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ABSTRACT: The full utilization of agricultural waste and its
recycle into a new chain of value are of primary importance for the
development of a sustainable and profitable agricultural industry.
Chestnut shell waste (CSW) is an interesting case of study, whose
valorization has been though partially investigated to date. This
work aims at exploring the complete utilization of CSW, in terms
of obtaining both value-added compounds and enriched cellulose
and lignin fractions. The results were obtained via the unreported
combined use of two classes of nonconventional organic solvents,
namely natural deep eutectic solvents and bio-based ionic liquids
(bio-ILs). At first, combinations of choline chloride (ChCl)-based
DESs with an acid, a polyol, or a sugar as hydrogen bond donors
were employed for the extraction of polyphenols from the CSW. The best performing system was found to be ChCl:oxalic acid
dihydrate (ChCl:Oax2H2O). The extraction efficiencies of the DESs tested correlate well with the measured Kamlet−Taft α
parameters. After polyphenol removal, the residual solid material was treated with a bio-IL [cholinium glycinate (ChGly)] for further
separation of lignin and cellulose. The products obtained by the fractionation process were characterized by Fourier transform
infrared spectroscopy and thermogravimetric analysis, which confirmed the separation of the residue into a lignin-rich material and a
cellulose-rich material. The results obtained were further corroborated by a three parallel reaction model combined with the
distributed activation energy model, which allowed for predicting the composition of the pristine CSW and of the ChCl:Oax2H2O-
treated CSW as well as the two fractions obtained after ChGly treatment. The recyclability of the best performing DES and the
recovery of the bio-IL have also been proven, which make the whole process viable and amenable for large-scale applications.

KEYWORDS: chestnut shell waste, circular bioeconomy, natural deep eutectic solvents, bio-based ionic liquids

■ INTRODUCTION

In the food industry, residues are often solid organic matter
that is typically used for composting, for animal feeding, or
discarded as waste. Untoward disposal of untreated food waste,
usually in open areas, can result in environmental issues.1 In
the last few years, both industry and academia have focused
their attention on the extraction of high value-added
compounds from food waste, which can be treasured by
other industries thus creating a circular bioeconomy.2

Chestnut shells represent an attractive food waste that is
generated in the southern part of Europe. Italy is one of the
major producers of marron glace ́ and chestnut flour for gluten-
free diets together with Portugal, Spain, and France. This
industry generates several tons per year of processing wastes.
Chestnut shell waste (CSW), which represents 10% of the total
chestnut mass, can be regarded as a renewable raw material for
the further production of new chemical entities. Indeed, several
studies reported that chestnut shells as well as chestnut leaves
and bur contain high levels of polyphenolic metabolites,
including simple phenolic acids, flavonoids, and more complex

tannins3−5 (Figure S1, see Supporting Information). These
metabolites can be used in different fields, such as wool and
cotton fabrics,6 in leather tanning, as wood adhesives,3 and in
food and cosmetic preservation as well as in the pharmaceut-
ical industry.7

In addition, the CSW contains other valuable components
such as cellulose, hemicellulose (Figure S2, see Supporting
Information), and lignin (Figure S3, see Supporting
Information), well known for their potential as precursors of
platform chemicals and new biocompatible materials.8,9 One of
the main issues in the lignocellulosic-biomass waste
exploitation is the removal of lignin from the matrix. Therefore,
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it is crucial to develop efficient processes able to fractionate the
biomass into their main components.10

Usually, large amounts of conventional organic solvents are
used for the recovery of bioactive compounds from food waste,
and methanol, ethanol, ethyl acetate, and acetone have been
screened in previous studies on CSW.11 In view of developing
more sustainable processes, novel and alternative solvents,
endowed with environmentally friendlier profiles, are con-
stantly sought. It is not a surprise that, for these purposes, deep
eutectic solvents (DESs) have gained enormous attention in
the field of extraction. Several components have been used in
recent years to prepare DESs, although mixtures formed by an
amine quaternary salt as a hydrogen bond acceptor (HBA) and
a hydrogen bond donor (HBD) still represent one of the most
common choices. To be defined as a DES, the two
components must generate an eutectic mixture characterized
by an eutectic point temperature lower than that of the ideal
liquid mixture. Notably, such components, which can be
liquids and/or solids, are mixed at a specific albeit not fixed
mole ratio.12−16 The concept of natural deep eutectic solvents
(NADES) appeared in the literature for the first time in 2011.
DESs having as components primary metabolites such as
amino acids, organic acids, sugars, or choline derivatives belong
to this class.12,15 The recovery of bioactive compounds from
different waste substrates employing DESs has been reported
by several research groups.17−21 Therefore, DESs seem to
represent a step forward toward sustainable extraction
processes although the full scope needs to be defined.
Another attractive class of green media is that of ionic

liquids (ILs), which are organic salts with a melting point
below 100 °C.22−24 Because of their tunable, unique
physiochemical properties, and solvation power, ILs have
been extensively investigated as a green, and in most cases sole,
class of solvent for the dissolution and fractionation of
recalcitrant lignocellulosic materials. Since the initial report

from the Rogers’ group,25 several articles described the
dissolution of cellulose and the treatment of biomass with
various imidazolium-based ILs.26,27 However, these ILs suffer
from environmental toxicity issues.28 As a way to overcome
this limitation, a new generation of ILs obtained from natural
and renewable feedstock emerged recently. These materials,
called bio-based ILs (bio-ILs), were reported to be effective for
the treatment of biomasses.29−31 Indeed, readily biodegradable
cholinium (Ch)amino acid ILs32 were successfully em-
ployed in the field of biomass treatment thanks to their low
toxicity and most of all to their ability to selectively solubilize
lignin from lignocellulosic materials.33,34

In the present study, we aimed at exploiting the resources of
the CSW obtained from “Ortofrutticola Del Mugello s.r.l.”, an
Italian company that processes 10,000 tons/year of chestnut
thus producing 700 tons/year of waste. This task was carried
out via a novel two-step approach involving both types of green
solvents discussed above (NADESs and bio-ILs), whose
efficiency has not yet been tested on this biomass. In our
intention, the combined use of these nonconventional and
environmentally safer solvents would allow for the full
valorization of the CSW, in contrast to most works on
biomass waste valorization, which focused either on the
extraction of high value-added compounds or on the
fractionation of the lignocellulosic material. Therefore, in the
first instance, three classes of DESs based on choline chloride
as HBA were tested for their ability to extract polyphenols
from CSW at low temperatures. Then, the biorefining of the
solid residue was explored by attempting a separation of lignin
and cellulose using a bio-IL (Figure 1). The three parallel
reaction model combined with the distributed activation
energy model (DAEM) was used to predict the composition
of the pristine CSW and of the fractions obtained after the
DES and bio-IL treatments. Recycling tests of the best
performing DES and recovery of the bio-IL were also carried

Figure 1. Scheme of the valorization of CSW.
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out to get further information on the feasibility of the proposed
process.

■ MATERIALS AND METHODS
Choline chloride (ChCl), oxalic acid dihydrate (Oax2H2O), malic
acid (Ma), and ethylene glycol (EG) were purchased from Alfa Aesar
(Thermo Fisher Scientific). Cholinium hydroxide in methanolic
solution 45%, citric acid hydrate (CaxH2O), 1,4-butane diol (But),
maltose (Mal), glucose (Glu), glycine, gallic acid, catechin hydrate,
procyanidin B2, vanillic acid, (−) epicatechin, syringic acid, p-
coumaric acid, trans-ferulic acid, propyl gallate, ellagic acid hydrate,
3,5-di-tert-butyl-4-hydroxybenzaldehyde, ethoxyquin, quercetin, nor-
dihydroguaiaretic acid, 3-tert-butyl-4-hydroxyanisole, 2,6-di-tert-butyl-
4-hydroxymethyl phenol, octyl gallate, lauryl gallate, tert-butylhy-
droquinone, methanol, and Amberlite XAD-7 were purchased from
Sigma-Aldrich (Merck Life Science). The CSW was provided by
“Ortofrutticola Del Mugello s.r.l.”; it was ground and dried at 60 °C in
an oven for 16 h before use.
Preparation of DESs. Prior to the synthesis, ChCl was dried

under vacuum for 6 h at 80 °C. Briefly, ChCl and the corresponding
HBD (carboxylic acid, polyol, or sugar) were mixed in an appropriate
molar ratio until a homogenous transparent liquid was formed; see
Table 1. The carboxylic acid-based DESs (except for ChCl:Oax2-
H2O) and the sugar-based DESs were prepared at 80 °C. Polyol-
based DESs were prepared at room temperature, while ChCl:Oax2-
H2O DES was prepared at 40 °C. After the DES formation, no

purification step was needed and the DESs were kept at room
temperature in sealed vessels until their use. The DESs with malic acid
and sugars as HBD were mixed with 25 wt % of water in order to
reduce their viscosity.35,36 1H NMR spectra (D2O) of DESs are
shown in Supporting Information (Figures S4−S11).

Synthesis of the Ionic Liquid (Cholinium Glycinate). Prior to
use, commercial choline hydroxide (ChOH) methanolic solution (ca.
45%) was titrated with 1 M HCl giving the exact percent of ionic
liquid in MeOH (44.3%). A slight excess (1.2 mol) of aqueous
solution of glycine was added dropwise to the ChOH solution at 0 °C,
and the mixture was stirred overnight. Then, methanol was removed
under reduced pressure. A mixture of acetonitrile/methanol (9/1 v/v)
was added under vigorous stirring to precipitate the excess of amino
acid, which was then filtered off. The filtrate was evaporated to
remove solvents at 50 °C, and the obtained IL was dried in vacuo for
24 h using the same temperature.37 The correct stoichiometry was
verified by means of the 1H NMR spectrum registered in D2O (Figure
S12, see Supporting Information).

Extraction of Polyphenols. Polyphenol extraction from CSW
was performed in glass reactor tubes with PTFE caps. The solid to
solvent ratio was fixed at 1/10 (w/w), 5 g of DES, and 0.5 g of
CSW.38 Then, the mixture was extracted under fixed conditions of
temperature (65 °C) and time (24 h), under magnetic stirring. After
24 h, the mixture was cooled down to room temperature, diluted with
MeOH/H2O (70/30), and filtered (sintered filter) until a clear
solution came out. The undissolved solid residue was collected with a

Table 1. DES Molar Ratio and Preparation Conditions
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spatula and was dried in an oven at 65 °C. The supernatant was
collected and concentrated under reduced pressure to recover the
MeOH used during the washing. After this, the polymeric resin,
Amberlite XAD-7 (50 g), was used to separate the phenolic
compounds from the recovered water DES phase.39 Prior to use,
the resin was washed and activated by stirring it with acidified water
(0.01 M HCl) for 30 min. The activated resin was put into a column
and the filtrate was added. The DES was removed washing with water
and the absorbed polyphenol-polymeric resin was washed with water
until it reaches neutral pH. Subsequently, the absorbed polyphenol-
polymeric resin was dried with an airflow and the extracted
polyphenols were desorbed from the resin with MeOH (∼150 mL).
Following that, the methanolic extract was evaporated under reduced
pressure for recovering the polyphenolic extracts. The yields of
recovered polyphenols are reported in Table S1 (see Supporting
Information). Then, the extracts were dissolved in 10 mL of MeOH
and the total polyphenol content and total condensed tannins were
quantified with colorimetric assays. HPLC analyses were performed
for the identification and quantification of polyphenols. The
extraction efficacy of the studied DESs was compared with a classical
extraction of MeOH/H2O (70/30 v/v), which was performed
keeping unchanged all the parameters used in the extraction of
polyphenols with DES.
Recovery and Reuse of ChCl:Oax2H2O. The recovery and the

reuse of the solvent were evaluated for the best performing system
studied (ChCl:Oax2H2O) for the extraction of polyphenols. More in
detail, the aqueous fraction obtained washing the polymeric resin was
evaporated under reduced pressure for recovering the DES.
Subsequently, the recovered DES was reused without any
modification for a new extraction process with fresh biomass waste
as described in the previous section. The solvent was recycled three
times and analyzed by 1H NMR in D2O (Figure S13). The extraction
efficiency of the recovered DES was evaluated through the
determination of the total phenolic content (TPC) of the methanolic
extracts (as reported in the next section).
Determination of TPC of the Extract. Total polyphenolic

content was determined spectrophotometrically according to the
Folin−Ciocalteu procedure as described by Rodrigues et al.40 Briefly,
500 μL of the sample methanolic solution was mixed with 2.5 mL of
the Folin−Ciocalteu reagent (10× dilution) and a transparent yellow
solution appeared. After 5 min, 2.5 mL of the 7.5% aqueous solution
of Na2CO3 was added. The flasks were kept in a water bath at 45 °C
for 15 min. The initial yellow color of the samples changed into blue
and the absorbance was measured at 765 nm. Gallic acid was
employed to prepare the calibration curve (y = 0.0097x − 0.0039; R2

= 0.99847), and the results were expressed in mg of gallic acid
equivalents (GAEs) per g of dry biomass.
Vanillin-HCl Assay. The vanillin-HCl assay was performed for the

quantification of condensed tannins (proanthocyanidins) in the
extracts. This colorimetric assay, in contrast with the Folin−Ciocalteu
assay, is specific for a narrow range of polyphenols; that is, the
flavanols that have a single bond at the 2,3 position and free m-
oriented hydroxyl groups on the B ring.41 Briefly, 1 mL of the sample
solution was mixed with 2.5 mL of the 1% vanillin solution in MeOH.
Subsequently, 2.5 mL of the 9 M HCl solution was added and the
mixture was incubated at 30 °C for 20 min. In addition, a control
sample was used in which vanillin was replaced with MeOH. Finally,
the absorbance was measured at 500 nm. For each sample solution,
we calculated A by eq 1 as

A A A A A( ) ( )s b c 0= − − − (1)

where: A0 = 1 mL of methanol + 2.5 mL of 9 M HCl, Ab = 1 mL of
methanol + 2.5 mL of 1% vanillin solution + 2.5 mL of 9 M HCl, Ac =
1 mL of sample solution + 2.5 mL of methanol + 2.5 mL of 9 M HCl,
and As = 1 mL of sample solution + 2.5 mL of 1% vanillin solution +
2.5 mL of 9 M HCl.
Prior to this, catechin hydrate (0−400 μg/mL in methanol) was

used to prepare the calibration curve (y = 0.00197x; R2 = 0.99824).
The results were expressed as mg of catechin hydrate equivalents per

g of dry biomass. For each sample, the vanillin-HCl assay was
performed three times.

HPLC Analysis. The separation and identification of polyphenols
from CSW was performed using a C18 Shimadzu column (150 mm ×
46 mm × 4.5 μm) on a Shimadzu LC 20 with DAD detector.

The mobile phases were 0.2% (v/v) formic acid-water (eluent A)
and MeOH (eluent B). The flow rate was 1 mL/min, the injection
volume was 20 μL, and the column temperature was set to 40 °C.
Gradient elution was performed as follows: 0−5 min, 5% B; 5−55
min, linear gradient up to 95% B; 55−65 min, 95% B; and 65−67
min, linear gradient up to 5% B. Postrun time was 15 min. Gallic acid,
catechin hydrate, procyanidin B2, vanillic acid, (−) epicatechin,
syringic acid, p-coumaric acid, trans-ferulic acid, propyl gallate, ellagic
acid hydrate, 3,5-di-tert-butyl-4-hydroxybenzaldehyde, ethoxyquin,
quercetin, nordihydroguaiaretic acid, 3-tert-butyl-4-hydroxyanisole,
2,6-di-tert-butyl-4-hydroxymethyl phenol, octyl gallate, lauryl gallate,
and tert-butylhydroquinone were used as analytical standards for
HPLC quantification. The chromatographic peaks of analytes were
confirmed by comparing their retention times and UV spectra with
those of the reference compounds. Figure S14 (see Supporting
Information) shows the HPLC chromatograms of the standards.

Fractionation of Lignocellulosic Residue and Recovery of
the IL. After the extraction of polyphenols, the undissolved residue
was dried at 65 °C in an oven. Subsequently, this was treated with
cholinium glycinate (ChGly) as described previously by An et al.
2015, with minor modifications.34 Briefly, the biomass was treated
with the IL at 90 °C for 16 h with a biomass/IL ratio of 1/20 (w/w).
Then, the mixture was diluted with a NaOH solution (0.1 M). The
solid fraction (cellulose-rich material, CRM) was recovered by
filtration and washed with the same basic solution. At this point,
the filtrate was acidified to pH 2 with HCl (4 and 1 M) to precipitate
the lignin. The recovered lignin-rich material (LRM) was washed with
acid water. The two fractions were then dried at 70 °C in an oven for
72 h prior to the characterization. After the recovery of the LRM, the
acidified filtrate was basified to pH 11.5 (the pH of the aqueous
solution of the IL) with NaOH (4 and 1 M). Water was removed by
evaporation under reduce pressure. Anhydrous MeOH was added to
the residue, leaving NaCl as the insoluble solid, which was removed
by filtration. MeOH was evaporated under reduced pressure and the
recovered IL was analyzed by 1H NMR spectroscopy (Figure S15).

Determination of the Solvatochromic Parameters (π* and
α) of the DESs. The solvatochromic probes N,N-diethyl-4-nitroani-
line (NEt2) and Nile Red (NR) were used to determine the
dipolarity/polarizability (π*) and the hydrogen-bond acidity (α) of all
the tested DESs. Nile Red was selected in place of the Reichardt’dye
30 on account of the quite sensitivity to acids of this latter dye.42

Reichardt’ dye 33 was also tested, but it was not soluble in the acid-
based DESs and was discarded.

For the analysis, a proper amount of the dyes was dissolved in the
different solvents. It is to note that in the case of DESs containing
malic acid and sugars as HBDs, 25 wt % of water was added.
Subsequently, the absorbance was measured with an UV−vis
spectrophotometer at room temperature and at 65 °C.

The solvatochromic parameters were determined using the
following equations

x0.314 (27.52 )NEt2π ν* = − (2)

(19.9657 1.0241 )
1.6078

NRα
π ν

=
− * −

(3)

104

maxprobe
ν

λ
=

(4)

where, ν and λmaxprobe are the experimental wave number and the
maximum wavelength of the probes.

Fourier Transform Infrared Spectroscopy. The ATR-Fourier
transform infrared spectroscopy (FTIR) spectra were recorded with
an Agilent Technologies IR Cary 660 FTIR spectrophotometer using
a macro-ATR accessory, a Diamond crystal. The spectra were
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measured in the range from 4000 to 500 cm−1 with 32 scans. The
moisture and CO2 were eliminated from the samples by measuring
first the background spectra before each sample.
Ultraviolet−Visible Spectroscopy. The Folin−Ciocalteu assay

and the vanillin-HCl assay were performed with an Agilent Cary 300
UV−vis spectrophotometer at working wavelengths of 765 and 500
nm, respectively.
Nuclear Magnetic Resonance Spectroscopy. 1H NMR spectra

were recorded with a Bruker AVANCE II spectrometer operating at
400 MHz. The samples were prepared in 5 mm tubes using D2O. The
chemical shift (δ) was referenced to the chemical shift of D2O (δH
4.79).
Thermogravimetric Analysis. Thermogravimetric curves were

registered with a TGAQ500 (TA instruments) at a heating rate of 10
°C/min, from 30 to 800 °C under N2 flow.
Nonlinear Least Square Fitting of Three Parallel Model.

Calculation Details. The first order three parallel reaction model
combined with the distributed activation energy model (DAEM) is
described using eq 5.43−45
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where m = instantaneous mass and mfinal = final mass of the pyrolytic
process, T = temperature (K), ci = fraction of volatiles produced, Ai =
pre-exponential factor (s−1), β = heating rate (K/s), E = activation
energy (kJ/mol), R = 8.314 × 10−3 universal constant (kJ/mol K), Ei,0
= mean activation energy (kJ/mol), and σi = standard deviation (kJ/
mol) of Ei,0. The subscript i = 1......3 refers to the ith component (1 =
hemicellulose, 2 = cellulose, and 3 = lignin).

Equation 5 was solved by numerical calculation for each
experimental data allowing to fit the full set of experimental points
(N ≈ 4700−5200 points) by coding in Matlab. The variables (Ai, Ei,
σi, ci) were determined using stochastic global optimization

Figure 2. (a) Total polyphenol content (TPC) obtained from the Folin−Ciocalteu assay, and HPLC quantification for (b) ellagic acid, (c) gallic
acid, and (d) catechin.
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(Simulated Annealing Algorithm) by minimizing the objective
function

m mmin ( )
A E c i

N

( , , , )
1

obs calc
2

i i i i
∑ −

σ = (6)

All the data were calculated numerically without any approximation
for the Arrhenius function (dT integration).
The fitting quality (eq 7) was calculated using the final value of the

objective function (O.F. = final value of eq 6), the total number of
evaluation points, and the maximum value of mass as

( )
m

fit(%) 100 N
O F 1/2

max
= ·

· ·

(7)

The TG experimental data used to fit the three parallel-DAEM
model were firstly identified through the second derivative method.44

Figure S16 (see Supporting Information) shows the second derivative
of TG curves (DDTG) for CSW, CSWR, CRM, and LRM. The
lignocellulosic pyrolysis process was then divided into three steps
using the corresponding local minimum of the DDTG curve. The full
set of characteristic temperature values and initial and final masses for
all the samples are listed in Table S2 (see Supporting Information).
The limits of dE integration were from 0 to E0 + 30σi according to Cai
et al.45

■ RESULTS AND DISCUSSION
Extraction of Polyphenols. The physical and chemical

properties of DESs are influenced by their structure. In the
present study, three classes of choline chloride (ChCl)-based
DESs, characterized by different HBDs such as polyols, acids,
and sugars, were selected for the polyphenol extraction. When
malic acid, glucose, and maltose were used as HBDs, the
respective DESs appeared too viscous at the operative
temperature and hence 25 wt % of water was added. Several
research groups have investigated the influence of water on
DES properties.46−48 For the systems studied here, it is already
known that the addition of water leads to a decrease in
viscosity.49 It has been reported that the viscosity of DESs
hinders the extraction of biologically active compounds such as
polyphenols because of the low mass transport efficiency.50

Bubalo et al. used various DESs based on sugars or acids and
found that 25 wt % of water improved the anthocyanin
extraction from grape skin pomaces.36 The same amount of
water (25 wt %) had a beneficial effect when polyphenols were
extracted from Aegle marmelos with the ChCl:oxalic acid (1:1)
DES.48

A classical extraction with a methanol/water (70/30)
solution using a biomass/extractant solvent ratio of 1/10
(w/w) at 65 °C for 24 h was performed.38 Indeed, this
reference extraction result is needed as literature comparisons
are often inconclusive, as already observed by Vella et al.51

because of the different experimental conditions employed for
the extraction of polyphenols from CSW or because of the
different starting biomass sources. More specifically, the waste
can be of outer shell or inner shell origin as well as mixed;
alternatively, CSW can in some cases undergo pretreatments
like “brulage” or boiling.
The DESs were subsequently screened for their polyphenol

extraction efficiency under the same conditions. After the
extraction, an adsorbent polymeric resin, Amberlite XAD-7,
was used for the separation of the DESs from the extract.
Indeed, the resin adsorbs the phenolic compounds while the
polar components of DESs are eluted with water. The phenolic
compounds were desorbed from the resin with the minimum

amount of methanol. The total polyphenolic content of the
extract was quantified with the aid of the Folin−Ciocalteu
assay. The results are shown in Figure 2a. A value of 49.6 mg/g
of GAE was obtained with the classical extraction (labeled as
MeOH/H2O in Figure 2). A comparable value was achieved
with ChCl:But (1:4) (46.4 mg/g of GAE) followed by the
other polyol-based DES [68.6 mg/g of GAE for ChCl:EG
(1:4)]. The value of TPC increased to 93.1 and 97.2 mg/g of
GAE for ChCl:Glu (1:1) and ChCl:Mal (1:1), respectively,
while over 100 mg/g of GAE was registered when acid-based
DESs were employed. Among them, the highest capacity for
polyphenol extraction was achieved using the ChCl:Oax2H2O
DES (197.4 mg/g of GAE).
Based on these results, ChCl:Oax2H2O was the best

performing system for polyphenol extraction and it was further
tested in the attempt to understand the effect of experimental
conditions on the extraction efficiency. At first, temperature
and the solid to DES ratio (1/10) were kept unchanged while
the extraction time was reduced from 24 h to 12 and 6 h, and
the total polyphenol content was measured. A decrease in the
TPC value was observed (159.6 mg/g of GAE for 12 h and
121.2 mg/g of GAE for 6 h). Because the highest value for
TPC was registered at 24 h, the experiment was repeated
changing only the operative temperature from 65 °C to room
temperature. The Folin−Ciocalteu assay was performed and a
value of 107.7 mg/g of GAE, lower with respect to that
achieved at higher temperature, was registered.
The use of DESs in extractions represents a substantial

improvement when compared to the classical method, thus
implying a better affinity of these media with the phenolic
compounds. The high TPC values obtained with acid-based
DESs could be ascribable also to the partial depolymerization
of lignin present in the pristine chestnut shell. Indeed, lignin is
a polyphenolic material characterized by strong intra and
intermolecular hydrogen bonds and π−π stacking interactions
between its aromatic rings. Acid-based DESs such as
ChCl:lactic acid, ChCl:oxalic acid, or ChCl:p-toluenesulfonic
acid were used for the extraction of lignin. However, a
depolymerization process was also observed, which caused the
fractionation of lignin into lower molecular weight phenolic
compounds.52,53 Attempts to explain the mechanism of
dissolution of lignin-carbohydrate complexes with DESs were
made by Liu et al.54 Very recently da Costa Lopes et al.
showed that acidic DESs play an important role in biomass
delignification. They used a lignin model (2-phenoxy-1-
phenylethanol) and demonstrated that besides the acidic
nature of each DES, the halide anion (Cl- or Br-) portion
contributes to lignin processing by cleaving the β-O-4- ether
bonds of the compound.55 Recent studies described further
lignin modifications when DESs based on choline chloride and
oxalic acid or lactic were used for its dissolution.52,53,56−59

To gain insight into the different extraction performances of
the three DES classes characterized either by acid, sugar, or
alcohol HBDs, the π* and α Kamlet−Taft parameters of all the
tested DESs were measured, both at room temperature and at
the working extraction temperature of 65 °C (Table 2). In the
case of DESs containing malic acid and sugars as HBDs, 25 wt
% of water was added as for the extraction process.
The π* and α parameters quantify the polarity/polarizability

and the hydrogen-bond donating ability of the solvents,
respectively. It is of note that temperature plays a minor role in
both parameters, which is in agreement with previous
findings.60 Only the α parameter for the glucose-containing
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DESs decreases significantly at 65 °C. The α Kamlet−Taft
parameter values for the different HBDs (acids > sugars >
alcohols) correlate well with the extraction efficiency picture
reported in Figure 2a. This scenario suggests that higher α
parameters allow for a stronger interaction between the
biomass and the DES, a behavior that has been reported
before in lignin fractionation studies.61,62 In particular, the
ChCl-glycerol DES, characterized by an α of 0.77, was unable
to fractionate the biomass studied.62

The extraction results for the individual polyphenols,
discussed in the following section (Figure 2b−d), call for the
presence of subtle interactions between the polyphenol and the
partner DES system and demand further investigations, which
will be the subject of a forthcoming study.
The total polyphenol content test is a general test for the

detection of polyphenols, but it does not give qualitative
information about the actual molecules that are present in the
extracts. HPLC analyses were performed for the identification
of the polyphenols contained in the extracted mixtures. Figure
3 shows representative chromatograms (absorbance at 280
nm) for the extracts obtained using the different classes of
DESs: ChCl:Oax2H2O, ChCl:Glu (1:1) and ChCl:EG (1:4).
Figures S17−S20 show the corresponding chromatograms for

the extracts obtained using ChCl:Ma (1:1), ChCl:But (1:4),
ChCl:Glu (1:2), and ChCl:Mal (1:1), respectively. The
concentration of the samples was 800 μg/mL and the same
mobile phase was used in the preparation of both the samples
and of the standards. For gallic acid, ellagic acid, procyanidin
B2, vanillic acid, and catechin, calibration curves were
constructed and the content of these compounds in real
samples was measured. The ability of DESs to extract
polyphenols varied considerably from one DES to another.
The chromatograms in Figures 3 and S17−20 (see Supporting
Information) show three major peaks present in all samples:
gallic acid (rt 5.7 min), catechin (rt 17.6 min), and ellagic acid
(rt 30.4 min). This behavior is in perfect agreement with the
major phenolic components identified in the literature for the
same biomass.63 Again, in accordance with the results obtained
with the Folin−Ciocalteu assay, ChCl:Oax2H2O extracted the
highest amount of these polyphenols (3.20 mg/g of gallic acid,
2.61 mg/g of catechin, and 0.90 mg/g of ellagic acid, see
Figure 2b−d). Moreover, only in the extract obtained with
ChCl:Oax2H2O, we were also able to detect and quantify
vanillic acid (0.27 mg/g of dry mass) and procyanidin B2 (0.98
mg/g of dry mass). Finally, ChCl:Oax2H2O extracted 4-fold
more gallic acid and ellagic acid than the MeOH/H2O system
(as it is shown in Figure 2b,c respectively), while catechin was
not detected in the methanolic extraction (see Figure 2d).
It is worth mentioning that the color of the extracts varied

when different DES classes were employed (Figure S21, see
Supporting Information). This phenomenon could indicate a
different composition of the extract, as some phenolic
compounds such as anthocyanins or condensed tannins are
deeply colored species. More specifically, the polyphenols
extracted with ChCl:Oax2H2O had a purple color, those
recovered with acid-based DESs were red, whereas those
obtained with sugar-based DESs were orange. In contrast, pale
yellow extracts were afforded when polyol-based DESs were
used. The high capacity of acid-based DESs such as ChCl:Oax
in the extraction of polyphenols such as anthocyanins from
grape skin was reported by Bubalo et al.36 They assumed that
an important factor in the extraction of these components is
the DES polarity that varied in the following order acids >
sugar > polyols.35,36,64

Furthermore, in the chromatograms shown in Figure 3, a
large and intense hump can be noticed in the case of the
extracts obtained with ChCl:Oax2H2O DES. This hump
diminishes when employing DES of different nature, from
acid ones to sugar-based ones (ChCl:Glu), while it is negligible
in the case of polyol-based DESs.
It has been reported before that an unresolved large peak in

the chromatogram could be attributed to condensed tannins
present in the sample.5 Based on the different colors of the
extracts (Figure S21) as well as on the different intensity of the
unresolved large peak obtained in the chromatograms (Figure
3), the vanillin-HCl assay was performed to confirm the
presence and quantify the condensed tannins contained in the
extracts (Figure 4). Indeed, the highest content was registered
for the ChCl:Oax2H2O system (189.6 mg CE/g dry chestnuts)
followed by the other two acid-based DESs.
Conversely, the test was negative for the extracts obtained

with polyol-based DESs, which did not show the hump in their
chromatograms. Sugar-based DESs presented instead values
between 12 and 50 mg CE/g dry. These data suggest,
therefore, that condensed tannins are the main class of
polyphenols present in the extracts. Our findings are in good

Table 2. Solvatochromic Parameters π* and α of the Used
DESs at 25 and 65 °C

Kamlet−Taft
parameters
(25 °C)

Kamlet−Taft
parameters
(65 °C)

DES composition
mol ratio

(ChCl:HBD) π* α π* α

ChCl:Oax2H2O 1:1 1.21 1.23 1.19 1.28
ChCl:Maa 1:1 1.28 1.18 1.24 1.21
ChCl:CaxH2O 1:1 1.24 1.22 1.23 1.24
ChCl:Mala 1:1 1.35 0.94 1.35 0.90
ChCl:Glua 1:1 1.31 0.98 1.31 0.88
ChCl:Glua 1:2 1.32 1.05 1.32 0.89
ChCl:EG 1:4 1.13 0.77 1.10 0.75
ChCl:But 1:4 1.05 0.68 1.03 0.67

a25 wt % of water was added to the DES.

Figure 3. HPLC chromatograms of extracts with different DESs at
280 nm: (a) ChCl:Oax2H2O (1:1) (blue curve), (b) ChCl: Glu (1:1)
(red curve), and (c) ChCl: EG (1:4) (black curve).
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agreement with the work of Squillaci et al. who found that up
to 25 mg/g of the 43.6 mg/g of GAE total polyphenolic
content in their extracts were condensed tannins.63 These
results confirm the possibility of modulating the polyphenol
extraction efficacy by changing the HBD component of the
DES involved in the CSW processing. Cao et al. reported the
high capacity of ChCl:malonic acid with 55 wt % of water in
the extraction of proanthocyanidins (condensed tannins) from
Gingko biloba leaves. The authors also noticed that the acid-
based extract had a dark red color, while those obtained with
classical organic solvents such as methanol or ethanol had a
yellow-brown tinge because of the different types of
proanthocyanidins extracted.65

Recovery and Reuse of ChCl:Oax2H2O. The recovery of
the solvent from an extraction process, the following use in a
new extraction cycle, and the retention of its extraction
efficiency (EE) are all aspects, which concur to define the real
sustainability of a process. Therefore, our best performing DES
(ChCl:Oax2H2O) was tested in four consecutive extraction
cycles and the results obtained are summarized in Figure 5.
The DES recovery is reported as the percentage of mass
recovered over mass used, while the extraction efficiency was
assessed on the basis of the TPC of the methanolic extracts
after each extraction cycle.
As previously reported,19 the DES can be recovered from the

filtrate aqueous solution by removing water by heating under
reduced pressure, after filtration through the Amberlite XAD-7
resin (please refer to the Materials and Methods section). 1H
NMR analysis showed that the DES was obtained in high
purity after each cycle, presenting the known66 ester side
product, which derives from the reaction between the HBA
and the HBD, as the sole recognizable contaminant (Figure
S13).
A slight decrease in the recovery yield and in the extraction

efficiency was observed until the third cycle, after which a
stabilization of both parameters was noticeable. This outcome
could be, at least in part, ascribable to the increasing formation
of the ester side product up to a certain extent. The 1H NMR
spectral comparison seems to corroborate this hypothesis as its

content increases up to 10%, albeit only in the first three cycles
(Figure S13). Overall, this DES appears to be a good candidate
for large scale studies, where it can be anticipated that
additional optimization has the potential to further minimize
the formation of the detrimental ester side product.

Fractioning of Lignocellulosic Residue. Lignin is one of
the most recalcitrant natural polymeric compounds. In the
lignocellulosic material, lignin holds cellulosic fibers together
and acts as a bonding and stiffening agent. In biorefineries,
delignification pretreatments or fractionation processes of
lignocellulosic materials represent a key step for the production
of biofuels and added value chemicals. Among the cholinium-
amino acids ILs, ChGly showed the highest lignin dissolution
power and a negligible ability to dissolve xylan and cellulose.67

Thanks to these peculiar properties, this IL was employed for
the delignification of rice straw before enzymatic hydrolysis
experiments and for the fractionation of different hard and
softwoods biomasses.34

Therefore, this bio-based and nontoxic IL was selected to
complete the valorization of the CSW. After the separation of
the polyphenols with ChCl:Oax2H2O, the chestnut shell
residue (henceforth labeled CSWR) was first dried in an oven
at 65 °C and then treated with ChGly (see Figure 1).
Following the procedure developed by An et al.,34 after
treatment with the bio-IL (5% biomass loading, for 16 h at 90
°C), a solution of NaOH (0.1 M) was added and the
undissolved residue enriched in cellulose (CRM) was filtered
away. The collected filtrate was acidified to precipitate the
dissolved lignin. The precipitate enriched in lignin (LRM) was
recovered by centrifugation and washed with acidic water.
After the precipitation of lignin, further treatments of the acidic
centrifuged solution were required for the recovering of the IL:
(1) adjustment of the pH to that of an aqueous solution of
ChGly by adding aqueous NaOH (1 and 4 M), (2) removal of
the water under reduced pressure, (3) dissolution of the IL in
dry methanol and filtration of the undissolved salts, and (4)
removal of the methanol under reduced pressure. ChGly was
recovered in both satisfactory amounts (>97%) and purity
(please refer to the 1H NMR comparison reported in Figure
S15). The CRM and LRM fractions were dried in an oven at
65 °C and were recovered in amounts equal to 54 and 8% of

Figure 4. Total condensed tannin content of the extracts with
different DESs.

Figure 5. Yield of the recovered DES and extraction efficiency after
each cycle.
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the CSWR, respectively. FTIR analysis was performed to
characterize the two materials and to compare them with the
FTIR spectrum of CSWR (Figure 6). The spectrum of this

latter residue displays all the characteristic bands attributable
to the three main components of lignocellulosic materials.
Indeed, the band at 1726 cm−1 corresponds to the CO
stretching mode of ester groups such as acetyl, feruloyl, or p-
coumaroyl groups found in hemicellulose and lignin,68 the
bands at 1517 and at 1443 cm−1 were characteristic of the C
C stretching vibrations of the phenol rings and of the
deformation mode of aromatic rings that are present in the
structure of lignin. The intense vibrational band between 1100
and 900 cm−1 with the maximum at 1025 cm−1 is instead a
distinctive feature of the vibrational modes of cellulose/
hemicellulose glycosidic linkages. The FTIR spectrum of
Figure 6b represents the CRM obtained after the treatment
with ChGly. It can be observed that the characteristic peaks of
lignin disappeared, while the intense distinguishing absorption
peaks of the C−O−C vibration modes at 1025 and 1045 cm−1

of cellulose are still present. In the FTIR spectrum of LRM
(Figure 6c), a lowering of the intensity of the peak between
1100 and 900 cm−1, characteristic for cellulose, can be noticed.
Diagnostic bands of lignin are present in this spectrum with the
maximum peaks at 1726, 1517, and 1234 cm−1. This clearly
shows the successful separation of lignin.
The thermal degradation of the obtained fractions was

investigated; TG and DTG curves obtained under an inert
atmosphere (N2) from CRM, LRM, and CSWR samples are
reported in Figure 7a,b, respectively. CSW was also analyzed
for the sake of comparison.
As reported in the literature, four major steps can typically

be identified during the pyrolysis of a lignocellulosic biomass:
(I) moisture evaporation below 150 °C, (II) mass loss related
to the hemicellulose portion in the temperature range of 150−
300 °C, (III) mass loss of the cellulose portion in the
temperature range of 300−400 °C, and (IV) lignin
decomposition in the temperature range of 150−900
°C.69−72 As shown in Figure 7, the thermogravimetric curves
for CSW, CSWR, and CRM presented similar profiles and
displayed all the expected degradation steps of lignocellulosic
biomass. In particular, the DTG curves (Figure 7b) are
characterized by a main sharp peak (because of cellulose
decomposition) partially overlapped with a shoulder peak at a
lower temperature (because of hemicellulose decomposition)
and a long tail observed at a higher temperature (because of
lignin decomposition). Different Tpeak and different distribu-
tions of the three main degradation steps were observed
because of the heterogeneous nature and different composi-
tions of the biomass samples. Table 3 summarizes the thermal
degradation steps (identified as Tpeak from the DTG curves,
Figure 7b) and the corresponding mass losses observed for
CSW, CSWR, and CRM. It is worth stressing again that the
degradation of lignin occurs in a wide temperature range,
which clearly limits the direct correlation of mass loss
composition.
LRM showed a completely unique thermal decomposition

behavior and its thermogravimetric profile was very similar to
those reported by Manara et al. for lignins extracted from a
different agricultural waste. The thermal behavior of LRMs
depends on the extraction method as well as on the type of
biomass. Indeed, they studied the extraction of lignin with
different processes from various types of agro-wastes and they

Figure 6. FTIR spectrum of (a) CSWR, (b) CRM, and (c) LRM
extracted with ChGly.

Figure 7. TG (a) and DTG (b) curves for pristine CSW, residue after polyphenol extraction with ChCl:Oax2H2O (1:1) (CSWR), CRM after
treatment with ChGly (CRM), and LRM extracted with ChGly (LRM).
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observed only slight differences in the DTG curves.70

Furthermore, the mechanism of lignin pyrolysis is more
complex than those of cellulose and hemicellulose, which
involve the depolymerization into oligomers. Besides the
depolymerization process, it also includes free radical and
chain propagation reactions that continue until the stable
compounds are formed.69 The TG profile along with the FTIR
characterization suggest that the mass losses observed during
the TG curve in LRM can be ascribed almost exclusively to
lignin, lignin oligomers, or a mixture thereof. The correspond-
ing mass loss due to the moisture content for LRM was 7.8%.
This was followed by two overlapped peaks observed in step II
(Tpeak1 = 198 °C with mass loss = 12.6% and Tpeak2 = 258 °C
with mass loss = 20.3%, Table 3 and Figure 7b) accounting for
lignin depolymerization into oligomers that decompose at a
lower temperature.69 LRM also displayed an overlapping peak,
accounting for a mass loss of 14.2% (Tpeak = 315 °C), which
corresponds to step III and is in agreement with a low cellulose
content.
To get a closer insight into the actual composition of the

different solid fractions obtained from the CSW, a prediction
model was followed. Recently, the three parallel reaction
model combined with the distributed activation energy model
(DAEM) has been used to predict the biomass composition
because it is considered a reliable model to describe the
pyrolysis of biomass.43,45 The three parallel-DAEM model
assumes three independent first-order reactions of the three
pseudocomponents of biomass, usually hemicellulose, cellu-
lose, and lignin. Each pseudocomponent has an activation
energy with a Gaussian distribution and a specific frequency
factor. The initial composition of biomass is then estimated
based on the assumption that each pseudocomponent can be
decomposed completely at the final temperature of the
pyrolysis. Herein, we present the application of the first-
order three parallel-DAEM model based on the mass loss TG
data (eq 1 in Materials and Methods) of CSW-derived
biomasses obtained via treatment with DESs and ILs. Further
description of the model is reported elsewhere44,73 while our
simulation details are given in the Materials and Methods
section. Our aim was to assess the initial composition of the
different samples to further support our findings on the use of
ChCl:Oax2H2O for polyphenols and lignin extraction and
ChGly for lignin and cellulose separation.
Figures S22 and S23 (see Supporting Information) show the

TG and DTG curves obtained by the mass loss fitting using the
first-order three-parallel-DAEM reaction model for CSW and
CSWR, and for CRM and LRM, respectively. The optimal
values of the full set of parameters (12 parameters for each
biomass) calculated simultaneously through the stochastic
optimization strategy are listed in Table S3 (see Supporting
Information). The fitting quality ranges from 0.308 to 0.527
(Table S3, see Supporting Information) indicating a good fit

(lower FQ indicates a better fitting quality) to the optimization
strategy presented here for all biomasses investigated. The
fitting quality was similar to that reported for the application of
the three parallel-DAEM model by Chen et al.44 (FQ = 0.37−
0.69) for lignocellulosic feedstocks, by Wang et al.73 (FQ of
about 1.65−2.21) for extractive tobacco stem, and by Cai et
al.43 (FQ ranging from 1.57 to 4.45) for lignocellulosic
feedstocks. Figures S22 and S23 also depict an excellent fit for
all biomasses with residuals between the observed and
calculated mass data in the range of 10−5 to 10−4 values.
The kinetic pyrolysis of biomasses derived from chestnut shells
can be, therefore, well described by the three parallel-DAEM
reaction model.
Figure 8 shows the estimated composition of hemicellulose/

cellulose and lignin (the full set of composition values is listed

in Table S3). The hemicellulose/cellulose content (sum of
cellulose and hemicellulose) and the lignin content for CSW,
CSWR, and CRM shown in Figure 8 were calculated once the
decomposition zone was identified through the analysis of the
TG/DTG calculated curves (Figure S22 and S23, see
Supporting Information) and through the activation energies
(usually following the trend E0 lignin > E0 cellulose > E0
hemicellulose) for each pseudocomponent (1 = hemicellulose,
2 = cellulose, and 3 = lignin). In the case of LRM, we
presented the lignin content as the sum of lignin and lignin
oligomer (identified as pseudo components: 1 = lignin
oligomers, 2 = cellulose, and 3 = lignin) composition in
Table S3 (see Supporting Information). These considerations
were taken into account because the treatment with

Table 3. Steps of Degradation for CSW, CSWR, CRM, and LRM

mass losses (%)

samples step I (<150 °C) step II (150−300 °C) step III (250−400 °C) step IV (400−750 °C) residue at 750 °C (%)

CSW 6.1 (77 °C) 7.6 (249 °C) 31.4 (311 °C) 40.8 (487 °C) 14.1
CSWR 1.1 (107 °C) 5.5 (230 °C) 42.7 (330 °C) 18.6 (467 °C) 32.1
CRM 1.3 (91 °C) 7.6 (279 °C) 45.4 (352 °C) 27.5a 18.2
LRM 7.8 (62 °C) 12.6 (198 °C)

20.3 (258 °C) 14.2 (315 °C) 19.3a 25.8
aTpeak was not identified.

Figure 8. Predicted composition of biomass components in CSW and
after the treatment with ChCl-Oax2H2O (CSWR) and ChGly (CRM
and LRM) using the three parallel-DAEM model.
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ChCl:Oax2H2O or ChGly could modify the typical decom-
position steps (temperature ranges) of the biomass compo-
nents.
The starting CSW showed a high content of lignin (38.7%)

and cellulose (52.5%) and a low hemicellulose (8.8%) content
(Table S3, see Supporting Information). The composition
values predicted using the three parallel-DAEM model for
CSW are then similar to those reported [raw chestnut shells
waste: hemicellulose (7.9%), cellulose (28.4%), and lignin
(41.6%)] by Morana et al.,74 highlighting the good predictive
power of the model. On the other hand, the lignin composition
in CSWR was remarkably lower (6.7%) than that in pristine
CSW. These results support the idea that not only high
amounts of phenolic compounds (polyphenols and tannins)
are extracted during the ChCl:Oax2H2O treatment but lignin
is also removed from the lignocellulosic substrate. This is also
in good agreement with the extraction mechanism process of
lignin from lignocellulosic biomass using ChCl:Oax2H2O
reported by different research groups.52−59 In terms of the
amount of cellulose (41.2%) and hemicellulose (52.1%) in
CSWR, the model predicted high composition of hemicellulose
(pseudocomponent 1). It is most likely, however, that both
compositions correspond to cellulose or cellulose/hemi-
cellulose mixtures with different properties (i.e., molecular
weight, etc.) because of the fact that CSW has less than 10% of
hemicellulose. Also, the activation energies for both
components are very close (Table S3, see Supporting
Information) and the treatment with ChCl:Oax2H2O could
partially hydrolyze the initial hemicellulose present. In fact, the
calculated mass loss (TG curves) for these two components
showed a similar behavior in the temperature range associated
with cellulose decomposition (Figure S19, see Supporting
Information). On the other hand, as expected, the biomass
obtained after the treatment with ChGly showed high amounts
of cellulose/hemicellulose (77.8%) for CRM and lignin
(80.3%) for LRM (Figure 8). These results, in agreement
with the FTIR data and TG analysis, confirmed that the
selected bio- IL ChGly is able to extract lignin from CSWR and
hence it allows for the obtainment of cellulose-enriched and
lignin-enriched materials.

■ CONCLUSIONS

In this study, we combined the use of two classes of green
solvents, namely DESs and ILs, for the valorization of an
agricultural waste with a low economic value (CSW) obtained
from a company processing chestnuts. Indeed, such a waste
can be reused for producing energy supply, but the elevated
humidity of the waste reduces the efficiency of the entire
process. First, the ability of a series of DESs to extract from
CSW high value-added compounds like polyphenols was
screened. Most of these DESs can be classified as NADES with
full rights. The results were compared with those obtained with
a classical extraction protocol based on the use of MeOH/
H2O. The polyphenol extraction efficiency decreased in the
following order: acid-based DESs > sugar-based DESs >
polyol-based DESs, which correlates well with the α Kamlet−
Taft parameter trend. Within the best performing acid-based
DESs, ChCl:Oax2H2O displayed the highest capacity of
polyphenol extraction, which compared favorably with classical
methods. The obtained extracts were analyzed by HPLC and
several components were identified and quantified in all the
extracts. To the best of our knowledge, this is the first report

that uses DESs as solvents for polyphenol extraction from
CSW.
Besides demonstrating the utility of DESs in the extraction

of polyphenols, a successful attempt to fractioning further the
DES-treated CSW was carried out by using a bio-IL, cholinium
glycinate. Cellulose-rich and lignin-rich fractions were obtained
and analyzed by TGA and FTIR. Furthermore, the three
parallel-DAEM reaction model was fitted to the TG pyrolysis
profiles of pristine CSW, ChCl:Oax2H2O-treated CSW,
cellulose-rich, and lignin-rich materials through a stochastic
optimization strategy. Using this method, the composition of
cellulose/hemicellulose and lignin was also estimated for each
material. The results are in agreement with the literature
reports for what concerns the composition of raw CSW in
reasonable composition ranges. Considering the positive
results of the recycling tests for ChCl:Oax2H2O and of the
recovery of ChGy, the proposed approach paves the way for a
full exploitation of chestnut shells by using harmless and
environmentally friendly solvents and, more in general, for the
combined use of DESs and ILs in biomass waste processing.
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Álvarez, J.; Antorrena, G. Antioxidant activity and phenolic content of
chestnut (Castanea sativa) shell and eucalyptus (Eucalyptus globulus)
bark extracts. Ind. Crop. Prod. 2008, 28, 279−285.
(12) Choi, Y. H.; van Spronsen, J.; Dai, Y.; Verberne, M.; Hollmann,
F.; Arends, I. W. C. E.; Witkamp, G.-J.; Verpoorte, R. Are Natural
Deep Eutectic Solvents the Missing Link in Understanding Cellular
Metabolism and Physiology? Plant Physiol. 2011, 156, 1701−1705.
(13) Florindo, C.; Branco, L. C.; Marrucho, I. M. Quest for Green-
Solvent Design: From Hydrophilic to Hydrophobic (Deep) Eutectic
Solvents. ChemSusChem 2019, 12, 1549−1559.
(14) Abranches, D. O.; Martins, M. A. R.; Silva, L. P.; Schaeffer, N.;
Pinho, S. P.; Coutinho, J. A. P. Phenolic Hydrogen Bond Donors in
the Formation of Non-Ionic Deep Eutectic Solvents: The Quest for
Type v Des. Chem. Commun. 2019, 55, 10253−10256.
(15) Vanda, H.; Dai, Y.; Wilson, E. G.; Verpoorte, R.; Choi, Y. H.
Green Solvents from Ionic Liquids and Deep Eutectic Solvents to
Natural Deep Eutectic Solvents. C. R. Chim. 2018, 21, 628−638.
(16) Martins, M. A. R.; Pinho, S. P.; Coutinho, J. A. P. Insights into
the Nature of Eutectic and Deep Eutectic Mixtures. J. Solution Chem.
2019, 48, 962−982.

(17) Huang, J.; Guo, X.; Xu, T.; Fan, L.; Zhou, X.; Wu, S. Ionic
Deep Eutectic Solvents for the Extraction and Separation of Natural
Products. J. Chromatogr. A 2019, 1598, 1−19.
(18) Wan Mahmood, W. M. A.; Lorwirachsutee, A.;
Theodoropoulos, C.; Gonzalez-Miquel, M. Polyol-Based Deep
Eutectic Solvents for Extraction of Natural Polyphenolic Antioxidants
from Chlorella Vulgaris. ACS Sustain. Chem. Eng. 2019, 7, 5018.
(19) Mamilla, J. L. K.; Novak, U.; Grilc, M.; Likozar, B. Natural deep
eutectic solvents (DES) for fractionation of waste lignocellulosic
biomass and its cascade conversion to value-added bio-based
chemicals. Biomass Bioenergy 2019, 120, 417−425.
(20) Grilc, M.; Likozar, B.; Levec, J. Kinetic model of homogeneous
lignocellulosic biomass solvolysis inglycerol and imidazolium-based
ionic liquids with subsequentheterogeneous hydrodeoxygenation over
NiMo/Al2O3 catalyst. Catal. Today 2015, 256, 302−314.
(21) Bradic,́ B.; Novak, U.; Likozar, B. Crustacean shell bio-refining
to chitin by natural deep eutectic solvents. Green Process. Synth. 2019,
9, 13−25.
(22) Welton, T. Ionic Liquids: A Brief History. Biophys. Rev. 2018,
10, 691−706.
(23) Mezzetta, A.; Perillo, V.; Guazzelli, L.; Chiappe, C. Thermal
Behavior Analysis as a Valuable Tool for Comparing Ionic Liquids of
Different Classes. J. Therm. Anal. Calorim. 2019, 138, 3335−3345.
(24) Clarke, C. J.; Tu, W.-C.; Levers, O.; Bröhl, A.; Hallett, J. P.
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