept a proton to form a hydrogen bond with
a solute. These parameters are presented in Table 1. It is inter-
esting to observe that OA:Pro:H,O has Kamlet-Taft para-
meters particularly different from those of the other solvents.
When n* varied from 1.057 to 1.100 for water, LA: Bet: H,O
Gly: Bet: H,O and Sorb: Bet: H,O, it has a value of 1.472 for
OA : Pro: H,O. The same trend is observed for «, which is the
highest for OA:Pro:H,O0 with 1.762 and between 0.967 and
1.140 for the other solvents. On the contrary, OA: Pro:H,0O
exhibits the lowest g value, 0.228 against 0.475-0.718 for the
other. The Kamlet-Taft parameters have been correlated with
the extraction rate of lignocellulosic materials. Some
works”®7? found that hydrogen bonds acidic solvents with
high n* and « lead to a higher delignification rate due to the
higher hydrogen bonds donating ability and the release of
H'.”®> This could also explain why polysaccharides are
degraded at a higher extraction temperature and time with
OA.*®7%75 The role of oxalic acid in the esterification of
hydroxyl groups is also underlined. OA:Pro:H,0 and
LA :Bet:H,O might form ester bonds with cell-wall polysac-
charides, helping to break the lichen’s structure and enhan-
cing the polysaccharide extraction. On the FT-IR spectrum of
the  polysaccharides  extracted  with  Gly:Bet:H,O,
LA : Bet: H,O and OA: Pro: H,O (ESI 11), we can observe some
characteristic peaks of the solvents, highlighting their pres-
ence in the polysaccharides. As all polysaccharides were
washed with ethanol 70%, these peaks may mean that the
eutectics bonded with the polysaccharides through hydrogen
bonds or maybe ester bonds for LA:Bet:H,O and
OA: Pro: H,O0.
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2.5. Eutectics after microwave

Lastly, the potential chemical reactions or degradations that
the different eutectics could undergo at the best extraction
yield were briefly studied. To do so, LA:Bet:H,O and
Gly : Bet: H,0O without lichen were heated at 120 °C for 15 min
and OA : Pro : H,O at 100 °C for 5 min. *H NMR and FTIR were
then performed on the solvents (Fig. 9A.1-3 and B). No discre-
pancies in the FTIR and NRM spectra of LA:Bet:H,O and
Gly:Bet:H,0O are observed, but the FTIR spectra of
OA:Pro:H,0 before and after microwave presented some
differences in peak shapes and intensities, which could high-
light bond network reorganization in the eutectic during
heating. The reduction of the broad peak at 3400 cm™
ponding to OH group vibration seems to indicate that water
evaporated.'” It was found that, for the ChCl: OA solvent, the
step at which water was added (before or after the eutectic for-
mation or using dehydrated OA) had a strong impact on the
water evaporation peaks in TGA thermograms. The lowest
temperature was obtained when water was added after the
eutectic formation (which is the case here), probably meaning
that weaker bonds were created. This could explain the water
evaporation that occurred during the heating of this eutectic.
New peaks also seem to appear on the OA:Pro:H,0O NMR
spectra, which may mean that some reactions occurred,
leading to the production of some reaction products. The
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smell and coloration of Gly: Bet : H,O after heating is probably
due to the apparition of some Maillard compounds. The smell
being attributed to small nitrogen-containing molecules such
as pyrazine or Amadori and Heyns compounds; the color, to
melanoidins.”® In small quantities, these compounds are
difficult to identify in NMR and FTIR spectroscopy, which can
explain why it seems to have no difference in the spectrum
before and after heating. However, the synthesis of a low quan-
tity of melanoidins would not be necessarily a problem.
Indeed, melanoidins have been found to exhibit antioxidant
and antibacterial properties.”” If some of these compounds are
caught in the eutectic and polysaccharides, they might confer
some bioactivity to our material. This suggests that
LA:Bet:H,0 and Gly:Bet:H,0 may be recycled for other
extractions. However, a much more comprehensive recyclabil-
ity study should be performed to investigate the purification of
the eutectics after use, the recovery of the ethanol used to pre-
cipitate the polysaccharides, and the number of extractions the
same solvent can be used for.

2.6. Valorisation of the residual solid into artificial humic
substances (AHSSs)

Since the polysaccharides extracted with Gly:Bet:H,O pre-
sented the best mechanical properties, the residual solid from
this extraction (around 50% of the initial mass of lichen) was
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Fig. 9 1H NMR spectra of LA : Bet : H,O (A.1), Gly : Bet: H,O (A.2) and OA: Pro : H,O (A.3) after microwave, and their FTIR spectra (B).
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Table 2 Elemental composition (O computed by difference), H/C, O/C atomic mass ratios, fixed carbon + ash content (FC + A), and yields of the
raw lichen and the residual solid after extraction with Gly:Bet: H,O at 120 °C for 15 min and of their corresponding humin and humic acid.

Experiments were performed at least in duplicate

C (%) H (%) N (%) 0 (%) H 9 FC + A (%) Yield (%)
Raw lichen (L) 40.8+0.1 5.9+0.1 1.6+ 0.3 51.7 0.5 1.7 1.0 26.4
Humin (L) 62.3+0.0 5.7 £ 0.0 2.0 £0.1 30.0 £ 0.1 1.1 0.4 45.1 16.5 £2.6
Humic acid (L) 57.6+0.1 5.7 0.1 1.7 £ 0.0 35.0 £ 0.2 1.2 0.5 34.9 3.7 £0.0
Residual solid (RS) 42.0+ 0.3 6.7 £0.1 1.3+0.1 50.0 £ 0.5 1.8 0.9 15.0
Humin (RS) 37.2+1.2 4.0+0.2 1.5+0.1 573+ 1.5 1.3 1.2 52.7 4.9£0.6
Humic acid (RS) 57.0 £ 0.0 6.2 + 0.0 2.1+0.0 34.7+ 0.0 1.3 0.5 33.2 3.2+0.5

selected to explore its conversion into AHSs via hydrothermal
humification (HTH). As a comparison, raw lichen was also
used for humification. The three different fractions of the AHS
were studied, referred to humin (HU), humic acid (HA) and
fulvic acid (FA). Table 2 summarizes the compositions and
mass yields of the recovered solid phases. After HTH, the HU
yield is 16.5 and 4.9% for the raw lichen and the residual
solid, respectively. This indicates that the residual solid has a
higher tendency for solubilization than its parent substrate.
This phenomenon can be attributed to eutectic extraction,
which serves as a pre-treatment stage for the lichen, weakening
the lignocellulosic intramolecular bonds and facilitating
further solubilization in the hydrothermal environment. In
contrast, the yield of HA shows slight variation between the
two substrates, with values of 3.7% and 3.2% for the raw
lichen and the residual solid phase, respectively. Therefore,
despite the eutectic stage, the absolute number of precursors
for the HA likely remains similar, and the residual solid has,
then, a higher conversion efficiency towards the HA (since the
previous extraction with eutectic removed part of the hemi-
cellulose). The C content passes from 40.8-42.0% for the start-
ing substrate to 57.0-57.6% for the resulting HA, indicating a
carbon-densification mechanism. The subsequent reduction
in both the H/C and O/C atomic ratios from the initial sub-
strate to the HA (reaching 1.2-1.3 and 0.5, respectively) indi-
cates that the substrates undergo a loss of hydrogen, i.e. dehy-
drogenation, likely accompanied by increased aromaticity.
Indeed, during the conversion, the initial substrate (either the
lichen or the residual solid) undergoes hydrolysis, with carbo-
hydrates subsequently converted into carboxylic acids through
retro-aldol splitting reactions, which neutralize the base and
promote the formation of furan derivatives.** Due to the pH
drop, these furan derivatives subsequently repolymerize with
carboxylic acids, leading to the formation of the humic acid.
DTG curves (Fig. 10A) confirm the higher thermal stability of
the HA, with the apparition of a decomposition peak shifting
from 325 °C for the starting substrate to ~435 °C. The
improved thermal stability is accompanied by an increase in
fixed carbon, which achieves 33.2-34.9%. Generally, the
improved carbon-densification and thermal stability are indi-
cators of recalcitrance (i.e., capacity of not being attacked by
the microbial community in soil) and, thus, the potential for
stability in soil. The presence of a decomposition peak at 280
and 295 °C, respectively, for HA L22 and HA RSL24 might be

This journal is © The Royal Society of Chemistry 2025

related to a remaining fraction of degraded cellulose, which
has a lower thermal stability than the initial material. These
trends are also observed for the HU, the most recalcitrant frac-
tion in natural soil,”® with the increase in fixed carbon to
45.1-52.7% for H L22 and H RSL24 and a decrease in H/C
ratio to 1.1-1.3, respectively. Similar DTG profiles to those of
HA are observed, with the same peak at 435 °C, indicating an
increase in thermal stability compared to the raw material.

The FTIR spectra of the raw lichen, H L22, HA L22, H
RSL24 and HA RSL24 are displayed in Fig. 10B. All spectra pre-
sented the broad absorption band around 3400 cm™" from the
-OH stretching vibrations in alcohols, phenols and
water.>>”9®! The signals at 2920 and 2850 cm ™", probably due
to the symmetric and asymmetric CH; and CH, vibrations in

1

aliphatic groups, are also observed in all spectra but with a
higher intensity in HA RSL24, H RSL24 and H 122.**79% A
shoulder around 1670 cm™" due to carboxylic acid carbonyl
groups is much more pronounced for H and HA L22 than for
H and HA RSL24. The signal at 1730 cm™" which may be due
to the C=0 stretching vibration in hemicellulose is reduced in
H/HA RSL24, which is coherent as hemicellulose was pre-
viously extracted with the eutectic solvent.””®® A decrease in
carbohydrate signals at 1150 cm™" (C-O-C) and 1020 cm ™" (C-
O stretching) in H/HA RSL24 compared to the raw lichen
agrees with the removal of carbohydrates during the eutectic
extraction. This peak is particularly reduced in both HA, which
is coherent with the hydrolysis that occurred during the con-
version process.”’

FA is a mixture of lower molecular weight compounds com-
pared to humic acid, which is rich in carboxyl groups, phenols
and furans both in its synthetic and natural forms.>*®*"%* FA
has a broad unresolved 'H-NMR spectrum (Fig. 10C), as its
precise formulation remains unknown. FA from raw lichen is
dominated by organic acids, keto-acids and hydroxyl acids,
region 2-3 ppm (40%), short aliphatic structures below 2 ppm
(25%), phenolic and furfural derivatives between 6 and
8.5 ppm (20%), by oxygenated aliphatic protons from the de-
hydration intermediates of carbohydrates, region 3-4 ppm
(38%), short-chain aliphatic structures (37%) and organic
acids, keto-acids and hydroxyl acids (15%) for its residual
solid. Peaks in similar regions are observed in the 'H NMR
spectra of natural FA from sandstone debris.** As phenolic
compounds and hemicellulose were extracted during the pre-
vious treatment, it seems coherent that FA RSL24 has lower
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Fig. 10 (A) DTG curves of raw lichen, residual solid and their humin and

humic acid. (B) FTIR spectra of raw lichen, its humin and humic acid and

the humin and humic acid from the residual solid. (C) *H NMR spectra of the fulvic acids from raw lichen and from residual solid.

signals at 6-8.5 ppm, which comes from phenolics and furan
derivatives. However, signals below 2 ppm, coming from the
hydrothermal breakdown of primary biomass into low-mole-
cular-weight acids and aromatics, may be increased in FA
RSL24 as the biomass already suffer a treatment with the
eutectic solvent, making it easier to break down. This obser-
vation agrees with the lower amount of HU recovered using the
residual solid. The lower amount of small acids in FA
RSL24 might be due to their recondensation with furans and
phenolic compounds. Two-dimensional HSQC NMR was used
to analyze the CH, CH, and CH; groups (ESI 27). The analysis
of these spectra was well developed in previous works.”®#378>
Both spectra are very similar, with various signals for methyl
CH; (6C/6H: 10-25/0.5-1.5 ppm) and methylene CH, (§C/5H:
20-40/1-2 ppm), CH, linked to a carbonyl group (SC/5H:
30-40/2-3 ppm) and CHj esters, observed in lignin (§C/5H:
50-60/3.5-4 ppm). (§C/6H: 60-90/3-4 ppm) is the oxygenated
aliphatic region, where signals from intermediate and cyclic
carbohydrates can be seen. More signals seem to be observed

6504 | Green Chem., 2025, 27, 6493-6511

in this region for HA RSL24, which is coherent with the high
number of signals in the oxygenated aliphatic proton region in
the "H NMR. Lastly, the high number of signals observed in
the region (6C/6H: 110-140/6.5-8 ppm) are related to protons
from aromatic compounds (phenols, furans). Similar spectra
were obtained for artificial FA from Poplar bark.”®

Several technological applications of artificial humic sub-
stances have been developed by researchers. Their main one
being in agriculture, as a fertilizer synergist that helps
maintaining soil quality by retaining nutrients and water in
soil and by enhancing microbial activity.**®° They can
also have interest in remediation, to remove heavy metals
from wastewaters as they have high binding ability.’® The AHS
usually present a simpler structure than natural ones,
where the presence of microbial lipids or Amadori-like
amino acid condensates are observed as examples.®”!
However, artificial ones may still have a positive impact on
soil, justifying the increasing number of research on the
subject.

This journal is © The Royal Society of Chemistry 2025
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3. Experimental

3.1. Materials

Evernia prunastri has been collected in Galicia, Spain, in
December 2023, dried in an oven at 40 °C and milled
(<0.5 mm). A voucher specimen, identified in 2023 by Prof.
Maria Eugenia Lopez de Silanes (University of Vigo, Spain),
can be found at the Herbarium SANT (SANT-Lich 12461-A)
(University of Santiago de Compostela, Spain). A previous etha-
nolic extraction in Soxhlet has been performed to remove the
lichenic substances.

3.2. Eutectic solvent formation

Lactic acid:betaine (2:1) (LA:Bet), glycerin:betaine (2:1)
(Gly : Bet), p-sorbitol : betaine (1:1) (Sorb: Bet) and oxalic acid :
proline (1:1) (OA : Pro) were synthesized dissolving the two com-
pounds in ultra-pure water and freeze-drying them. They were
then diluted with water to reach the molar ratios (2:1:5) for
lactic acid:betaine (LA:Bet:H,0) and glycerin:betaine
(Gly:Bet:H,0) and (1:1:5) for  p-sorbitol: betaine
(Sorb : Bet : H,0) and oxalic acid : proline (OA: Pro : H,0). Other
solvents were tested but were unstable or never formed a homo-
geneous mixture. It was the case for oxalic acid : betaine (1:1)
(OA : Bet), lactic acid : proline (2 : 1) (LA : Pro), citric acid : betaine
(1:1) (CA: Bet), and formic acid : betaine (2 : 1) (FO : Bet).

3.3. Microwave-assisted extraction

Microwave-assisted extraction was performed in a CEM
Discover SP microwave at 80, 100 and 120 °C during 5, 15, and

i
' Milled E
s 4

vernia prunastri

Lactic acid:Betaine:H,0
Glycerol:Betaine:H,0
Sorbitol:Betaine:H,0

Oxalic acid:Proline:H,0

H,0

Pressurized microwave extraction

FTIR
DSC

View Article Online

Paper

25 minutes at a maximum power of 30 W. Control extractions
were performed with water at 80 and 100 °C during 25 min
and at 120 °C during 15 and 25 min (maximum power = 90
W). The samples were centrifuged at 9000 rpm for 10 min, and
two weights of ethanol absolute were added to the liquid
phase. The samples were centrifuged at 9000 rpm for 5 min
and kept at 4 °C overnight to recover the cell-wall polysacchar-
ides. They were washed with ethanol at 70% (v/v) before drying
in an oven at 50-55 °C. The residual solid was washed with
water and ethanol (70% v/v), freeze-dried and stored for
further analyses (Fig. 11).

3.4. Synthesis of artificial humic substances (AHSSs)

Raw lichen and washed residual solid after the eutectic extrac-
tion with Gly:Bet: H,O were used to produce AHSs via the
same alkaline hydrothermal process used by Volikov et al
(2024).7°

Around 1-2 g of milled lichenic material (<0.5 mm) was
mixed with KOH in deionized water at a biomass-to-water ratio
of 0.3. The reaction mixture was placed in 30 mL pressurized
reactors with polytetrafluoroethylene cups (Parr, Moline, IL,
USA). The reactors were then heated at 220 °C in an oven for
4 h of residence time (starting after the heating phase of
25 min). Different KOH concentrations (from 10 to 50%) were
tested to find that leading to a neutral pH at the end of the
process. The KOH concentration (%KOH), defined as the per-
centage of KOH relative to the initial substrates on a mass
basis, was set at 22% for the residual solid and 24% for raw
lichen. After cooling down, the mixture was diluted with de-
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Fig. 11 General scheme of this work.
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ionized water and centrifuged at 9000 rpm for 10 min, and the
solid residue (i.e., humin) was recovered after drying at 80 °C.
Then, the pH of the liquid phase was adjusted to 1.5 using
HCL to recover a further solid phase, called humic acid. After
centrifugation (9000 rpm, 10 min), humic acid was recovered
and dialyzed in 3.5 kDa cellulose membrane against deionized
water for one week before being freeze-dried. Fulvic acid (FA)
was recovered from the acidic solution with a Bond Elut PPL
cartridge (Agilent, USA, 200 mg sorbent). The cartridge was
activated with methanol and washed with deionized water
before passing the acid solution. It was then dried under press-
urized air stream. FA was recovered by passing methanol
through the cartridge and then evaporating it in a rotary
evaporator.

3.5. Analytical techniques

3.5.1. FTIR spectroscopy. The samples were analyzed using
a Thermo Fisher Nicolet iS5 spectrometer between 400 and
4000 cm™', with the OMNIC software for data processing
(Thermo Fisher Scientific GmbH, Schwerte, Germany).

3.5.2. NMR. "H NMR (1 second delay, 64 scans) was per-
formed on eutectic solvents dissolved in D,O in a Bruker
Ascend 400 MHz equipment. "H (1 second delay, 64 scans)
NMR and 2D NMR (2 seconds delay, 32 scans, 'H-'*C
Multiplicity Edited Gradient HSQC method) analyses of the FA
dissolved in d-DMSO were performed. Spectra were divided
into 5 main regions: short-chain aliphatic structures (<2 ppm),
organic acids, keto-acids, and hydroxyl acids (2-3 ppm), oxyge-
nated aliphatic protons from the dehydration intermediates of
carbohydrates (3-4 ppm), alkanes (4.5-6 ppm) and phenolic
and furfural derivatives (6-8.5).”%%> The relative percentage of
peak area in each region was calculated by dividing the area of
the region by the total peak area. The data were processed
using the Mestrenova software.

3.5.3. DSC-TGA. Differential scanning calorimetry analysis
was performed using a NETZSH DSC 204 (NETZSCH, GmbH,
Selb, Germany) under a N, atmosphere. Heating and cooling
cycles were realized between 25 °C and —150 °C (10 K min™")
to determine the glass transition temperature (Tg) of the
samples.

Thermogravimetric analysis was performed using a
thermos-microbalance TG 209 F1 Libra (Netzch, Selb,
Germany) under a N, atmosphere. Then 10 mg of sample in a
platinum crucible was heated from 25 to 900 °C, at a rate of
10 K min~", under a constant nitrogen flow of 20 mL min ",

3.5.4. Elemental analysis. The elemental analysis was
performed using a Vario Micro cube C/H/N/S Elemental
Analyser. C, H and N were detected using a thermal conduc-
tivity detector (TCD). The oxygen content was calculated by
difference.

3.5.5. Dye experiments. The polarity of the eutectic sol-
vents was evaluated using Nile Red (NR) dye. NR was diluted
with ethanol until the absorbance reached between 1.200 and
1.400 at 552 nm. Then, 50 pL of this solution was added to
950 pL of the tested solvent. The absorbance spectra were

6506 | Green Chem., 2025, 27, 6493-6511
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recorded from 400 to 700 nm. The energy transition Eyg (kcal
mol ™) was calculated using formula (1):

ENR = 28 591//1max (1)

The Kamlet-Taft parameters n* (dipolarity/polarizability), a
(hydrogen bond donating ability) and g (hydrogen bond
accepting ability) were calculated using the same formula as
Liang et al. (2021)°* with a slightly modified protocol (2)-(4):

4270

T =14.57 — ——— (2)
max 4NAS
19.9657 — 1.02411* — ung
a= (3)
1.6078
3580
p=11.134 — —1.125z* (4)
max 4NA

where A4nas, d4na @nd vng are the maximum wavelength or
wavenumber (v = b axxlo,? of, respectively, 4-Nitroanisole,
4-Nitroaniline and Nile Red in different solvents.

3.5.6. Dynamic viscosity. The Dynamic viscosity of the sol-
vents was measured using an Anton Paar Rheometer MCR 301
with Plate Cone 25 mm (gap 0.051 mm) at a shear rate from 1
to 100 Hz and at 15, 25, 35 and 45 °C.

3.5.7. Frequency sweep. The visco-elastic properties of the
polysaccharides at 25 °C were studied through a frequency
sweep tests from 0.1 to 10 Hz at 1% amplitude strain within
the linear viscoelastic regime using an Anton Paar Rheometer
MCR 301. The selected geometry was a plate-plate measuring
system of 12 mm (gap = 0.15-1 mm).

3.5.8. Tensile test. Samples were pulled and dried in a
silicon mold with a dog bone shape. The analysis was per-
formed using a Zwick Roell tensile tester.

3.5.9. Molecular weight measurements. The molecular
weight of the extracted polysaccharides was determined by gel
permeation chromatography (GPC). The samples were dis-
solved in water, filtered (0.45 pm) and injected using an
Agilent GPC equipment (PSS Polymer Standards Service
GmbH, Mainz, Germany) with a PL-aquagel-OH column at
40 °C with 0.005 M Na,PO, + 0.02 M NaCl as the eluent (flow-
rate 0.8 mL min~"). A refractive index detector (Shodex RI-101)
was used. The calibration line was done with pullulan stan-
dard in order to determine the number average molecular
weight (M,), the weight average molecular weight (M,,) and the
polydispersity index (D) of the samples. The results were ana-
lyzed using the PSS-Win GPC UniChrom software (PSS GmbH,
Mainz, Germany).

3.5.10. Polysaccharide and oligosaccharide analysis. A post
hydrolysis was performed using recovered polysaccharides in
order to characterize the oligosaccharide content. Sulfuric acid
(final concentration 4%) was added to the polymer dissolved
at 0.1% (w/w). The samples were autoclaved for 20 min at
121 °C, filtered (0.45 pm) and injected in the HPLC (1100
series Agilent Technologies, California, USA) equipped with an
Aminex HPX87H column (300 x 7.8 mm, BioRad, USA) operat-
ing with 0.003 M sulfuric acid (Sigma-Aldrich, USA) as the
mobile phase (0.6 mL min™") at 60 °C. After the neutralization

This journal is © The Royal Society of Chemistry 2025
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of the acid, the samples were analyzed using a CARBOSep
CHO-682 column (Transgenomic Inc., Omaha, NE 68164, USA)
at 80 °C (mobile phase, deionized water; flow, 0.6 mL min™?)
to determine the galactose and mannose contents.

3.5.11. SEM. The SEM images were obtained using a
Gemini 1550, Zeiss AG at a voltage of 3.0 kV. If necessary, the
samples were coated with gold.

3.5.12. Statistical analysis. Statistical analyses (one-way
ANOVA followed by Tukey tests) were performed using an
RStudio software with a level of significance of 5%.

4. Conclusions

In this work, the impact of different natural eutectic solvents
on the microwave-assisted extraction of cell-wall polysacchar-
ides from Evernia prunastri was studied. It was found that the
type of eutectic solvent used for the extraction had a strong
impact on the chemical and mechanical properties of the
recovered polysaccharides. After drying them, while those
extracted with Gly:Bet:H,O exhibited particularly good
mechanical properties (elastic deformation and the highest
ultimate tensile strength), the material recovered with
LA:Bet:H,0 sustained a large plastic deformation with a
much lower ultimate tensile strength. With OA:Pro:H,0, a
material slightly deformable with an intermediate ultimate
tensile strength was obtained. This study provides an interest-
ing initial insight into how eutectic solvents can be used to
tailor the mechanical properties of polysaccharides. It means
that, by more than just increasing the extraction yield, eutectic
solvents can add value to the extracted polysaccharides. This
process also eliminates the usual drying and formulation steps
required when polysaccharides are extracted with conventional
methods, reducing the energy consumption and production
time by around 35% and 22%, respectively. This suggests that
eutectic solvents may be promising for intensifying the extrac-
tion process of polysaccharides, conferring unique mechanical
properties to the extracted fractions. Their use allows for
potential applications in biomedical, pharmaceutical and cos-
metics, where mechanical performance plays a secondary role
while antimicrobial properties, such as those of some polysac-
charides from lichens and melanoidins, would benefit formu-
lations of wound dressings or topical gels, anti-inflammatory
agents or moisturizers. Fortification of the extracted materials
with natural fibers, cross linking or molding with biopolymers
aimed to improve mechanical performance would extend the
applications into bioplastics, especially for food and agricul-
tural applications. This treatment also paves the way for its
extension to the extraction/formulation of many other natural
polysaccharides. It was also demonstrated that lichen residues
after the extraction of polysaccharides can be valorized into
high-value-added artificial humic substances, bringing us
closer to the concept of biorefinery. Next investigation step
would be to study carefully the recyclability of the eutectic sol-
vents to increase even more the sustainability of this process.
It would also be interesting to work on potential applications

This journal is © The Royal Society of Chemistry 2025
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for the obtained materials, and to test the produced humic
substances on soil.
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