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Abstract: The application of eutectic solvents (ESs) in lignocellulosic biomass fractionation has been
demonstrated as a promising approach to accomplish efficient and environmentally friendly
biomass valorization. In general, ESs are a combination of two components, a hydrogen-bonding
donor and a hydrogen-bonding acceptor, in which the melting point of the mixture is lower than
that of the individual components. However, there are plenty of possible combinations to form ESs
with the potential to apply in biomass processing. Therefore, the development of fast and effective
screening methods to find combinations capable to dissolve the main biomass components—namely
cellulose, hemicelluloses, and lignin—is highly required. An accurate and simple technique based
on optical microscopy with or without polarized lenses was used in this study to quickly screen and
monitor the dissolution of cellulose, xylose (a monomer of hemicelluloses), and lignin in several
ESs. The dissolution of these solutes were investigated in different choline-chloride-based ESs
(ChCl:UREA, ChCl:PROP, ChCl:EtGLY, ChCl:OXA, ChCl:GLY, ChCl:LAC). Small amounts of
solute and solvent with temperature control were applied and the dissolution process was
monitored in real time. The results obtained in this study showed that cellulose was insoluble in
these ESs, while lignin and xylose were progressively dissolved.
Keywords: optical microscopy; eutectic solvents; dissolution; cellulose; xylose; lignin; biomass

1. Introduction
Renewable resources such as lignocellulosic biomass have called the attention of the academic
and industry communities because of their availability, low cost, and biodegradability. The use of
lignocellulosic feedstock materials could lead to the development of more sustainable chemical
processes as an alternative to the current exploitation of fossil-based resources [1]. In order to achieve
this goal, the biorefinery concept which contemplates the fractionation and processing of
lignocellulosic biomass components and their subsequent transformation into biofuels, biobased
materials, and added-value chemicals should be promoted [2–4].
Lignocellulosic biomass is mostly composed of cellulose (35 wt%–50 wt%), hemicelluloses (20
wt%–35 wt%), and lignin (5 wt%–30 wt%) [5], which are strongly bounded into an intricate solid
matrix difficult to process and fractionate. Therefore, this recalcitrance should be overcome through
the engagement of thermochemical [6], biological [7,8], or chemical processing platforms [9,10],
allowing further fractionation and conversion into desired products. However, conventional
processes require high temperature, non-ecofriendly solvents, and toxic and harmful reagents which
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directly impact economic viability and contravene environmental guidelines [11]. In addition, the
reaction conditions applied in some processes can lead to degradation and/or reconditioning of
hemicelluloses and lignin fractions, decreasing the sustainability of biomass exploitation [12].
Therefore, the development of environmentally safe processes for the dissolution and/or
selective extraction of cellulose, hemicelluloses, and lignin from lignocellulosic materials is highly
pursued. A promising alternative to achieve selective dissolution of these biopolymers is the
application of eutectic solvents (ESs). This novel class of solvents is mixtures composed of at least one
hydrogen-bonding acceptor (HBA) and one hydrogen-bonding donor (HBD) species, which establish
stronger hydrogen bonds than those present in corresponding precursors, leading to significant
depression of the melting temperature when compared to that of the individual compounds [13–16].
This example allows a mixture of two solids to be liquid at room temperature and act as a solvent for
different solutes.
ESs have been studied in the development of new chemical processes because of their low
volatility and good recyclability [14]. Furthermore, they can be prepared easily by a mild heating
procedure, which can reduce costs and avoid the formation of undesirable secondary components
[17]. In addition, ESs are easy to handle, since most of them do not form toxic substances when in
contact with air and/or water [18]. Their physical, chemical, and thermal properties can be tuned by
changing their precursors and their relative proportions, thus they are considered design solvents
[19].
In recent years, the use of ESs has been reported in several research areas, such as
electrodeposition [20], nanotechnology [21], biodiesel purification [22], and drugs dissolution [23].
More recently, they have been used in lignocellulosic biomass processing, including delignification,
fractionation, and detoxification processes [24–26]. Although several studies have reported success
using ESs in the fractionation of several biomass matrices, such as corn residues [27], corn straw [28],
rice straw [29], woodchip [30], corn cob [31], and algae [32], there is still limited knowledge about
their ability to dissolve each macromolecular component. There are some studies that focused on
evaluating the dissolution ability of ESs for individual biomass components [24,29,33–36] and
understanding the key factors governing the dissolution process [33,37–39]. For instance, Morais et
al. [38] demonstrated that xylans can be solubilized in aqueous solutions of ESs. As proof of concept,
further extraction of hemicelluloses from wood (Eucalyptus globulus) with a higher yield than that
obtained with aqueous or alkaline solutions was accomplished successfully. In addition, the
solubility of lignin model compounds and technical lignins (Organosolv and Kraft) in ESs and their
aqueous solutions were studied by Soares et al. [33]. The authors showed that these solvents can act
either as hydrotropes or as co-solvents [36] increasing lignin solubility.
The application of ESs in the fractionation of lignocellulosic biomass is still in its infancy and the
screening of these solvents for the dissolution of each macromolecular component is highly required.
Nevertheless, there are uncountable combinations of HBAs and HBDs that can mediate the formation
of novel ESs that better dissolve one or another fraction of the biomass.
The use of COSMO-RS as a tool to verify the potential for dissolution of biomass fractions using
ionic liquids (ILs) [40,41] and ESs [42] is described in the literature. However, this procedure requires
a precise definition of the solvent and solute and needs validation at the laboratory bench. Therefore,
the development of quick screening techniques to choose new ESs for selective biomass dissolution
is a valuable contribution.
The macroscopic inspection of cellulose, hemicelluloses, and/or lignin dissolution in different
solvents has been reported broadly in the literature. For instance, this kind of approach was used by
Swatloski et al. [43] in the determination of cellulose solubility in several aprotic ionic liquids (AILs)
as well as by Pu et al. [44] in the screening of lignin dissolution in different ILs. However, this is a
time-consuming procedure to screen the dissolution of solutes in a wide range of solvents. In this
context, the use of optical microscopy to evaluate the dissolution process offers a quick response and
more sensitivity, especially to cellulose and hemicelluloses, due to their birefringent nature [45].
Zavrel et al. [46] successfully used an optical microscope without temperature control to monitor the
dissolution of cellulose in 1-ethyl-3-methylimidazolium acetate over time. In other work, Fitzpatrick
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et al. [45] used an optical microscope with temperature control to screen the dissolution of cellulose
and lignin in two imidazolium-based ILs. The researchers demonstrated that optical microscopy in
the presence or absence of cross-polarized lenses can be used for a fast screening and monitoring of
cellulose and/or lignin dissolution in a wide range of ILs and non-IL solvents, using small amounts
of solvent and solute. Similarly, Andanson et al. [47] studied the cellulose dissolution in ILs and
mixtures of ILs + dimethylsulfoxide from 30 to 100 °C using a synthetic phase equilibrium method
based on polarized optical microscopy (POM). The authors measured the brightness of the
microscope images, which was used to qualitatively assess the biopolymer dissolution process. More
recently, Dias and coworkers [48,49] evaluated the potential of protic ionic liquids (PILs) to dissolve
major lignocellulosic components using POM.
In this study, the dissolution of cellulose, alkaline lignin, and xylose (one of the main units in
hemicelluloses) in different ESs based on choline chloride (ChCl:UREA (1:2), ChCl:PROP (1:2),
ChCl:EtGLY (1:2), ChCl:OXA (1:1), ChCl:GLY (1:2), ChCl:LAC (1:2)) was investigated through POM
(cellulose and xylose) or simple optical microscopy (lignin), both with temperature control. This
methodology was used as a fast screening approach to rapidly evaluate the dissolution of those
solutes and their kinetics rather than performing a macroscopic observation.
2. Materials and Methods
2.1. Chemicals
Microcrystalline cellulose (MCC) Avicel® PH-101 (~50µm particle size, ≥ 99%), α-cellulose
(powder, ≥ 99%), lignin-alkali (> 96%) and D-(+)-xylose (≥ 99%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA); ethylene glycol (≥ 99%) from Merck (Germany), urea (≥ 99%) and glycerol (≥
99%) from Anidrol (Brazil), 1,3-propanediol (≥ 9 %) from Acros (Belgium), oxalic acid (≥ 99%) from
Scharlau (Spain). All these reactants were used as received. Lactic acid (≥ 85%) from Aldrich
(Germany) and choline chloride (≥ 98%) from Sigma-Aldrich were previously dried using rotary
evaporator (60 °C and 70.0 Pa absolute pressure) for 24 hours and maintained in a glass desiccator
with silica gel until its use. Table 1 presents the chemical structures of HBD and quaternary
ammonium salt (HBA) used to prepare the ESs.
2.2. Eutectic Solvents Preparation
According to Table 1, ESs were prepared in molar ratios of choline chloride to HBDs using a
mild heating procedure, i.e., the precursors were stirred at 60 °C for 2 hours or until a homogeneous
transparent liquid was formed [14]. The ESs’ water content was measured by Karl Fischer (Karl
Fischer Titrino Plus 848, Metrohm, Switzerland) and ranged from 2 wt% to 5 wt% as reported in Table
S1 (Supplementary Material—SM).
Table 1. The hydrogen-bonding acceptor (HBA) and hydrogen-bonding donor (HBD) precursors
used in this work to prepare eutectic solvents (ESs).

Quaternary Ammonium Salt
(HBA)

Hydrogen-Bonding
Donors (HBD)

HBA:HBD
(mol)

Abbreviation

1:2

ChCl:EtGLY

1:2

ChCl:GLY
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1:2

ChCl:PROP

1:2

ChCl:UREA

1:2

ChCl:LAC

1:1

ChCl:OXA

2.3. Thermogravimetric Analysis (TGA)
ES thermal decomposition temperatures were determined by a TGA/DSC Mettler Toledo
(Schwerzenbach, Switzerland). The equipment was heated at a rate of 10 °C‧min-1 in a temperature
range of 30 - 500 °C. Approximately 5 mg of the samples were carefully placed in an aluminum pan
and the samples were analyzed under nitrogen atmosphere using a flow rate of 50 mL‧min-1.
2.4. Dissolution of Solutes by Polarized Optical Microscopy or Simple Optical Microscopy
The dissolution of MCC, α-cellulose, alkaline lignin, and xylose in ES was studied by
implementing a method based on optical microscopy [47]. The experimental procedure to observe
the dissolution process was similar to that reported by Andanson et al. [47]. First, an ES/solute
suspension (500 mg) was prepared by shaking vigorously. Afterward, approximately 50 mg
suspension was dropped in a glass coverslip that was laid down on the heating plate (Linkam LTS420,
UK) of the optical microscope (Leica DM2700M, Germany) preheated to 30.0 °C. The sample was
heated from 30.0 to 100.0 °C at 1.0 °C‧min-1 and an image (2048 × 1536 pixels) was captured at each
minute.
The dissolution changes in cellulose and xylose were monitored by polarized optical microscopy
(POM) using two polarizing filters, which are specifically sensitive to these solutes. A dark
background appeared in the microscope images representing the ES as liquid phase, while cellulose
and xylose behaved as birefringent materials. When placed between two polarized lenses, both
solutes were illuminated. If the solutes dissolved in ES, the bright areas decrease over the experiment.
In lignin dissolution tests, optical microscopy without polarized lenses was used, since lignin
macromolecules are not sensitive to polarized light. In this configuration, the lignin was observed as
dark spots in the microscope images, while the light areas corresponded to the ES liquid phase.
During the experiment, the background became red as consequence of lignin dissolution in ES.
The overall mass composition used in this work is given by the following equation:
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wt% = 100* msolute / (msolute + mES )

(1)

2.5. Dissolution Kinetics of Xylose
The kinetics of xylose dissolution was also evaluated through Image Pro-Premier® software
(v.9.2, Media Cybernetics, UK), which allowed quantifying the area occupied by the crystals as
function of temperature increase and time course as follows:

Crystal area ( % ) =

( areat / areat 0 ) *100

(2)

where areat represents the total area of the crystals at selected time and areat0 represents the total area
of the crystals at initial time.
Image-Pro Premier® software was also used for image processing to highlight points of interest
and allow optimization of the area filled by crystals. In some cases, fluctuations in the values of total
area of the crystals were observed and it can be attributed to gaseous bubbles (larger, rounded, and
darker particles) created during dissolution or to the overlapping of xylose crystals reducing the
image brightness and consequently the calculated crystal area.
3. Results
In order to avoid any misunderstanding concerning the nomenclature used in this work, it is
important to emphasize that the term “solubility” refers to the ability of a solvent to dissolve a solute
under specific environmental conditions. Solubility is a thermodynamic process in which the system
evolves to reach a point of lowest Gibbs energy as the most stable thermodynamically [46]. Therefore,
it is understood as an equilibrium state, where the solute is dissolved by a solvent and is independent
of the speed at which the phenomenon takes place. On the other hand, the term “dissolution”
concerns a kinetic process that is not necessarily synonymous with solubility, since dissolution might
be fast, but low amount of solute could be dissolved. Bearing all this in mind, this last term was
tackled in this study.
Before performing the dissolution experiments, the thermal stability of all ESs studied in this
work was determined. The results obtained with TGA (Figure S1) showed an ES mass loss between
100 and 150 °C. Therefore, the dissolution experiments were performed at temperatures lower than
100 °C to assure no ES mass loss and consequently no solvent decomposition over time for a proper
screening.
3.1. α -cellulose and Microcrystalline Cellulose Dissolution
Dissolution of two cellulose standards, α-cellulose and microcrystalline cellulose (MCC), was
monitored in six different ESs (ChCl:UREA, ChCl:PROP, ChCl:EtGLY, ChCl:OXA, ChCl:GLY,
ChCl:LAC) through the POM technique. Characteristic images of the dissolution process with
ChCl:GLY and ChCl:UREA were captured at the initial temperature (30.0 °C) and at the final
temperature (100.0 °C), as shown in Figure 1 as examples. The colored areas correspond to insoluble
cellulose (solid), while the dark space corresponds to the ES as a liquid phase. Images captured for
other tested ESs are presented in the SM (Figure S2).
The obtained results showed no significant change between 30.0 °C and 100 °C, i.e., the area
occupied by cellulose crystals/fibers remained practically unchanged during the dissolution process,
demonstrating that none of the studied ESs is able to dissolve α-cellulose or MCC (1% by weight)
under the analyzed conditions. In order to corroborate these results, a solution of 0.25 wt% α-cellulose
and a solution of 0.25 wt% MCC were kept under stirring for 48 hours at 60 °C in a ChCl:GLY solution
(out of the microscope) to reach the equilibrium. After this time, samples were collected and observed
by POM. MCC and α-cellulose were clearly observed in the ChCl:GLY solution after 48 hours at 60
°C (Figure S3), confirming the inability of ChCl:GLY to solubilize cellulose.
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Figure 1. Polarized optical microscope images of 1 wt% cellulose in ES at 1.0 °C‧min-1 (magnification
of 50x). MCC—microcrystalline cellulose.

The low solubility of cellulose in most of the existing solvents relies on the strong intra- and
intermolecular interactions between cellulose chains that offer a high degree of crystallinity and
ordered conformation [50–52]. The dissolution of cellulose involves the disruption of that network of
interactions and replacement with new intermolecular bonds established by the solvent. In this sense,
if the intermolecular forces of cellulose–cellulose interactions are bigger than that existing between
cellulose and solvent, no dissolution will be carried out [52–54].
In the literature, an extensive number of ionic liquids (ILs) have been reported to dissolve
cellulose, explained by their ability to disrupt the strong hydrogen bond network of cellulose
mediated by both cationic and anionic species of the solvent. In fact, the high hydrogen-bond basicity
of the anion (e.g., chloride and acetate) was referred to play a major role in the dissolution process
[9,50,52,54–57]. In the case of ESs, the obtained results allowed us to conclude that selected ESs were
not able to break up the intra- and intermolecular network of cellulose and alter its crystalline
arrangements. This is also reported in other studies, which demonstrated that MCC and α-cellulose
are poorly soluble in ESs [19,24,58,59]. Recently, Abbott and his co-worker Häkkinen explained
possible differences between ESs’ and ILs’ abilities of cellulose dissolution [60]. The superior
solubility of cellulose in some ILs was correlated with their highly ordered structure. This allows for
enhanced solubility of the macromolecule in ILs as a consequence of a greater degree of disorder in
the system, i.e., an entropy gain. On the other hand, the lower order conformation of ESs hinders the
entropy gain of the solvent, resulting in lower cellulose solubility [61].
3.2. Alkaline Lignin Dissolution
Contrary to cellulose dissolution trials, the lignin dissolution in ES was evaluated by simple
optical microscopy, since no birefringence property is exhibited by lignin macromolecules. Figure 2
shows the images captured during the alkaline lignin dissolution process in ChCl:EtGLY and
ChCl:LAC at a heating rate of 1 °C‧min-1. The images presented in the first column (initial time – t0)
show the undissolved lignin as dark solid agglomerates and the yellowish areas exhibit the ES as a
liquid phase with traces of dissolved lignin. During the experiment, as the temperature increased the
ES phase became reddish due to the alkaline lignin dissolution. Consequently, the number of dark
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spots substantially decreased (intermediate time between t1 and t2). The stronger tones of red were
observed only for solutions with high lignin mass fractions, for example at 25 wt%. Furthermore,
some images presented abnormal remaining dark spots (marked with red circles in Figure 2) and
were identified as gaseous bubbles initially retained and released during the heating method [45,47].
The identification of gaseous bubbles instead of lignin can be performed because of their round shape
with a bright circle in the middle, which is noticeably different from the lignin dark agglomerates
observed at lower temperatures. These bubbles were also observed by Fitzpatrick et al. [45] as well
as reported in a previous study using protic ILs to dissolve lignin [48].
According to the images presented in Figure 2, ChCl:EtGLY demonstrated a high ability for
alkaline lignin dissolution, while ChCl:LAC was less efficient. In addition to gaseous bubbles, this
last ES presented a large number of agglomerates (highlighted with the blue arrows in Figure 2)
indicating incomplete lignin dissolution. The images of alkaline lignin dissolutions with other ESs
can be seen in the SM (Figures S4 and S5).

Figure 2. Optical microscope images of 5 wt% and 25 wt% of alkaline lignin in ES at 1 °C‧min-1
(magnification of 50×).
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Table 2 summarizes the temperature and time at which complete alkaline lignin dissolution was
achieved in each ES at different lignin mass fractions. The ESs’ dissolution abilities can be organized
in the following order: ChCl:EtGLY >> ChCl:OXA ≅ ChCl:LAC > ChCl:UREA > ChCl:GLY >
ChCl:PROP. A comparative graph between each ES and the temperature and time to achieve
complete alkaline lignin dissolution are presented in the SM (Figure S8).
In general, the dissolution of lignin in a solvent involves disrupting π-π stacking interactions
between lignin aromatic groups and establishing strong intermolecular hydrogen bonds with
hydrogen bond acceptor and donor groups (e.g., hydroxyl groups) in lignin structure [62,63]. In this
context and by taking a close look at the obtained data, it can be observed that the chemical structure
of HBDs plays an important role in alkaline lignin dissolution. Among examined ESs, ChCl:EtGLY
exhibited the best performance for alkaline lignin dissolution, especially at high lignin mass fractions.
This could be associated with the synergy between the small size and the two hydroxyl groups of
EtGLY allowing for higher diffusion and stronger ability to form hydrogen bonds with lignin than in
the cases of LAC, UREA, GLY, and PROP. Melro et al. [64] and Soares et al. [33] also demonstrated
that EtGLY as an HBD has better lignin dissolution performance compared to simple alcohols, due
to the presence of two HBD sites. Although GLY presents one more hydroxyl group than EtGLY, the
high viscosity of the former might hinder the mass transfer during lignin dissolution decreasing the
performance of ChCl:GLY.
Table 2. Temperature (and time) required to dissolve alkaline lignin completely in ES at different
lignin mass fractions. The samples were heated from 30 to 100 °C at 1 °C‧min-1.
5 wt%
ES
ChCl:GLY
ChCl:EtGLY
ChCl:PROP
ChCl:UREA
ChCl:LAC
ChCl:OXA

10 wt%

15 wt%

T (°C)

t (min)

T (°C)

t (min)

T (°C)

58.6
50.8
91.4
80.4
50.8
49.6

28.6
20.8
61.4
50.5
20.8
19.6

66.5
56.6
*
84.4
57.6
59.5

36.5
26.5
*
54.4
27.6
29.5

84.4
63.5
*
91.3
71.5
72.6

t
(min)
54.4
33.5
*
61.3
41.5
42.6

20 wt%

25 wt%

T (°C)

t (min)

T (°C)

t (min)

*
68.7
*
100
86.5
82.4

*
38.7
*
70
56.5
52.4

*
77.1
*
*
*
*

*
47.1
*
*
*
*

* not fully dissolved.

3.3. Xylose Dissolution
The xylose dissolution in ESs was studied by the POM technique and the obtained results with
ChCl:UREA and ChCl:OXA are presented in Figure 3 as examples. More images of other ESs are
presented in the SM (Figures S6,S7). In Figure 3, the clear area corresponds to undissolved xylose
crystals, which disappear over time, while the dark area represents the ES (liquid phase). The
complete dissolution is observed when no clear area is detected, or in other words, when the image
is completely dark. Two mass fractions of xylose (5 wt% and 25 wt%) were applied in the dissolution
trials and it can be observed that the higher the concentration of xylose, the higher the number of
crystals visualized in the images (Figure 3).
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Figure 3. Polarized optical microscope images of 5 wt% and 25 wt% xylose in ES at 1 °C‧min-1
(magnification of 50x). t0 represent the initial time, t1 represent the intermediate time and t2 the final
time.

Considering the temperature of total dissolution of xylose in ES, i.e., when the obtained image
is completely dark, the efficiency of the tested ES to dissolve xylose can be evaluated. The
temperatures of the complete dissolution of xylose at initial mass fractions of 5 wt% and 25 wt% are
shown in Figure 4 (also in Table S2 in the SM). At 5 wt% xylose, the efficiency of the ESs can be
ordered as follows: ChCl:EtGLY (46.9 °C) >> ChCl:PROP (57.7 °C) > ChCl:GLY (59.2 °C) ≅ ChCl:UREA
(59.6 °C) > ChCl:OXA (61.5 °C) >> ChCl:LAC (80.3 °C). However, at a higher xylose mass fraction (25
wt%), a different trend was observed. ChCl:UREA (83.3 °C) was the fastest ES to dissolve all xylose
content, while other ESs needed more time to reach the same point (between 90 and 100 °C). On the
other hand, ChCl:LAC did not achieve total xylose dissolution.
These intriguing results led us to go deeper into this analysis and the kinetics of xylose
dissolution in ESs at different xylose mass fractions were determined. In this sense, Image-Pro
Premier® software was used as a tool to determine the total area of the xylose crystals over the course
of the dissolution trials. This data allowed us to obtain the results depicted in Figure 5 showing the
decrease of the total area of xylose crystals as a function of temperature and time in each ES at
different xylose mass fractions (5 wt%, 10 wt%, 15 wt%, 20 wt%, and 25 wt%).
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Xylose at 25 wt%
70

90

60

80

50

70

40

60

30

50

20

40

10

Time (min)

Temperature (°C)

Xylose at 5 wt%
100

0

30
ChCl:GLY ChCl:EtGLYChCl:PROP ChCl:UREA ChCl:LAC ChCl:OXA

ES

Figure 4. Temperature and time required for xylose full dissolution in ES. The samples were heated
from 30 to 100 °C, 1 °C‧min-1. *Full xylose dissolution was not observed.

Figure 5. Dissolution kinetics of xylose at different mass fractions (5 wt%, 10 wt%, 15 wt%, 20 wt%,
and 25 wt%) in ChCl:GLY, ChCl:EtGLY, ChCl:PROP, ChCl:UREA, ChCl:LAC, ChCl:OXA at 1°C‧min1

in a temperature range from 30 to 100 °C.
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Surprisingly, the dissolution behavior of ESs demonstrated different trends depending on the
initial xylose mass fraction. At 5% xylose mass fraction, ESs prepared with alcohols (ChCl:EtGLY,
ChCl:GLY, ChCl:PROP) presented a fast xylose dissolution rate demonstrating the best performance
among all. However, when increasing the xylose mass fraction, these alcohol-based ESs exhibited low
xylose dissolution rates at initial stages evidenced by the plateau of the xylose crystal area during the
experiment (Figure 4). Only at high temperatures did the dissolution rate substantially increase. For
example, ChCl:EtGLY at 25 wt% xylose mass fraction showed a low dissolution rate (0.40 area%‧min) up to 74 °C (44 min), in which around 25% of the crystals were dissolved. After this point, the

1

dissolution rate increased sharply (1.21 area%‧min-1) and the remaining amount of xylose crystals
(about 75%) were completely dissolved in less than 25 minutes. Taking into account the factors
affecting the dissolution process, a decrease of the xylose surface area provided by the higher amount
of the carbohydrate in the system may have hindered the interactions with the solvent. This explains
the difficulty of those ESs to dissolve xylose at high mass fractions. Furthermore, a higher number of
solute–solute interactions that are competing with those between solute and solvent are expected to
occur. However, this “resistance” to dissolve xylose was not the same for all studied ESs. The xylose
dissolution rates in carboxylic-acid-based ESs (ChCl:OXA and ChCl:LAC) varied depending on the
xylose mass fractions, but the differences between those trends were lower than those of alcoholbased ES. These differences were even lower for ChCl:UREA, which was quicker to achieve complete
carbohydrate dissolution at the highest xylose mass fraction (25 wt%). In systems where no agitation
was promoted, the dissolution was highly dependent on the ability of ESs to interact with the
carbohydrate (surface area) with temperature increase. Somehow, ChCl:UREA allowed better
dispersion of xylose crystals than other ESs surpassing the solute–solute interactions at high xylose
mass fractions. The high performance of ChCl:UREA for xylose dissolution in this study is in
agreement with the results reported by Morais et al. [38] reporting the highest xylan solubility in this
ES.
Seeking to better understand the results obtained with the dissolution kinetics, the average mass
transfer coefficient (kc) of xylose in each of the different ESs was calculated using the methodology
described in the SM (Section S5). The obtained results are presented in Figure 6 and are expressed as
pixel‧s-1.
At first sight, the alcohol-based ESs at 5 wt% xylose presented the highest average mass transfer
coefficients. For instance, ChCl:EtGLY exhibited a kc value of 2.12 10-3 pixel‧s-1. On the other hand,
lower kc values were determined for carboxylic-acid-based ESs, namely 1.58 10-3 and 9.52 10-4 pixel
‧s-1 for ChCl:OXA and ChCl:LAC, respectively. With increasing xylose mass fraction in ESs, the
calculated kc values displayed a decreasing trend (Figure 6). This behavior was more pronounced in
alcohol-based ESs. In the case of ChCl:PROP, a value of kc = 1.45 10-3 pixel‧s-1 was determined at 5
wt% xylose, while at 25 wt% xylose a value of kc=1.41 10-4 pixel‧s-1 was found, which represents a
decrease of approximately an order of magnitude. In addition, the kc values for ChCl:OXA decreased
2-fold between 5 wt% and 25 wt% xylose mass fraction in ES.
Regardless of the initial xylose mass fraction, the experiments with ChCl:UREA showed regular
values, i.e., the kc value determined for this ES at 5 wt% xylose (1.15 10-3 pixel‧s-1) was similar to that
found at 25 wt% xylose (1.02 10-3 pixel‧s-1). This supports the idea that mass transfer limitations might
be avoided when using ChCl:UREA as a solvent to dissolve xylose (and expectably xylan).
This data also led us to conclude that the HBD’s chemical nature (alcohol, carboxylic acid, or
carbamide) of ES influenced the dissolution process of xylose. Therefore, the barrier found to dissolve
high amounts of xylose is not only governed by the competition of interactions between solute–solute
and solute–solvent, but also by the chemical properties of the HBD, since the dissolution behavior
observed between the different groups of ESs was not similar.
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Figure 6. Mass transfer coefficient estimated for different ESs at initial xylose mass fractions of 5 wt%,
10 wt%, 15 wt%, 20 wt%, 25 wt%.

4. Conclusions
A fast screening of cellulose, alkaline lignin, and xylose dissolutions in ChCl:UREA, ChCl:PROP,
ChCl:EtGLY, ChCl:OXA, ChCl:GLY, ChCl:LAC was herein demonstrated by using an optical
microscope with or without polarized lenses. It is a versatile technique, requires small amounts of
sample and solvent, and the results are acquired quite fast. Two kinds of cellulose were used (αcellulose and microcrystalline cellulose) and both demonstrated to be insoluble in examined ESs.
Regarding the alkaline lignin dissolution in our study, the ability of ESs can be ordered as follows:
ChCl:EtGLY >> ChCl:OXA ≅ ChCl:LAC > ChCl:UREA > ChCl:GLY > ChCl:PROP. The small size and
the two hydroxyl groups of EtGLY may enable strong interactions with lignin allowing high
performance in the dissolution process. In respect to xylose dissolution trials, although ChCl:EtGLY
demonstrated the fastest dissolution at 5 wt% xylose, this ES showed difficulties to dissolve higher
mass fractions of the carbohydrate, due to mass transfer limitations. In this context, ChCl:UREA was
revealed to be a better solvent for xylose by practically maintaining the dissolution performance with
an increasing carbohydrate mass fraction.
All these data give some insights into potential ESs that can be applied for biomass processing
and valorization. However, it is important to point out that these results serve as a preliminary
evaluation, since the capacity of these solvents to extract components, such as lignin and
hemicelluloses (e.g., xylans), from biomass relies not only on their dissolution ability, but also on their
reactivity to cleave covalent bonds existing between biomass macromolecular components.
Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/12/8/3358/s1, Figure
S1: Thermogravimetric analysis (TGA) thermograms of studied ES, Figure S2: Images obtained by polarized
optical microscopy of 1 wt% cellulose in ES at heating rate of 1 °C‧min-1 (magnification of 50x), Figure S3:
Polarized optical microscope images of 0.25 wt% MCC and α-cellulose suspension in ChCl:GLY at 60 °C after 48
hours of shaking (magnification of 50x), Figure S4: Images obtained by optical microscopy of 5 wt% and 25 wt%
lignin mass fractions in ES at heating rate of 1 °C‧min-1 (magnification of 50x), Figure S5: Images obtained by
optical microscopy of 5 wt% and 25 wt% lignin mass fractions in ES at heating rate of 1 °C‧min-1 (magnification
of 50x), Figure S6: Images obtained by optical microscopy of 5 wt% and 25 wt% xylose mass fractions in
ChCL:EtGLY and ChCL:PROP at heating rate of 1 °C‧min-1 (magnification of 50x), Figure S7: Images obtained
by polarized optical microscopy of 5 wt% and 25 wt% xylose mass fractions in ChCL:GLY and ChCL:LAC at

Sustainability 2020, 12, 3358

13 of 16

heating rate of 1 °C‧min-1 (magnification of 50x), Figure S8: Time and temperature observed for complete
dissolution of lignin in ES at heating rate of 1°C‧min-1, Table S1: ES water content determined by Metrohm 831
Karl Fischer coulometer. Experiments were performed in triplicate. Viscosity and density values are given from
literature reports, Table S2: Temperature (and time) required for full dissolution of xylose in ES at different
concentrations. In each experiment the sample was heated from 30 to 100 °C at heating rate of 1 °C‧min-1.
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