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In this study, the efficacy of two of the best performing green solvents for the
fractionation of lignocellulosic biomass, cholinium arginate (ChArg) as biobased
ionic liquid (Bio-IL) and ChCl:lactic acid (ChCl:LA, 1:10) as natural deep eutectic
solvent (NADES), was investigated and compared in the pretreatment of an agri-
food industry waste, apple fibers (90°C for 1 h). For the sake of comparison, 1-
butyl-3-methylimidazolium acetate (BMIM OAc) as one of the best IL able to
dissolve cellulose was also used. After the pretreatment, two fractions were
obtained in each case. The results gathered through FTIR and TG analyses of
the two materials and the subsequent DNS assay performed after enzymatic
treatment led to identify ChArg as the bestmedium to delignify and removewaxes,
present on the starting apple fibers, thus producing a material substantially
enriched in cellulose (CRM). Conversely, ChCl:LA did not provide satisfactorily
results using these mild conditions, while BMIM OAc showed intermediate
performance probably on account of the reduced crystallinity of cellulose after
the dissolution-regeneration process. To corroborate the obtained data, FTIR and
TG analyses were also performed on the residues collected after the enzymatic
hydrolysis. At the end of the pretreatment, ChArg was also quantitatively
recovered without significant alterations.
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Introduction

The huge amount of biomass wastes and by-products generated every year by the agri-
food industry is of significant concern worldwide due to detrimental environmental impacts
(Gullón et al., 2020) and increasing costs of its disposal (Lin et al., 2013), but at the same time
it represents a solution to the demand for low-cost biomass. In this scenario, following the
circular economy concept and the “zero waste” policy, great attention has been devoted to
the valorization of lignocellulosic residual biomass from the agri-food sector for the
production of novel commodities, bio-compounds, bio-fuels, power and heat through
biorefinery processes (Liu et al., 2012; Jablonský et al., 2018). Indeed, lignocellulosic
biomasses are considered a potential solution to the major issues of depletion of fossil
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resources and of climate changes caused by the large-scale
combustion of petroleum derived fuels. Moreover, other
significant advantages related to the exploitation of lignocellulosic
biomass relies in their renewability, widely distribution and easy
availability. Apple pomace fibers, resulting from fruit pressing, are a
major European agro-related problem and yet constitute a viable
option as lignocellulosic source. In particular, Northern Europe is
the top worldwide producer of apple juice and related pomace, a
solid residue with a high moisture content (up to 85%) and
biodegradable organic load, making apple pomace bulky with
high transport costs and susceptible to microbial decomposition,
and subsequent generation of foul smells, or microbial fermentation
and consequent decrement of available nitrogen in the soil when the
apple waste is disposed into landfills, which affects the C/N ratio
(Waldbauer et al., 2017). To date, apple pomace is used as source of
compost, as combustion material or as animal feed, but there is the
quest formore sustainable and profitable strategy for its valorization.

Lignocellulosic waste is composed of three main biopolymers:
cellulose, hemicellulose and lignin. Cellulose is a long-chain linear
homopolymer consisting of glucose units covalently linked by β-(1,
4) glycosidic bonds with the disaccharides cellobiose being the
fundamental repeating unit. Hydrogen bond interactions between
the hydroxyl groups of glucose units creates long fibril structures.
Hemicelluloses are a group of heteropolysaccharides consisting of
branched and shorter chains, which are comprised of pentoses
(D-xylose, L-arabinose), hexoses (D-glucose, D-galactose,
D-mannose, D-rhamnose), uronic acid groups and acetyl groups
in varying amounts depending on the plant species. Due to their
chemical structures, cellulose and hemicellulose can be hydrolysed
to monosaccharides, and subsequently converted into biofuel.
Lignin is a complex heteropolymer with a non-crystalline and
irregular three-dimensional structure, which is mainly composed
of three primary units, namely, syringyl (S), guaiacyl (G) and
p-hydroxyphenyl (H) units, highly relevant for green chemistry
applications, as it is considered the primary renewable feedstock
for the sustainable production of aromatic chemicals (Gillet et al.,
2017; Ročnik et al., 2022; Žula et al., 2023). Lignin is the first barrier
to the full utilisation of the polysaccharide portion of the biomass. In
its native form, it covers the cellulose with a cross-linked matrix
formed by hemicellulose fibers in turn connected through ester and
ether linkages, contributing significantly to biomass resistance
against degradation. On the other hand, lignin degradation
products may form deposits on the cellulose derived from
pulping processes, that hinder and inhibit enzymatic
biodegradation by non-productive binding with enzymes
(Schoenherr et al., 2018). In addition, the crystalline portion of
cellulose is also a critical hurdle as it cannot be hydrolysable by
enzymes. Therefore, a pretreatment step to increase the accessibility
of polysaccharides to enzymes is necessary in an optimized
biorefinery process. Nowadays, different physical (milling,
extrusion, microwave, ultrasounds . . .), chemical (acid or alkali
treatment, reductive and oxidative fractionation) or physico-
chemical (supercritical fluids, steam explosion, CO2 explosion
pretreatment, ammonia fiber expansion, and liquid hot water)
fractionation processes for an efficient release of fermentable
sugars have been proposed (Wang et al., 2019; Mankar et al.,
2021; Agrawal et al., 2022; Kaur et al., 2023; Sharma et al., 2023).
These traditional methods present several disadvantages as they

generally require toxic hazardous organic solvents and harsh
condition resulting in high energy consumption and raising
serious concerns in terms of safety and environmental impact,
native primary structure degradation, and most of all
derivatization of the components during the treatment (Mankar
et al., 2021). The urge to develop more sustainable and non-derivate
treatment prompted the research towards the utilization of ionic
liquids (ILs) and deep eutectic solvents (DESs). Indeed, these media
are capable to selectively solubilize and recover one of the three
components and thus allow for the fractionation of biomass to be
pursued. ILs are organic salts with a melting point below 100°C
which are used in biomass pretreatment to enhance enzymatic
digestibility since 2006 (Dadi et al., 2006; Liu and Chen, 2006).
They possess various appealing properties including negligible
vapour pressure (Barulli et al., 2021), high thermal and chemical
stability (Chen et al., 2022), non-flammability, wide electrochemical
range (Piatti et al., 2022), and an outstanding tunability based on the
wide selection of potential constituting cation-anion pairs. Above
all, ILs can dissolve a wide range of materials including hydrophobic,
hydrophilic, and also polymeric compounds (Hasanov et al., 2020;
Azimi et al., 2022). The first studies on the lignocellulosic biomass
pretreatment with ILs involve the solubilization of cellulose with
imidazolium-based ILs. These reduce the crystalline portions of
native cellulose improving the enzymatic hydrolysis efficiency
(Brandt et al., 2013). Over time, the attention headed to different
ILs able to remove lignin from biomass. This class of ILs allow for
recovering a cellulose enriched material (CRM) in the first place and
for re-precipitating the dissolved lignin enriched material (LRM) in
the second stage. In recent years, various IL classes proven effective
in the selective dissolution of lignin (Dutta et al., 2017; Hou et al.,
2017). Among them, renewable cholinium amino acids-based ILs
have been reported to have high levels of efficiency in the
fractionation of lignocellulosic biomass due to their selective
removing of lignin (Hou et al., 2012; Hou et al., 2015; An et al.,
2015; Dutta et al., 2018). In particular, cholinium arginate (ChArg)
showed remarkable performances in biomass pretreatment due to
strong hydrogen bonding by the anion (Karton et al., 2018). Indeed,
it was found to be effective in the treatment of grass lignocelluloses
as well as Eucalyptus, resulting in significant improvements in the
glucose yields in subsequent enzymatic digestion (An et al., 2015).
Another class of eco-friendly solvents used successfully in the
pretreatment of lignocellulosic biomass is accounted by deep
eutectic solvents (DESs), a eutectic mixtures of two or more
separate components acting as hydrogen bond acceptor (HBA)
and hydrogen bond donors (HBD) showing a melting
temperature of the eutectic point below to that of the ideal
mixture (Martins et al., 2019). DESs possess some similar
properties to ILs, for instance the qualification of designer
solvents due to the possibility to select different HBA-HBD pair
and tune their properties (Mero et al., 2023). In particular, their
green and sustainable character may be increased when natural and
renewable materials are used for their preparation, producing the so
called natural deep eutectic solvents (NADESs) (Satlewal et al., 2018;
2019). Thanks to these attractive features (NA)DESs have been
applied in several fields, such as bio-catalysis and organic chemistry
(Cicco et al., 2021; Panić et al., 2021; Nolan et al., 2022; Thakur et al.,
2022; Cvjetko Bubalo et al., 2023; Jesus et al., 2023), in
pharmaceutical and medical research (Emami and Shayanfar,
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2020; Huang et al., 2021; Oliveira et al., 2023), extraction of metal
and bioactive molecules (Serna-Vázquez et al., 2021; Elahi et al.,
2022; Moni Bottu et al., 2022), in development of analytical
protocols (Ul Haq et al., 2022; Ullah et al., 2022), and biomass
and food processing (Mamilla et al., 2019; Bjelić et al., 2020; Ling and
Hadinoto, 2022; Moccia et al., 2022; Cheng et al., 2023). Related to
this last application, different acidic-based DESs (Alvarez-Vasco
et al., 2016; Shen et al., 2019) have been tested and cholinium
chloride:lactic acid (ChCl:LA) is deemed one of the best performing
DES in lignin dissolution (Alvarez-Vasco et al., 2016; Shen et al.,
2019; Smink et al., 2019; 2020a; 2020b; Cronin et al., 2020; Hong
et al., 2020; Oh et al., 2020; Tian et al., 2020; Morais et al., 2021). The
comparison of the performance of ILs and DESs for shared
applications is recently becoming a subject of the highest interest.
Recently, some of us have reviewed the pros and cons of using ILs
and DESs to selectively dissolve key biomass components (Afonso
et al., 2023). However, in-depth knowledge of both media is the only
way to make reasonable comparisons by selecting the most
promising systems of each class for a specific application. In the
field of biomass pretreatment, comparisons between different types
of ILs (Hou et al., 2015; Dutta et al., 2017) or different types of DESs
(Zhang et al., 2016; Guo et al., 2018; Thi and Lee, 2019; Grillo et al.,
2021) were carried out. However, DESs and ILs were rarely
compared. To the best of our knowledge, only one work reports
the effect of DES choline chloride:boric acid in molar ratio 5:2,
choline chloride:glycerol 1:1 and betaine:glycerol 1:1 and of the IL 1-
ethyl-3-methylimidazolium acetate (EMIM OAc) in the
pretreatment and subsequent enzymatic hydrolysis of
microcrystalline cellulose, Eucalyptus dissolving pulp, shredded
wheat straw and spruce saw dust (Wahlström et al., 2016). In
addition, tests of enzyme stability in the presence of ILs and
DESs showed that often DESs exhibit a lower inhibiting effect
than ILs. Although of interest, this study calls for further
investigations of the best performing state of the art systems on
real lignocellulosic waste samples. Therefore, in the present work, a
comparative enzymatic hydrolysis of apple pomace fibers, obtained
from fruit juice production by Konings (Belgium), after pre-
treatment was studied. The efficacy of the enzymatic process was
assessed on fibers pretreated using mild condition (90°C, 1 h) with
two of the most well-known and best performing green solvents in
fractionation of lignocellulosic biomass: ChArg as biobased-IL and
ChCl:LA 1:10 as NADES. For further comparison, 1-butyl-3-
methylimidazolium acetate (BMIM OAc) as one of the classic IL
able to dissolve cellulose was tested. The results in terms of FTIR
spectra, TG analyses of the generated CRM fractions conducted
before and after the enzymatic treatment were compared. Then, the
LRM fractions were collected and analyzed to confirm their
composition.

Materials and methods

Choline Chloride, ChCl (98+%), L-lactic acid (85%–90% in
water), were purchased by Alfa Aesar (Massachusetts,
United States). L-Arginine (≥98%), acetic acid (≥99.8%), dry
DMSO (99.9%) and ethanol (99.8%) were purchased from Sigma-
Aldrich (Germany). Choline hydroxide in water solution (47%–50%)
was purchased by TCI (Belgium), while 1-butyl-3-methylimidazolium

(BMIM) methylcarbonate (98%) methanol solution was purchased
from Proionic GmbH (Austria).

Cellulase from Trichoderma reesei (≥1 unit/mg) was purchased
from Sigma Aldrich (Germany). Tris buffer (Ultra-pure), sodium
hydroxide (98%), glucose (99%), sodium-potassium tartrate (99%),
carboxyl methyl cellulose and dinitrosalicylic acid (98%) was
purchased from Fisher Scientific (New Hampshire, United States).

Dried Apple fibers (pulp) were supplied by ILVO (Belgium).
They were obtained by freeze-drying apple pomace collected after
fruit juice production by Konings (Belgium). Then, the dried
pomace were de-stoned, de-steal and pre-grinded and sieved
(<1 mm). Before use, they were further grounded with blasting
milling. These pretreatments allowed to obtain a more
homogenous and manageable materials to facilitate the further
processing.

Synthesis of ILs

Cholinium arginate (ChArg)
The ChArg synthesis was performed as described previously by

To et al. (2018). Briefly, prior to use, commercial choline hydroxide
(ChOH) aqueous solution (ca. 47%–50%) was titrated with 1 MHCl
solution giving the exact percent of ionic liquid in water (49.15%).
Equal amounts (mol%) of ChOH and an aqueous solution of the
amino acid were mixed and then the mixture was heated to 70°C and
stirred for 3 h. At the end of the reaction, water was removed under
reduced pressure. The correct stoichiometry and the purity of
synthesized IL was verified by means of the 1H-NMR and
13C-NMR spectra registered in D2O and the data are in
accordance with those reported in the literature (An et al., 2015).

1-butyl-3-methylimidazolium acetate (BMIM OAc)
The BMIM OAc was synthesized as previously reported by

Guglielmero et al. (Guglielmero et al., 2019). Briefly, at first,
accurate concentration of BMIM methylcarbonate in the
commercial methanol solution was determined by titration using
a 1 M HCl solution. An equimolar amount of acetic acid was slowly
added to the commercial methylcarbonate IL methanol solution at
room temperature. Immediately after the acid addition bubbles
evolution was observed due to CO2 formation. After 1 h, the
mixture was concentrated in vacuo at 50°C to remove methanol
and was further dried under high vacuum for 8 h. BMIM OAc was
recovered as a slight yellowish oil and the 1H-NMR and 13C-NMR
data are in accordance with those reported in the literature
(Guglielmero et al., 2019).

Preparation of NADES

ChCl:L-lactic acid 1:10
Prior to the NADES preparation, ChCl was dried under vacuum

for 6 h at 80°C and commercial L-lactic acid (LA) aqueous solution
(ca. 10%–15%) was titrated with 1 M NaOH solution giving the
exact percent of lactic acid in water (86.3%). ChCl and lactic acid
were weighted in the appropriate molar ratio (1:10) in a glass vial.
The mixture was kept at room temperature and stirred with a
magnetic stir bar until a homogenous colorless liquid was
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formed. 1H-NMR and 13C-NMR data are in accordance with those
reported in the literature (Morais et al., 2021).

Biomass treatment

Fibers prewashing protocol
Before treatment with ILs and NADES, dried apple fibers were

prewashed to remove pectin. Removal of soluble pectin has been
shown to improve the effectiveness of cellulase treatment on apple
pomace (Luo and Xu, 2020). Jet milled pomace was suspended 2%
(m/v) in 50 mMTris pH 7.5. The suspension was then centrifuged at
4,500 g for 1 h and the soluble fraction was decanted. This process
was repeated for a total of three times. The concentration of the
reducing sugar in the wash solution was used to determine the
effectiveness of the wash. The washed pomace was freeze-dried
overnight or until the pomace was completely dried.

Holocellulose content

Based upon the delignifying procedures described by Yokoyama
et al. (2002), holocellulose content was determined. In a round
bottom flask, 1 g of dried apple fiber after pectin wash and 20 mL
water were mixed and heated with stirring at 90°C. Then, a sodium
chlorite solution (20 wt%, 5 mL) and 2 mL of glacial acetic acid were
added. The addition of sodium chlorite solution and glacial acetic
acid was repeated at 30, 60, and 90 min after the first addition. 2 h
after the first addition, the round bottom flask was cooled in a cold-
water bath. Glass microfibers filter was used to filter the reaction
mixture. The residue, holocellulose, was washed with hot water (3 ×
200 mL) and acetone (20 mL) and dried at 105°C. The holocellulose
content was quoted as wt% of the dried biomass weight (calculated
as g of holocellulose/g of the dried biomass*100).

Determination of α-cellulose content

For bleached and delignified pulp, the level of cellulose purity is
obtained by R10, R18, S10, and S18 methods (Carrier et al., 2011).
The values represent the pulp’s solubility in 10% and 18% NaOH
solutions under specified conditions (standard ISO 692:1982). The
soluble portion (%) of pulp in 10% and 18% NaOH is referred to as
S10 and S18, respectively, while the residual fraction (%) is referred
to as R10 and R18. It is known that a 10% NaOH solution can
dissolve the degraded cellulose and hemicelluloses (S10), whereas an
18% NaOH solution dissolves the most important part of
hemicelluloses (S18). The subtraction, S10-S18 (or R18-R10), is a
measure of the degraded cellulose, S18 (or 100-R18) represents
hemicelluloses and R10 corresponds to alfa cellulose and represents
the “long-chain” cellulose content.

500 mg of the holocellulose obtained from the above reaction
was placed in a 100 mL beaker and left for 30 min to allow moisture
equilibrium. 40 mL NaOH (10% w/v) was added and left for 30 min
40 mL of water was added and stirred for 1 min with a glass stirring
rod then left for another 29 min. The suspension was filtered with a
sintered glass filter and washed with deionized water (3 × 100 mL).
The residue was soaked in 1 M acetic acid (10 mL) for 5 min. It was

then filtered and washed with deionized hot water (3 × 300 mL)
followed by drying at 105°C. The same procedure was repeated using
NaOH 18% w/v.

Biomass treatment with ILs and NADES

Method A: treatment with ChArg
After pectin removing, biomass was treated with ChArg

following the procedure previously described by Hou et al.
(2015), An et al. (2015) and in our previous work (Husanu et al.,
2020) with some modifications. The treatment was performed with
milder condition than that described by the authors. Briefly, IL was
heated under stirring at 90°C and then biomass samples were added
with a biomass/IL ratio 1/10 (w/w) and stirred at the same
temperature for 1 h. Subsequently, the suspension was cooled at
room temperature and diluted with 50 mL of NaOH solution
(0.1 M). The undissolved residue (cellulose enriched material,
CRM-ChArg) was recovered by filtration and washed with the
same basic solution and then water until neutral pH. After, the
solid residue was freeze-dried for 24 h and stored in a sealed vial
prior to characterization and enzymatic hydrolysis. The remaining
filtrate was acidified to pH 2 with HCl (4 and 1 M) and stored at 4°C
for a night to precipitate a second fraction enriched in lignin (LRM).
The recovered material was separated by centrifugation and washed
with the same acidic solution and then with water and finally freeze-
dried. The two fractions were then analyzed by FTIR and TGA.
Furthermore, the IL was recovered; after the separation of the LRM,
the filtrate was basified to pH 11 (the pH of the aqueous solution of
the IL) with NaOH (4 and 1 M). Water was removed by evaporation
under reduced 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.

Method B: treatment with ChCl:Lactic acid 1:10
After pectin removal, biomass was treated with ChCl:LA (1:10)

following a procedure previously described by Morais et al. (2021)
with slight modification. Briefly, the treatment was performed at
90°C or 120°C, for 1 h at a fixed biomass/NADES ratio 1/10 (w/w).
Then, the mixture was cooled down to room temperature and a
solution of ethanol-water (50:50) was added to reduce the viscosity
of the system and to maintain lignin soluble. The undissolved
residue enriched in cellulose (CRM-ChCl:LA) was recovered by
filtration on a glass filter, washed three times with an ethanol-water
(50–50) solution to remove the NADES, freeze-dried and further
characterization and enzymatic treatments were performed. Finally,
ice cold water was added to the filtrate for lignin precipitation
(LRM). The precipitates were recovered by centrifugation, washed
with water and then dried in the oven (60°C). Finally, the filtrate was
evaporated under reduced pressure to recover the NADES that was
analyzed by 1H-NMR.

Method C: treatment with BMIM OAc
After pectin washing, biomass was treated with BMIM OAc at

90°C for 1 h with a biomass/IL ratio 1/10 (w/w). Then, the
suspension was cooled to room temperature and diluted with
50 mL of DMSO. The undissolved residue was recovered by
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filtration and washed with other DMSO and water. The obtained
solid fraction was freeze-dried for 24 h. Then ethanol was added to
the filtrate and the mixture was stirred at 60°C for 3 h. Regenerated
cellulose was separated by centrifugation (a Remi R-8D centrifuge
operating at 4,000 rpm max). The regenerated cellulose enriched
material (CRM-BMIM OAc) was further washed with ethanol at
60°C for 3 h and again recovered by centrifugation. The washing
procedure was repeated two more times. After the final separation,
the material was freeze-dried for 24 h and stored in a sealed vial prior
to characterization through FTIR and TG analyses and enzymatic
hydrolysis.

Enzymatic treatment: time course assay and
weeklong treatment

Untreated and treated fibers with ILs and NADES were
suspended 2% (m/v) in 50 mM Tris pH 7.5. Enzymes were added
at a concentration of 1 mg/mL, 30 mg of fibers and 15 mg of enzyme
in 15 mL of solution. Enzyme and fibers mixes were incubated at
30°C with shaking at 200 rpm for up to 1 week, in triplicate. Such
timescale has been utilised in other studies to allow observation of
effective degradation of the fibers and release of monomeric sugars,
enzymatic treatment of CMC run for long yielded full degradation
(Gao et al., 2014). Reducing sugar concentration was evaluated by
the dinitrosalicylic acid (DNS) assay at different times during the
weeklong treatment. The mass of the fibers was measured, and their
conditions were recorded with a picture prior to enzymatic
hydrolysis. At the end of the treatment, after 1 week, a DNS
assay was performed on the soluble fraction to determine the
soluble reducing sugar and the conditions of the fibers were
recorded with another picture. The soluble fraction was decanted,
and freeze dried overnight, the mass loss of the insoluble fibers was
then calculated. Enzymatic treatment of fibers was performed in
triplicate. Statistical significance of change in mass loss was
determined by Kruskal–Wallis test (Graphpad).

DNS assay: reducing sugar assay

The effectiveness of the enzyme treatment and fibers washing was
evaluated by determining the concentration of reducing sugar via the
DNS assay (Ghose, 1987). Briefly, 0.5 mL of the sugar containing
solution was combined with 0.5 mL of DNS solution and then heated
to 100°C for 5 min in a hot block. The solution was then chilled on ice
to room temperature. The absorbance was measured at 540 nm,
blanked with DNS buffer with water. The calibration curve was
performed with glucose. Statistical significance of change in mass
loss was determined by Kruskal–Wallis test (Graphpad).

Inhibition assays

The sensitivity of T. reesi cellulase to ILs and NADES was
determined. Degradation of carboxymethyl cellulose (CMC) by
cellulase in the presence of several concentrations of ILs and
DESs was performed. Samples of CMC assay were taken over
regular intervals (every 5 min) over a 25 min period, and

quenched with DNS solution. Reducing sugar was evaluated with
the DNS assay, linear regression was used to determine the initial
rates. Initial rates were plotted against inhibitor. IC50 was
determined by Equation (1):

y � B + T − B( )
1 + T−B

0.5 × B − 1( )( ) × IC50Ĥ( )
(1)

where T is the top plateau of the y-axis, B is the bottom plateau of the
y-axis, IC50 is the concentration at halfway between the plateaus, H
is the Hill Slope.

NMR spectroscopy

The 1H-NMR spectra were recorded in D2O, DMSO d6, CDCl3
or in MeOD on a Bruker 400 MHz NMR spectrometer at 25°C.
13C-NMR spectra were recorded at 100 MHz. The samples were
prepared in 5 mm tubes. Chemical shifts (ppm) are referenced to the
either residual D2O (δH 4.79), DMSO (δH 2.50, δC 39.5), CDCl3 (δH
7.26, δC 77.0) or MeOD (δH 3.31, δC 49.0).

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 measured in the range from
4,000 to 600 cm−1 with 32 scans both for samples and background,
measured first to eliminate the moisture and CO2 from the samples.

Thermogravimetric analysis

Thermogravimetric analyses (TGA) were carried out using a TA
Instruments Q500 TGA (weighing Precision ±0.01%, sensitivity
0.1 mg, baseline dynamic drift <50 mg). TG measurements were
performed heating 15–20 mg of each sample at a rate of 10°C/min,
from 30°C to 800°C under nitrogen flow (80 mL/min) in a platinum
crucible. The instrument was calibrated using weight standards (1 g,
500 mg and 100 mg) and the temperature calibration was performed
using curie point of nickel standard. All the standards were supplied
by TA Instruments Inc. TGA experiments were carried out in
triplicate for each sample.

Results and discussion

In this study, dried apple fibers have been taken into account as a
lignocellulosic waste, exploitable as a sustainable alternative to fossil
fuel derived material since it can be considered as a source of
cellulose that can be hydrolyzed into monosaccharides, and
subsequently converted into biofuel. For the pretreatment of this
biomass waste, two of the best performing systems reported to date,
based on the same cholinium cation, ChArg as bio-based IL and
ChCl:LA (1:10 M ratio) as NADES, were selected. Both green
solvents are praised for their ability to dissolve selectively the
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lignin allowing the physical recovery of the undissolved solid
material enriched in cellulose (CRM) and the following
precipitation of the dissolved lignin enriched material (LRM). For
further comparison, the effect of BMIM OAc, which is by far the
most investigated IL capable of dissolving cellulose, was also tested
on this agri-food industrial waste.

Jet milled process

Before the pretreatment, apple pomace fibers were homogenized
through a jet milled process. Two fractions with different particle
size were obtained: “Milled fibers” with a single volume distribution
in the <10 μm range and “Residue coarse material” with 2 main
volume distributions showing very different dimensions (from
32.457 to 1,184.205 μm). The volume distributions are shown in
Supplementary Figure S1 and Supplementary Table S1. To ascertain
their composition the two materials were characterized by FTIR
(Figure 1) and TG analyses (Figure 2).

The FTIR spectra showed clear differences between the two
fractions. The milled fiber fraction displayed all the characteristic

absorption bands attributable to the three main components of the
lignocellulosic material (cellulose, hemicellulose and lignin) (Sim
et al., 2012; Lupoi et al., 2014; Acquah et al., 2016). Indeed, within
the fingerprint region, the bands at 898 cm-1 and the range between
1,200 and 1,000 cm-1 with a maximum value at 1,032 cm-1 stemmed
from the vibration of β-glycosidic C-H deformation with a ring
vibration contribution (hexoses/pentose) characteristic of glycosidic
bonds and the C-O-C ring vibrational stretching modes of cellulose/
hemicellulose glycosidic linkages. The band at 1,239 cm-1 is related
to C-O stretching of syringyl rings, C-O stretching in lignin and
hemicellulose and OH-plane deformation. The bands at 1,370 and
1,316 cm-1 derive from CH2 symmetrical vibration of cellulose/
hemicellulose and CH2 wagging of cellulose. Instead, the bands at
1,443, 1,520 and 1,632 cm-1 are attributed to lignin fraction. They
correspond to C=C deformation modes and stretching vibrations of
lignin aromatic rings, respectively. Then, the band at 1,732 cm-1 is
attributed to C=O stretching of acetyl and uronic ester groups of
hemicellulose or the ester groups of ferulic and p-coumaric acids of
lignin. Outside the fingerprint region, the bands occurring at
2,917–2,849 cm-1 are associated with the stretching of methyl and
methylene groups in hemicellulose/cellulose along with the aromatic
ring vibration in lignin, while the broad band in the range between
3,500 and 3,000 cm-1 with a maximum at 3,342 cm-1 is assigned to all
the vibrations of the hydrogen bond of the O-H group. In addition,
the FTIR spectrum could be representative also of pectin, another
component typically present in apples. Pectins are another family of
high molecular weight polysaccharides constituted mainly of
esterified α-(1→4)-D-galacturonic acid residues, organized in a
linear backbone. The linear structure of pectin is partly
interrupted by (1,2)-linked side-chains consisting of L-rhamnose
residues and some other neutral sugar (xylose, galactose and
arabinose). Compared to cellulose, pectin displays a branched
and more complex structure. In addition, the galacturonic acid
units could be methyl esterified providing gelling properties
(Cárdenas-Pérez et al., 2018). However, the FTIR spectrum is
very similar to cellulosic materials and we can only assume the
presence of pectin considering the nature of the studied biomass.
Indeed, pectins characteristics bands are detected around 3,400,

FIGURE 1
FTIR spectra of milled fibers and residue coarse material after jet
milling process.

FIGURE 2
Thermograms of Milled fibers (left) and of Residue Coarse Material (right).
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2,930, 1,732, 1,460, 1,377 cm-1 and in the range of 950–1,200 cm-1

and they are related to the stretching of OH groups, CH stretching
vibration, C=O stretching, CH2 scissoring and OH bending
vibration and C–O–C stretching, respectively (Mishra et al., 2008;
Zouambia et al., 2017; Hasanah et al., 2019).

On the other hand, the residue coarse material (Figure 1,
bottom) did not show the characteristic bands related to
polysaccharides. This fraction appeared enriched in waxes. Like
most aerial parts of the terrestrial plants and fruits, apple presents an
outer hydrophobic epicuticular wax layer. It is deposited in and on
the cutin matrix and it serves as a shield with barrier properties
against environmental stresses (i.e., wind, temperature, drought and
absorption of fertilizers, growth regulators, fungicides, insecticides
and herbicides, infection by plant pathogens, mechanical damage,
abrasions) also after harvest during storage (Veraverbeke et al.,
2001). Moreover, it provides water repellence and prevents moisture
loss due to uncontrolled non-stomatal long-term storage, and loss of
organic and inorganic compounds by leaching (Ibrahim J. A. et al.,
2020). The epicuticular wax layer of apples is mainly composed by a
mixture of long-chain hydrocarbons as major components and
other aliphatic compounds like fatty acids, aldehydes, primary
and secondary alcohols, ketones, and alkyl esters (Verardo et al.,
2003). The FTIR spectrum of the residue coarse material displayed
two very intense bands at 2,918 and 2,850 cm-1 that correspond to
asymmetric and symmetric stretching vibration of methyl or
methylene C-H of saturated aliphatic compounds. The strong
methylene/methyl bending vibration at 1,461 and the weaker
band at 720 cm-1 (methylene rocking vibration) are also
indicative of a long-chain linear aliphatic structure. Finally, the
bands at 1732 and 1,688 cm-1 are distinctive of C=O stretching of
esters and/or alkyl carbonates and of carbonyl of conjugated
aldehydes and ketones, respectively (Verardo et al., 2003; Ibrahim
J. A. et al., 2020).

The very intense bands at 2,917 and 2,849 cm-1 of the milled
fibers fraction, along with the weaker bands at 1,688, 1,461 and
718 cm-1 suggests the presence of waxes also in this fraction.

Based on these observations, the ideal pretreatment solvent
should be able to separate both lignin and waxes components to
obtain the desired cellulose enriched fraction. The
thermogravimetric analyses also suggested a different
composition of the two fractions. The milled fibers showed the
four major typical degradation steps of the lignocellulosic biomass
pyrolysis: moisture evaporation below 150°C, main mass loss in the
temperature range 300°C–400°C with a Tpeak at 353°C with a lower
degradation step at 251°C attributable to cellulose and hemicellulose
portions, respectively, and a long tail at high temperature with a
maximum around of 598°C ascribable to lignin degradation (Manara
et al., 2014; Senneca et al., 2020). However, the direct correlation to
themass loss for lignin is very difficult since its degradation occurs in
a wide temperature range. Conversely, the residue coarse material
displayed only two main degradation steps at 367°C and 414°C. The
thermogravimetric analysis of different waxes reported in literature
show a rather wide range for the degradation temperatures which
are strictly related to their composition (Craig et al., 1971; Al-
Sammerrai, 1985). Therefore, this technique is unreliable for getting
clear information on the composition.

Summarizing, the residue coarse material is meanly
characterized by waxes, while the milled fibers, although

presenting the bands of waxes, are clearly composed by higher
amounts of the three components of a lignocellulosic biomass:
cellulose, hemicellulose and lignin. Therefore, to compare the
ability of ILs/NADES in the fractionation of agro-industrial
biomass, milled fibers were selected for further treatments and
subsequent enzymatic digestion.

Fibers prewashing protocol

At first, the biomass was subjected to a prewashing to remove
pectin. After the washing procedure a mass loss of 15% was
observed. The depectinized residue was characterized by FTIR
(Supplementary Figure S2) and TGA (Supplementary Figure S3)
analyses. No substantial differences were expected based on the data
available which were mentioned above. Indeed, the FTIR spectra of
biomass composed of cellulose/hemicellulose or pectin (Zouambia
et al., 2017; Hasanah et al., 2019) present very similar bands.
Therefore, no significant differences were registered between the
untreated milled fibers and the washed biomass. The same
observations hold true for the thermogravimetric analyses.

After the washing protocol, cellulose content equal to 59% was
obtained. From the delignified biomass, values of 55%, 42% and 13%
for α-cellulose, hemicellulose and degraded cellulose content
respectively, were determined.

Biomass treatment with ILs and NADES

The washed fibers were treated with ChArg, one of the best
performing bio-based and non-toxic IL for lignocellulosic biomass
fractionation. This IL was already successfully applied by An et al. in
the pretreatment of different biomasses such as rice straw, sugarcane
bagasse, corncob, wheat straw, pine and Eucalyptus (An et al., 2015).
Besides ChArg, other cholinium amino acids ionic liquids have been
investigated and efficiently used for the pretreatment of rice straw by
Hou et al. (2012). A similar procedure was here performed with
some modifications. More in details, milder conditions and higher
biomass loading were tested than the previous biomasses. Indeed,
the treatment was carried out using 1/10 biomass/IL ratio for 1 h at
90°C instead of 1/15 biomass/IL ratio for 12 h at 90°C. Taking into
account the different nature of the investigated biomass, that shows
a lower lignin content compared to wood or chestnut shells, milder
conditions (drastic reduction of treatment time, 1 h vs. 12–16 h) and
higher biomass loading (10% vs. 5%–6%) were selected to ameliorate
the greenness of the process, reducing the energy consumption and
the amount of employed solvent. Then, a solution of NaOH (0.1 M)
was added to dilute, the mixture was filtered, and the undissolved

TABLE 1 Yields of CRM ad LRM fractions obtained with ILs and NADES.

Green solvent CRM (weight%) LRM (weight%)

ChArg 33 30

ChCl:LA 1:10 (90°C) 76 3

BMIM OAC 48 43

ChCl:LA 1:10 (120°C) 68 5
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residue enriched in cellulose (CRM-ChArg) was recovered. A 33% of
CRM was achieved this way (Table 1). The collected filtrate was
acidified to precipitate the dissolved lignin fraction (30 wt%,
Table 1), subsequently recovered by centrifugation. At the end of
the process the IL was easily recovered in satisfactory amount (98%)
and purity (Supplementary Figure S4), underling the sustainability
of the developed treatment.

At the same time, ChCl:LA 1:10, the most promising NADES to
pretreat lignocellulosic biomass was tested. The biomass was treated
in the same conditions of ChArg,1/10 biomass/NADES ratio, 90°C
and 1 h, instead of 130°C for 1–8 h, reported in literature by Morais
et al. (2021) The undissolved residue (76 wt%, Table 1) was
recovered by filtration after the addition of an ethanol:water (50:
50) solution. The lignin enriched material (LRM-ChCl:LA) was
precipitated adding ice cold water to the filtrate and was
recovered by centrifugation. This way only 3% of LRM was
obtained (Table 1). The recovery of the NADES was attempted
evaporating the supernatant obtained after LRM-ChCl:LA
separation under reduced pressure. A slight increase of the
known ester side product derived by the reaction between the
hydroxyl group of choline chloride and lactic acid, typically
observed for choline chloride acid-based DES (Rodriguez
Rodriguez et al., 2019) (signals at 2.99 ppm, 3.53–3.55 ppm and
4.38–4.46 ppm), was detected in the recovered NADES
(Supplementary Figure S5). Furthermore, signals not related to
either lactic acid or ChCl, but derived from the lactide obtained
by the condensation of two molecules of lactic acid were detectable
(signals at 4.86–4.91 ppm and 1.20–1.30 ppm) (Morais et al., 2021),
although they are present also in the spectrum of the freshly
prepared NADES.

Finally, for the sake of comparison, the biomass was treated with
BMIM OAc, one of the best performing IL in cellulose dissolution.
In contrast to ChArg and ChCl:LA, which facilitate the following
enzymatic digestion by extracting lignin from the biomass, BMIM
OAc can promote the enzymatic hydrolysis by reducing the
crystallinity of cellulose during the dissolution process (Yu et al.,
2018). In this comparative study, the same conditions in terms of
time, temperature and biomass loading were tested. After treatment,
DMSO was added to reduce viscosity and filter the undissolved
residue (43 wt%, Table 1). Then, the dissolved cellulose (CRM-
BMIM OAc) was regenerated with ethanol and 48 wt% of material
was recovered (Table 1). Figure 3 depicts the visual aspect of the
untreated fibers and the cellulose enriched materials obtained from
the ChArg, ChCl:LA and BMIMOAc treatment, respectively. A dark

brown and tough material was observed for the biomass treated with
BMIM OAc, while with the cholinium-based green solvents light
brown and powdery materials, very similar to the untreated fibers
were achieved. The darkening of the recovered solid from the
treatment with BMIMOAc could be ascribable, as widely explain
in the work of Clough et al. (2015), to the use of dialkylimidazolium
ionic liquids incorporating carboxylate anions, that react with
cellulose and low molecular weight sugars to generate a series of
intermediates leading eventually to cations with a hydroxymethyl
substituent at the C2 position of the ring. Hence, the formation of
these degradation products, even in very low amounts, can lead to
dark residues.

All the recovered fractions were characterized by FTIR and TG
analyses. The comparison of FTIR spectra of the cellulose enriched
materials is reported in Figure 4.

From the FTIR spectra, it is evident that a substantially cellulose
enriched material was obtained only when ChArg was used as
extracting medium. All the characteristic bands of hemicellulose
and lignin (1,240, 1,522, 1732 cm-1) and waxes (1,461, 1,688,
2,850 and 2,918 cm-1) disappeared or are significantly reduced
(2,850 and 2,918 cm-1). In case of CRM-ChCl:LA, only a slight
decrease of the bands attributable to lignin was noticeable, while the
typical bands of waxes were still present and very intense, especially
those at 2,850 and 2,918 cm-1. The fraction recovered after the
treatment with BMIM OAc presented an intermediate situation
between those obtained from the cholinium based-green solvents. In
particular, a visible decrease of the bands attributable to waxes was
detected. These findings are confirmed by TG analyses
(Supplementary Figure S6). The CRM-ChArg showed a main
degradation step at 365°C confirming that the bio-based IL did
not dissolve and modify the cellulosic portion. Instead, the CRM-
ChCl:LA remained very similar to the untreated sample with a slight
decrease in the Tpeak ascribable to cellulose degradation (339°C vs.
355°C of untreated fibers). As reported, BMIMOAc was not selective
in the dissolution of cellulose (Brandt et al., 2013). Indeed, the
regenerated material still showed three main steps of degradation at
231, 300°C and 435°C, ascribable to hemicellulose, cellulose and
lignin respectively.

The results obtained with the NADES were in agreement with
those reported by Morais et al. (2021). The authors observed that
higher temperature and time were needed to extract lignin from
Eucalyptus globulus wood. To verify the effect of harsher conditions,
the treatment was performed at 120°C for 1 h. It is already reported
that NADES ChCl:LA is stable up to 130.02°C and, hence, it can be

FIGURE 3
Untreated Milled fibers after pectin washing (A); CRM-ChArg (B); CRM-ChCl:Lactic acid 1:10 (C); CRM-BMIM OAc (D).
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employed at this temperature (Škulcová and Jablonský, 2018). A
slightly darker powdery material (Supplementary Figure S7) was
obtained, but no significant improvements were noted from FTIR
spectra and TGA analyses (Supplementary Figure S8, S9). In

agreement to what reported by Morais et al. (2021), the increase
of the temperature of the extraction step caused in the present case
the intensification of the band at 1732 cm-1. This band is related to
the unconjugated C=O bonds of ester groups that could derive from

FIGURE 4
Comparison of FTIR spectra of untreated fibers and CRM-ChArg, CRM-ChCl:LA and CRM-BMIM OAc in the range 600–4,000 cm-1 (A) and the
enlargement of the range 600–1800 cm-1 (B).

FIGURE 5
Soluble reducing sugar concentration against time as an evaluation of cellulase activity. The first graph is an enlargement of the initial set of
timepoints. Treatment with ChArg was shown to be statistically significant (p = 0.0041)
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the esterification of cellulose hydroxyl groups with lactic acid, a side
reaction previously reported. These negative results, related to the
experiments performed at 120°C, strengthened the suitability to the
selected milder conditions.

Enzymatic treatment of fibers

Pretreated fibers with ILs and NADES were treated with a broad
spectrum cellulase enzyme mix, and untreated fibers were used as a
control. A weeklong digestion was used to evaluate the effectiveness
of the ILs and NADES pretreatment. Furthermore, a time course
DNS assay was performed to evaluate the initial rate of the enzyme
activity. CRM-ChCl:LA-90°C shows the highest initial rate,
producing the most soluble sugar in the first 48 h (Figure 5). The
lowest initial rate was observed for fibers pretreated with ChArg.
However, after 1 week CRM-ChArg showed the greatest amount of
soluble reducing sugar and the greatest mass loss, followed by CRM-
BMIMOAc and last CRM-ChCl:LA (either for treatment performed
at 90°C and 120°C) (Figures 5, 6). The fractions obtained with both
CRM-ChCl:LA pretreatments displayed results similar to the

control sample (untreated fibers) after 1 week of incubation with
enzyme (Figure 6). This would suggest that the pretreatment with
ChArg leads to greater removal of lignin and consequent increased
cellulose accessibility, followed by the pretreatment with BMIMOAc
and ChCl:LA. These data are in agreement with the FTIR and TGA
analyses of the CRM-fractions subjected to the enzymatic treatment.
Indeed, they confirmed the obtainment of a fraction enriched in
cellulose only after ChArg pretreatment.

Inhibition assays

Cellulase inhibition in the presence of investigated ILs and
NADES was performed to evaluate if residual traces of these
solvents in the CRM fractions subjected to the enzymatic
treatment could alter the results of the hydrolysis. Cellulase
inhibition was not observed in the presence of BMIM OAc and
of ChCl:LA NADES over the concentration range analyzed in this
study (0%–1% v/v). Conversely, a slight inhibition of cellulase was
detected in the presence of ChArg, showing an IC50 of 0.18% ±
0.02% (v/v) (Figure 7). This indicated that the rate of the degradation
of fibers treated with ChArg may be reduced or even halted by its
presence.

Therefore, the previous results of the enzymatic treatment
demonstrate the correct removal of ChArg from the fibers after
the pretreatment process. Indeed, CRM-ChArg showed the highest
amount of reducing sugar after the weeklong enzymatic treatment
thus suggesting that, in addition to delignifying and removing waxes
from the fibers, no inhibition of the enzyme occurred.

Characterization of insoluble residues after
enzymatic treatment

As a further confirmation of the enzymatic results, all residues
obtained after this treatment were recovered and freeze dried
(Figure 8). Then, they were again analyzed through FTIR and
TGA techniques (Supplementary Figures S10, S11).

The spectra acquired from the enzymatic residues after the
pretreatment with an IL (ChArg and BMIM OAc) showed a
significant reduction of the bands around 1,030 cm-1 while the
corresponding thermogravimetric curves displayed a drastic
lowering of the mass loss relative to the step ascribable to the
degradation of the cellulosic portion in the range 300°C–400°C.
At the same time, the characteristic bands of lignin became clearly
detectable. Less noticeable differences have been observed especially
from FTIR analyses for the residues after the enzymatic treating of
untreated fibers and the fibers pretreated with NADES. These
findings confirm the results of the enzymatic hydrolysis and of
the DNS assay.

Characterization of LRM fractions

Finally, the lignin enriched fractions (LRM) recovered by the
treatment with ChArg and ChCl:LA were also analyzed to confirm
their composition. Indeed, a full valorization of the starting biomass
and the reutilization of all the recovered fractions are obviously
another potentially attractive gain of the developed pretreatment
strategy. The FTIR spectra of LRM-ChArg (30 wt%, Table 1) and

FIGURE 6
Summary of weeklong enzyme degradation of fibers pretreated
with ILs and NADES. Treatment with ChArg was shown to be
statistically significant (p = 0.0076).
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LRM-ChCl:LA obtained from the treatment at 90°C (3 wt%, Table 1)
and 120°C (5 wt%, Table 1) are reported in Figures 9, 10, while the
corresponding thermograms are shown in Supplementary Figure
S12 (see Supplementary Material).

The characterization of LRM-ChArg indicated the presence of a
lignin portion but the fraction was clearly enriched in waxes. To

further demonstrate that the material was composed by both lignin
and waxes, it has been subjected to extractions with hexane (to
dissolve waxes) and DMSO (to dissolve lignin). The undissolved
residues have been recovered by filtration, dried and reanalyzed by
FTIR (Supplementary Figure S13) while the filtrates were evaporated
under reduced pressure to remove the solvents and their

FIGURE 7
Cellulase IL and NADES inhibition assay results.

FIGURE 8
Examples of insoluble residues after 1 week of treatment by cellulase enzymes, pretreated and control fibers. (A)Untreated fibers, (B)ChCl:LA-90°C
treatment, (C) ChCl:LA-120°C treatment, (D) ChArg treatment, (E) BMIMOAc treatment.

FIGURE 9
FTIR of LRM fraction after ChArg treatment (90°C, 1 h).
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composition was analyzed by 1H-NMR (Supplementary Figures S14,
S15). The FTIR spectrum of the undissolved residue after the
extraction with hexane exhibited the evident decreasing of the
bands at 2,920 and 2,850 cm-1 along with the disappearance of
the bands at 1,688, 1,461 and 718 cm-1 typical of a sample of waxes.
At the same time the 1H-NMR spectrum obtained evaporating the
respective filtrate reveals all the characteristics signals of waxes
(Verardo et al., 2003), including the very intense signal at
1.20–1.40 ppm of methylene groups of the long chains of
hydrocarbons and the other aliphatic compounds near the
characteristic signal centered at 0.85 ppm of terminal methyl
groups. Ester compounds were also present as evidenced by the
unresolved signals at 1.50–1.75 (CH2 in β-position with respect to
the ester functionality), at 2.26–2.44 ppm (CH2 in α-position) and at
4.00–4.10 ppm (CH2 of the alcoholic part of the ester). Finally,
alcoholic and aldehydic compounds were detected by the signals at
3.60–3.70 and 9.75–9.80 ppm, respectively. The signals at
1.96–2.12 ppm and 5.22–5.45 ppm highlighted the presence of
unsaturations. On the other hand, the 1H-NMR spectrum of the
extracted fraction with DMSO showed the presence of aromatic
protons abundant in lignin samples (Supplementary Figure S15)
(Mainka et al., 2015; Korbag and Mohamed Saleh, 2016). These data
confirmed the capability of ChArg to dissolve and extract not only
the lignin portion, but also waxes. A previous study by To et al.
(2018) where ChArg was employed for the pretreatment of algal
biomass, showed the ability of this bio-IL to extract lipids leaving
behind a carbohydrate rich solid, further subjected to enzymatic
hydrolysis. It is worth stressing that, in our study the extraction was
performed at higher biomass loading and shorter time than that
reported in literature for removing lignin, highlighting the
sustainability of the process.

The LRM fractions recovered from the NADES, despite the
limited amounts (3 wt% at 90°C and 5 wt% at 120°C), were, instead,
clearly enriched in lignin, especially the one obtained at 120°C.
This sample displayed the bands at 1,226 and 1,273 cm-1

corresponding to the C-O stretching of syringyl rings and
guayacil ring breathing in lignin, respectively (Tofani et al.,
2020). The recovery of low amounts of lignin using ChCl:LA
could be related to structural transformations of lignin occurred
during the treatment. Indeed, as reported by Shen et al. (2020) part
of the lignin fraction could be depolymerized into small fragments

(through the cleavage of C−O and C−C bonds in the lignin
macromolecule, dehydration and acylation of OH groups in the
side chain of lignin) and cannot be precipitated as regenerated
lignin after the DES pretreatment.

Conclusion

In conclusion, despite the results reported in the literature for
the pretreatment of lignocellulosic biomass with ChCl:LA NADES,
in the present case non-satisfactorily results were obtained. Higher
temperature and longer extraction time are likely needed to reach
the delignification of the samples. The results obtained in here could
be also ascribable to the presence of waxes in the samples. However,
when the temperature was increased, esterification of cellulose
occurred. The recovery of the solvent at the end of the process
was more complicated with the NADES than with the bio-IL,
ChArg. As reported by Morais et al. (2021), extending time and
increasing the temperature of the extraction process affect the
quality of the recovered NADES. Indeed, the decrease of the
integrals of lactic acid, the increase of the signals assigned to the
lactide and of the signals of the ester formed between the hydroxyl
group of choline chloride and lactic acid were observed. The most
positive feature of the NADES pretreatment was the selectivity
towards the extraction of lignin over waxes, although very small
amounts of lignin were recovered. Overall, from this comparative
study, ChArg appears as the most promising green solvent for the
pretreatment of apple fibers in view of the subsequent enzymatic
hydrolysis. In addition, this bio-IL allows for removing and easily
recovering also waxes that are present in the apple fibers. Finally,
unlike the NADES, the bio-IL was quantitatively recovered without
significant alterations at the end of the process. The bio-IL
outperformed also the results obtained using BMIM OAc,
demonstrating that the removal of lignin is the crucial factor that
influences the enzymatic treatment more than the cellulose
crystallinity reduction.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

AMer: Conceptualization, Investigation, Writing–original draft,
Writing–review and editing, Methodology. NM: Data curation,
Investigation, Writing–original draft, Writing–review and editing.
EH: Data curation, Investigation, Methodology. AMez: Data
curation, Investigation, Validation, Writing–review and editing.
FD’A: Validation, Writing–review and editing. CP:
Writing–review and editing. NB: Investigation, Writing–review
and editing. FP: Resources, Supervision, Writing–original draft,
Conceptualization, Writing–review and editing. LG:
Conceptualization, Funding acquisition, Resources, Supervision,
Writing–original draft, Writing–review and editing.

FIGURE 10
FTIR of LRM fractions after ChCl:LA treatment carried out at 90°C
and 120°C.

Frontiers in Chemistry frontiersin.org12

Mero et al. 10.3389/fchem.2023.1270221

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1270221


Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Era-Net
Cofund SUSFOOD2 Call 2017, MIUR, DEFRA UK, and VLAIO.

Acknowledgments

LG, CP, EH and A. Mero gratefully acknowledge Era-Net Cofund
SUSFOOD2 Call 2017 and MIUR for funding. The authors gratefully
acknowledge Konings for providing apple pomace fibers.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2023.1270221/
full#supplementary-material

References

Acquah, G. E., Via, B. K., Fasina, O. O., and Eckhardt, L. G. (2016). Rapid quantitative
analysis of forest biomass using fourier transform infrared spectroscopy and partial least
squares regression. J. Anal. Methods Chem. 2016, 1–10. doi:10.1155/2016/1839598

Afonso, J., Mezzetta, A., Marrucho, I. M., and Guazzelli, L. (2023). History repeats
itself again: will the mistakes of the past for ILs be repeated for DESs? From being
considered ionic liquids to becoming their alternative: the unbalanced turn of deep
eutectic solvents. Green Chem. 25, 59–105. doi:10.1039/D2GC03198A

Agrawal, R., Bhadana, B., singh chauhan, P., Adsul, M., Kumar, R., Gupta, R. P., et al.
(2022). Understanding the effects of low enzyme dosage and high solid loading on the
enzyme inhibition and strategies to improve hydrolysis yields of pilot scale pretreated
rice straw. Fuel 327, 125114. doi:10.1016/j.fuel.2022.125114

Al-Sammerrai, D. (1985). Evaluation of the thermal stabilities of paraffin and
microcrystalline wax melts. Thermochim. Acta 86, 369–373. doi:10.1016/0040-
6031(85)87067-2

Alvarez-Vasco, C., Ma, R., Quintero, M., Guo, M., Geleynse, S., Ramasamy, K. K., et al.
(2016). Unique low-molecular-weight lignin with high purity extracted from wood by
deep eutectic solvents (DES): a source of lignin for valorization. Green Chem. 18,
5133–5141. doi:10.1039/C6GC01007E

An, Y. X., Zong, M. H., Wu, H., and Li, N. (2015). Pretreatment of lignocellulosic
biomass with renewable cholinium ionic liquids: biomass fractionation, enzymatic
digestion and ionic liquid reuse. Bioresour. Technol. 192, 165–171. doi:10.1016/j.
biortech.2015.05.064

Azimi, B., Maleki, H., Gigante, V., Bagherzadeh, R., Mezzetta, A., Milazzo, M., et al.
(2022). Cellulose-based fiber spinning processes using ionic liquids. Cellulose 29,
3079–3129. doi:10.1007/s10570-022-04473-1

Barulli, L.,Mezzetta, A., Brunetti, B., Guazzelli, L., VecchioCiprioti, S., andCiccioli, A. (2021).
Evaporation thermodynamics of the tetraoctylphosphonium bis(trifluoromethansulfonyl)
imide([P8888]NTf2) and tetraoctylphosphonium nonafluorobutane-1-sulfonate ([P8888]
NFBS) ionic liquids. J. Mol. Liq. 333, 115892. doi:10.1016/j.molliq.2021.115892

Bjelić, A., Hočevar, B., Grilc, M., Novak, U., and Likozar, B. (2020). A review of
sustainable lignocellulose biorefining applying (natural) deep eutectic solvents (DESs)
for separations, catalysis and enzymatic biotransformation processes. Rev. Chem. Eng.
38, 243–272. doi:10.1515/revce-2019-0077

Brandt, A., Gräsvik, J., Hallett, J. P., and Welton, T. (2013). Deconstruction of
lignocellulosic biomass with ionic liquids. Green Chem. 15, 550. doi:10.1039/c2gc36364j

Cárdenas-Pérez, S., Chanona-Pérez, J. J., Güemes-Vera, N., Cybulska, J., Szymanska-
Chargot, M., Chylinska, M., et al. (2018). Structural, mechanical and enzymatic study of
pectin and cellulose during mango ripening. Carbohydr. Polym. 196, 313–321. doi:10.
1016/j.carbpol.2018.05.044

Carrier, M., Loppinet-Serani, A., Denux, D., Lasnier, J.-M., Ham-Pichavant, F.,
Cansell, F., et al. (2011). Thermogravimetric analysis as a new method to determine
the lignocellulosic composition of biomass. Biomass Bioenergy 35, 298–307. doi:10.
1016/j.biombioe.2010.08.067

Chen, Y., Yu, D., Liu, Z., Xue, Z., and Mu, T. (2022). Thermal, chemical,
electrochemical, radiolytic and biological stability of ionic liquids and deep eutectic
solvents. New J. Chem. 46, 17640–17668. doi:10.1039/D2NJ03148E

Cheng, J., Huang, C., Zhan, Y., Liu, X., Huang, C., Chen, T., et al. (2023). Novel
biphasic DES/GVL solvent for effective biomass fractionation and valorization. Green
Chem. 25, 6270–6281. doi:10.1039/D3GC01021J

Cicco, L., Dilauro, G., Perna, F. M., Vitale, P., and Capriati, V. (2021). Advances in
deep eutectic solvents and water: applications in metal- and biocatalyzed processes, in
the synthesis of APIs, and other biologically active compounds. Org. Biomol. Chem. 19,
2558–2577. doi:10.1039/D0OB02491K

Clough, M. T., Geyer, K., Hunt, P. A., Son, S., Vagt, U., and Welton, T. (2015). Ionic
liquids: not always innocent solvents for cellulose. Green Chem. 17, 231–243. doi:10.
1039/C4GC01955E

Craig, R. G., Powers, J. M., and Peyton, F. A. (1971). Thermogravimetric analysis of
waxes. J. Dent. Res. 50, 450–454. doi:10.1177/00220345710500025601

Cronin, D. J., Chen, X., Moghaddam, L., and Zhang, X. (2020). Deep eutectic solvent
extraction of high-purity lignin from a corn stover hydrolysate. ChemSusChem 13,
4678–4690. doi:10.1002/cssc.202001243

Cvjetko Bubalo, M., Andreou, T., Panić, M., Radović, M., Radošević, K., and Radojčić
Redovniković, I. (2023). Natural multi-osmolyte cocktails form deep eutectic systems of
unprecedented complexity: discovery, affordances and perspectives. Green Chem. 25,
3398–3417. doi:10.1039/D2GC04796A

Dadi, A. P., Varanasi, S., and Schall, C. A. (2006). Enhancement of cellulose
saccharification kinetics using an ionic liquid pretreatment step. Biotechnol. Bioeng.
95, 904–910. doi:10.1002/bit.21047

Dutta, T., Isern, N. G., Sun, J., Wang, E., Hull, S., Cort, J. R., et al. (2017). Survey of
lignin-structure changes and depolymerization during ionic liquid pretreatment. ACS
Sustain. Chem. Eng. 5, 10116–10127. doi:10.1021/acssuschemeng.7b02123

Dutta, T., Papa, G., Wang, E., Sun, J., Isern, N. G., Cort, J. R., et al. (2018).
Characterization of lignin streams during bionic liquid-based pretreatment from
grass, hardwood, and softwood. ACS Sustain. Chem. Eng. 6, 3079–3090. doi:10.
1021/acssuschemeng.7b02991

Elahi, F., Arain, M. B., Ali Khan, W., Ul Haq, H., Khan, A., Jan, F., et al. (2022).
Ultrasound-assisted deep eutectic solvent-based liquid–liquid microextraction for
simultaneous determination of Ni (II) and Zn (II) in food samples. Food Chem.
393, 133384. doi:10.1016/j.foodchem.2022.133384

Emami, S., and Shayanfar, A. (2020). Deep eutectic solvents for pharmaceutical
formulation and drug delivery applications. Pharm. Dev. Technol. 25, 779–796. doi:10.
1080/10837450.2020.1735414

Gao, X., Kumar, R., Singh, S., Simmons, B. A., Balan, V., Dale, B. E., et al. (2014).
Comparison of enzymatic reactivity of corn stover solids prepared by dilute acid, AFEXTM,
and ionic liquid pretreatments. Biotechnol. Biofuels 7, 71. doi:10.1186/1754-6834-7-71

Ghose, T. K. (1987). Measurement of cellulase activities. Pure Appl. Chem. 59,
257–268. doi:10.1351/pac198759020257

Gillet, S., Aguedo, M., Petitjean, L., Morais, A. R. C., da Costa Lopes, A. M., Łukasik, R.
M., et al. (2017). Lignin transformations for high value applications: towards targeted
modifications using green chemistry. Green Chem. 19, 4200–4233. doi:10.1039/
C7GC01479A

Frontiers in Chemistry frontiersin.org13

Mero et al. 10.3389/fchem.2023.1270221

https://www.frontiersin.org/articles/10.3389/fchem.2023.1270221/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2023.1270221/full#supplementary-material
https://doi.org/10.1155/2016/1839598
https://doi.org/10.1039/D2GC03198A
https://doi.org/10.1016/j.fuel.2022.125114
https://doi.org/10.1016/0040-6031(85)87067-2
https://doi.org/10.1016/0040-6031(85)87067-2
https://doi.org/10.1039/C6GC01007E
https://doi.org/10.1016/j.biortech.2015.05.064
https://doi.org/10.1016/j.biortech.2015.05.064
https://doi.org/10.1007/s10570-022-04473-1
https://doi.org/10.1016/j.molliq.2021.115892
https://doi.org/10.1515/revce-2019-0077
https://doi.org/10.1039/c2gc36364j
https://doi.org/10.1016/j.carbpol.2018.05.044
https://doi.org/10.1016/j.carbpol.2018.05.044
https://doi.org/10.1016/j.biombioe.2010.08.067
https://doi.org/10.1016/j.biombioe.2010.08.067
https://doi.org/10.1039/D2NJ03148E
https://doi.org/10.1039/D3GC01021J
https://doi.org/10.1039/D0OB02491K
https://doi.org/10.1039/C4GC01955E
https://doi.org/10.1039/C4GC01955E
https://doi.org/10.1177/00220345710500025601
https://doi.org/10.1002/cssc.202001243
https://doi.org/10.1039/D2GC04796A
https://doi.org/10.1002/bit.21047
https://doi.org/10.1021/acssuschemeng.7b02123
https://doi.org/10.1021/acssuschemeng.7b02991
https://doi.org/10.1021/acssuschemeng.7b02991
https://doi.org/10.1016/j.foodchem.2022.133384
https://doi.org/10.1080/10837450.2020.1735414
https://doi.org/10.1080/10837450.2020.1735414
https://doi.org/10.1186/1754-6834-7-71
https://doi.org/10.1351/pac198759020257
https://doi.org/10.1039/C7GC01479A
https://doi.org/10.1039/C7GC01479A
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1270221


Grillo, G., Calcio Gaudino, E., Rosa, R., Leonelli, C., Timonina, A., Grygiškis, S., et al.
(2021). Green deep eutectic solvents for microwave-assisted biomass delignification and
valorisation. Molecules 26, 798. doi:10.3390/molecules26040798

Guglielmero, L., Mezzetta, A., Pomelli, C. S., Chiappe, C., and Guazzelli, L. (2019).
Evaluation of the effect of the dicationic ionic liquid structure on the cycloaddition of
CO2 to epoxides. J. CO2 Util. 34, 437–445. doi:10.1016/j.jcou.2019.07.034

Gullón, P., Gullón, B., Romaní, A., Rocchetti, G., and Lorenzo, J. M. (2020). Smart
advanced solvents for bioactive compounds recovery from agri-food by-products: a
review. Trends Food Sci. Technol. 101, 182–197. doi:10.1016/j.tifs.2020.05.007

Guo, Z., Ling, Z., Wang, C., Zhang, X., and Xu, F. (2018). Integration of facile deep
eutectic solvents pretreatment for enhanced enzymatic hydrolysis and lignin
valorization from industrial xylose residue. Bioresour. Technol. 265, 334–339. doi:10.
1016/j.biortech.2018.06.027

Hasanah, U., Setyowati, M., Efendi, R., Safitri, E., and Idroes, R. (2019). Isolation of
Pectin from coffee pulp Arabica Gayo for the development of matrices membrane. IOP
Conf. Ser. Mater. Sci. Eng. 523, 012014. doi:10.1088/1757-899X/523/1/012014

Hasanov, I., Raud, M., and Kikas, T. (2020). The role of ionic liquids in the lignin
separation from lignocellulosic biomass. Energies 13, 4864–4924. doi:10.3390/
en13184864

Hong, S., Shen, X. J., Pang, B., Xue, Z., Cao, X. F., Wen, J. L., et al. (2020). In-depth
interpretation of the structural changes of lignin and formation of diketones during
acidic deep eutectic solvent pretreatment. Green Chem. 22, 1851–1858. doi:10.1039/
d0gc00006j

Hou, Q., Ju, M., Li, W., Liu, L., Chen, Y., and Yang, Q. (2017). Pretreatment of
lignocellulosic biomass with ionic liquids and ionic liquid-based solvent systems.
Molecules 22, 490. doi:10.3390/molecules22030490

Hou, X.-D., Xu, J., Li, N., and Zong, M.-H. (2015). Effect of anion structures on
cholinium ionic liquids pretreatment of rice straw and the subsequent enzymatic
hydrolysis. Biotechnol. Bioeng. 112, 65–73. doi:10.1002/bit.25335

Hou, X., Smith, T. J., Li, N., and Zong, M. (2012). Novel renewable ionic liquids as
highly effective solvents for pretreatment of rice straw biomass by selective removal of
lignin. Biotechnol. Bioeng. 109, 2484–2493. doi:10.1002/bit.24522

Huang, C., Chen, X., Wei, C., Wang, H., and Gao, H. (2021). Deep eutectic solvents as
active pharmaceutical ingredient delivery systems in the treatment of metabolic related
diseases. Front. Pharmacol. 12, 794939. doi:10.3389/fphar.2021.794939

Husanu, E., Mero, A., Rivera, J. G., Mezzetta, A., Ruiz, J. C., D’Andrea, F., et al. (2020).
Exploiting deep eutectic solvents and ionic liquids for the valorization of chestnut shell
waste. ACS Sustain. Chem. Eng. 8, 18386–18399. doi:10.1021/acssuschemeng.0c04945

Ibrahim, J. A., Fatokun, O. T., Abiola, V., Esievo, K. B., Adamu, A., Samali, A., et al.
(2020). Physicochemical characterization of epicuticular coating of apples sold in Abuja
Nigeria. Afr. J. Food Sci. 14, 1–9. doi:10.5897/AJFS2019.1879

Jablonský, M., Škulcová, A., Malvis, A., and Šima, J. (2018). Extraction of value-added
components from food industry based and agro-forest biowastes by deep eutectic
solvents. J. Biotechnol. 282, 46–66. doi:10.1016/j.jbiotec.2018.06.349

Jesus, A. R., Paiva, A., and Duarte, A. R. C. (2023). Current developments and future
perspectives on biotechnology applications of natural deep eutectic systems. Curr. Opin.
Green Sustain. Chem. 39, 100731. doi:10.1016/j.cogsc.2022.100731

Karton, A., Brunner, M., Howard, M. J., Warr, G. G., and Atkin, R. (2018). The high
performance of choline arginate for biomass pretreatment is due to remarkably strong
hydrogen bonding by the anion. ACS Sustain. Chem. Eng. 6, 4115–4121. doi:10.1021/
acssuschemeng.7b04489

Kaur, P., Bohidar, H. B., Pfeffer, F.M.,Williams, R., andAgrawal, R. (2023). A comparative
assessment of biomass pretreatment methods for the sustainable industrial upscaling of rice
straw into cellulose. Cellulose 30, 4247–4261. doi:10.1007/s10570-023-05161-4

Korbag, I., and Mohamed Saleh, S. (2016). Studies on the formation of intermolecular
interactions and structural characterization of polyvinyl alcohol/lignin film. Int.
J. Environ. Stud. 73, 226–235. doi:10.1080/00207233.2016.1143700

Lin, C. S. K., Pfaltzgraff, L. A., Herrero-Davila, L., Mubofu, E. B., Abderrahim, S.,
Clark, J. H., et al. (2013). Food waste as a valuable resource for the production of
chemicals, materials and fuels. Current situation and global perspective. Energy Environ.
Sci. 6, 426. doi:10.1039/c2ee23440h

Ling, J. K. U., and Hadinoto, K. (2022). Deep eutectic solvent as green solvent in
extraction of biological macromolecules: a review. Int. J. Mol. Sci. 23, 3381. doi:10.3390/
ijms23063381

Liu, L., and Chen, H. (2006). Enzymatic hydrolysis of cellulose materials treated with
ionic liquid [BMIM] Cl. Chin. Sci. Bull. 51, 2432–2436. doi:10.1007/s11434-006-2134-9

Liu, Q., Hou, X., Li, N., and Zong, M. (2012). Ionic liquids from renewable
biomaterials: synthesis, characterization and application in the pretreatment of
biomass. Green Chem. 14, 304–307. doi:10.1039/c2gc16128a

Luo, J., and Xu, Y. (2020). Comparison of biological and chemical pretreatment on
coproduction of pectin and fermentable sugars from apple pomace. Appl. Biochem.
Biotechnol. 190, 129–137. doi:10.1007/s12010-019-03088-w

Lupoi, J. S., Singh, S., Simmons, B. A., and Henry, R. J. (2014). Assessment of
lignocellulosic biomass using analytical spectroscopy: an evolution to high-throughput
techniques. Bioenerg. Res. 7, 1–23. doi:10.1007/s12155-013-9352-1

Mainka, H., Täger, O., Körner, E., Hilfert, L., Busse, S., Edelmann, F. T., et al. (2015).
Lignin – an alternative precursor for sustainable and cost-effective automotive carbon
fiber. J. Mater. Res. Technol. 4, 283–296. doi:10.1016/j.jmrt.2015.03.004

Mamilla, J. L. K., Novak, U., Grilc, M., and Likozar, B. (2019). Natural deep eutectic
solvents (DES) for fractionation of waste lignocellulosic biomass and its cascade
conversion to value-added bio-based chemicals. Biomass Bioenergy 120, 417–425.
doi:10.1016/j.biombioe.2018.12.002

Manara, P., Zabaniotou, A., Vanderghem, C., and Richel, A. (2014). Lignin extraction
fromMediterranean agro-wastes: impact of pretreatment conditions on lignin chemical
structure and thermal degradation behavior. Catal. Today 223, 25–34. doi:10.1016/j.
cattod.2013.10.065

Mankar, A. R., Pandey, A., Modak, A., and Pant, K. K. (2021). Pretreatment of
lignocellulosic biomass: a review on recent advances. Bioresour. Technol. 334, 125235.
doi:10.1016/j.biortech.2021.125235

Martins, M. A. R., Pinho, S. P., and Coutinho, J. A. P. (2019). Insights into the nature
of eutectic and deep eutectic mixtures. J. Solut. Chem. 48, 962–982. doi:10.1007/s10953-
018-0793-1

Mero, A., Koutsoumpos, S., Giannios, P., Stavrakas, I., Moutzouris, K., Mezzetta, A.,
et al. (2023). Comparison of physicochemical and thermal properties of choline chloride
and betaine-based deep eutectic solvents: the influence of hydrogen bond acceptor and
hydrogen bond donor nature and their molar ratios. J. Mol. Liq. 377, 121563. doi:10.
1016/j.molliq.2023.121563

Mishra, R. K., Datt, M., Pal, K., and Banthia, A. K. (2008). Preparation and
characterization of amidated pectin based hydrogels for drug delivery system.
J. Mater. Sci. Mater. Med. 19, 2275–2280. doi:10.1007/s10856-007-3310-4

Moccia, F., Gallucci, N., Giovando, S., Zuorro, A., Lavecchia, R., D’Errico, G., et al.
(2022). A tunable deep eutectic solvent-based processing for valorization of chestnut
wood fiber as a source of ellagic acid and lignin. J. Environ. Chem. Eng. 10, 107773.
doi:10.1016/j.jece.2022.107773

Moni Bottu, H., Mero, A., Husanu, E., Tavernier, S., Pomelli, C. S., Dewaele, A., et al.
(2022). The ability of deep eutectic solvent systems to extract bioactive compounds from
apple pomace. Food Chem. 386, 132717. doi:10.1016/j.foodchem.2022.132717

Morais, E. S., Da Costa Lopes, A. M., Freire, M. G., Freire, C. S. R., and Silvestre, A.
J. D. (2021). Unveiling modifications of biomass polysaccharides during thermal
treatment in cholinium chloride: lactic acid deep eutectic solvent. ChemSusChem 14,
686–698. doi:10.1002/cssc.202002301

Nolan, M. D., Mezzetta, A., Guazzelli, L., and Scanlan, E. M. (2022). Radical-mediated
thiol–ene ‘click’ reactions in deep eutectic solvents for bioconjugation. Green Chem. 24,
1456–1462. doi:10.1039/D1GC03714E

Oh, Y., Park, S., Jung, D., Oh, K. K., and Lee, S. H. (2020). Effect of hydrogen bond
donor on the choline chloride-based deep eutectic solvent-mediated extraction of lignin
from pine wood. Int. J. Biol. Macromol. 165, 187–197. doi:10.1016/j.ijbiomac.2020.
09.145

Oliveira, F., Silva, E., Matias, A., Silva, J. M., Reis, R. L., and Duarte, A. R. C. (2023).
Menthol-based deep eutectic systems as antimicrobial and anti-inflammatory agents for
wound healing. Eur. J. Pharm. Sci. 182, 106368. doi:10.1016/j.ejps.2022.106368

Panić, M., Radović, M., Maros, I., Jurinjak Tušek, A., Cvjetko Bubalo, M., and
Radojčić Redovniković, I. (2021). Development of environmentally friendly lipase-
catalysed kinetic resolution of (R,S)-1-phenylethyl acetate using aqueous natural deep
eutectic solvents. Process Biochem. 102, 1–9. doi:10.1016/j.procbio.2020.12.001

Piatti, E., Guglielmero, L., Tofani, G., Mezzetta, A., Guazzelli, L., D’Andrea, F., et al.
(2022). Ionic liquids for electrochemical applications: correlation between molecular
structure and electrochemical stability window. J. Mol. Liq. 364, 120001. doi:10.1016/j.
molliq.2022.120001

Ročnik, T., Likozar, B., Jasiukaitytė-Grojzdek, E., and Grilc, M. (2022). Catalytic lignin
valorisation by depolymerisation, hydrogenation, demethylation and
hydrodeoxygenation: mechanism, chemical reaction kinetics and transport
phenomena. Chem. Eng. J. 448, 137309. doi:10.1016/j.cej.2022.137309

Rodriguez Rodriguez, N., van den Bruinhorst, A., Kollau, L. J. B. M., Kroon,M. C., and
Binnemans, K. (2019). Degradation of deep-eutectic solvents based on choline chloride
and carboxylic acids. ACS Sustain. Chem. Eng. 7, 11521–11528. doi:10.1021/
acssuschemeng.9b01378

Satlewal, A., Agrawal, R., Bhagia, S., Sangoro, J., and Ragauskas, A. J. (2018). Natural
deep eutectic solvents for lignocellulosic biomass pretreatment: recent developments,
challenges and novel opportunities. Biotechnol. Adv. 36, 2032–2050. doi:10.1016/j.
biotechadv.2018.08.009

Satlewal, A., Agrawal, R., Das, P., Bhagia, S., Pu, Y., Puri, S. K., et al. (2019). Assessing
the facile pretreatments of bagasse for efficient enzymatic conversion and their impacts
on structural and chemical properties. ACS Sustain. Chem. Eng. 7, 1095–1104. doi:10.
1021/acssuschemeng.8b04773

Schoenherr, S., Ebrahimi, M., and Czermak, P. (2018). Lignin degradation processes
and the purification of valuable products. Lignin - Trends Appl. 2018, 71210. doi:10.
5772/intechopen.71210

Senneca, O., Cerciello, F., Russo, C., Wütscher, A., Muhler, M., and Apicella, B.
(2020). Thermal treatment of lignin, cellulose and hemicellulose in nitrogen and carbon
dioxide. Fuel 271, 117656. doi:10.1016/j.fuel.2020.117656

Frontiers in Chemistry frontiersin.org14

Mero et al. 10.3389/fchem.2023.1270221

https://doi.org/10.3390/molecules26040798
https://doi.org/10.1016/j.jcou.2019.07.034
https://doi.org/10.1016/j.tifs.2020.05.007
https://doi.org/10.1016/j.biortech.2018.06.027
https://doi.org/10.1016/j.biortech.2018.06.027
https://doi.org/10.1088/1757-899X/523/1/012014
https://doi.org/10.3390/en13184864
https://doi.org/10.3390/en13184864
https://doi.org/10.1039/d0gc00006j
https://doi.org/10.1039/d0gc00006j
https://doi.org/10.3390/molecules22030490
https://doi.org/10.1002/bit.25335
https://doi.org/10.1002/bit.24522
https://doi.org/10.3389/fphar.2021.794939
https://doi.org/10.1021/acssuschemeng.0c04945
https://doi.org/10.5897/AJFS2019.1879
https://doi.org/10.1016/j.jbiotec.2018.06.349
https://doi.org/10.1016/j.cogsc.2022.100731
https://doi.org/10.1021/acssuschemeng.7b04489
https://doi.org/10.1021/acssuschemeng.7b04489
https://doi.org/10.1007/s10570-023-05161-4
https://doi.org/10.1080/00207233.2016.1143700
https://doi.org/10.1039/c2ee23440h
https://doi.org/10.3390/ijms23063381
https://doi.org/10.3390/ijms23063381
https://doi.org/10.1007/s11434-006-2134-9
https://doi.org/10.1039/c2gc16128a
https://doi.org/10.1007/s12010-019-03088-w
https://doi.org/10.1007/s12155-013-9352-1
https://doi.org/10.1016/j.jmrt.2015.03.004
https://doi.org/10.1016/j.biombioe.2018.12.002
https://doi.org/10.1016/j.cattod.2013.10.065
https://doi.org/10.1016/j.cattod.2013.10.065
https://doi.org/10.1016/j.biortech.2021.125235
https://doi.org/10.1007/s10953-018-0793-1
https://doi.org/10.1007/s10953-018-0793-1
https://doi.org/10.1016/j.molliq.2023.121563
https://doi.org/10.1016/j.molliq.2023.121563
https://doi.org/10.1007/s10856-007-3310-4
https://doi.org/10.1016/j.jece.2022.107773
https://doi.org/10.1016/j.foodchem.2022.132717
https://doi.org/10.1002/cssc.202002301
https://doi.org/10.1039/D1GC03714E
https://doi.org/10.1016/j.ijbiomac.2020.09.145
https://doi.org/10.1016/j.ijbiomac.2020.09.145
https://doi.org/10.1016/j.ejps.2022.106368
https://doi.org/10.1016/j.procbio.2020.12.001
https://doi.org/10.1016/j.molliq.2022.120001
https://doi.org/10.1016/j.molliq.2022.120001
https://doi.org/10.1016/j.cej.2022.137309
https://doi.org/10.1021/acssuschemeng.9b01378
https://doi.org/10.1021/acssuschemeng.9b01378
https://doi.org/10.1016/j.biotechadv.2018.08.009
https://doi.org/10.1016/j.biotechadv.2018.08.009
https://doi.org/10.1021/acssuschemeng.8b04773
https://doi.org/10.1021/acssuschemeng.8b04773
https://doi.org/10.5772/intechopen.71210
https://doi.org/10.5772/intechopen.71210
https://doi.org/10.1016/j.fuel.2020.117656
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1270221


Serna-Vázquez, J., Ahmad, M. Z., Boczkaj, G., and Castro-Muñoz, R. (2021). Latest
insights on novel deep eutectic solvents (DES) for sustainable extraction of phenolic
compounds from natural sources. Molecules 26, 5037. doi:10.3390/molecules26165037

Sharma, N., Allardyce, B. J., Rajkhowa, R., and Agrawal, R. (2023). Rice straw-derived
cellulose: a comparative study of various pre-treatment technologies and its conversion
to nanofibres. Sci. Rep. 13, 16327. doi:10.1038/s41598-023-43535-7

Shen, X.-J., Chen, T., Wang, H.-M., Mei, Q., Yue, F., Sun, S., et al. (2020). Structural
and morphological transformations of lignin macromolecules during bio-based deep
eutectic solvent (DES) pretreatment. ACS Sustain. Chem. Eng. 8, 2130–2137. doi:10.
1021/acssuschemeng.9b05106

Shen, X.-J., Wen, J.-L., Mei, Q.-Q., Chen, X., Sun, D., Yuan, T.-Q., et al. (2019). Facile
fractionation of lignocelluloses by biomass-derived deep eutectic solvent (DES)
pretreatment for cellulose enzymatic hydrolysis and lignin valorization. Green
Chem. 21, 275–283. doi:10.1039/C8GC03064B

Sim, S. F., Mohamed, M., Mohd Irwan Lu, N. A. L., Sarman, P. N. S., and Samsudin, S.
N. S. (2012). Computer-assisted analysis of fourier transform infrared (ftir) spectra for
characterization of various treated and untreated agriculture biomass. BioResources 7,
5367–5380. doi:10.15376/biores.7.4.5367-5380

Škulcová, A., and Jablonský, M. (2018). Properties and thermal behavior of deep
eutectic solvents based lactic acid. J. Hyg. Eng. Des. 25, 75–80.

Smink, D., Juan, A., Schuur, B., and Kersten, S. R. A. (2019). Understanding the role of
choline chloride in deep eutectic solvents used for biomass delignification. Ind. Eng.
Chem. Res. 58, 16348–16357. doi:10.1021/acs.iecr.9b03588

Smink, D., Kersten, S. R. A., and Schuur, B. (2020a). Comparing multistage
liquid–liquid extraction with cold water precipitation for improvement of lignin
recovery from deep eutectic solvents. Sep. Purif. Technol. 252, 117395. doi:10.1016/j.
seppur.2020.117395

Smink, D., Kersten, S. R. A., and Schuur, B. (2020b). Recovery of lignin from deep
eutectic solvents by liquid-liquid extraction. Sep. Purif. Technol. 235, 116127. doi:10.
1016/j.seppur.2019.116127

Thakur, A., Verma, M., Bharti, R., and Sharma, R. (2022). Recent advances in utilization
of deep eutectic solvents: an environmentally friendly pathway for multi-component
synthesis. Curr. Org. Chem. 26, 299–323. doi:10.2174/1385272826666220126165925

Thi, S., and Lee, K.M. (2019). Comparison of deep eutectic solvents (DES) on pretreatment
of oil palm empty fruit bunch (OPEFB): cellulose digestibility, structural and morphology
changes. Bioresour. Technol. 282, 525–529. doi:10.1016/j.biortech.2019.03.065

Tian, D., Guo, Y., Hu, J., Yang, G., Zhang, J., Luo, L., et al. (2020). Acidic deep eutectic
solvents pretreatment for selective lignocellulosic biomass fractionation with enhanced
cellulose reactivity. Int. J. Biol. Macromol. 142, 288–297. doi:10.1016/j.ijbiomac.2019.
09.100

To, T. Q., Procter, K., Simmons, B. A., Subashchandrabose, S., and Atkin, R. (2018).
Low cost ionic liquid-water mixtures for effective extraction of carbohydrate and lipid
from algae. Faraday Discuss. 206, 93–112. doi:10.1039/c7fd00158d

Tofani, G., Cornet, I., and Tavernier, S. (2020). Separation and recovery of lignin and
hydrocarbon derivatives from cardboard. Biomass Convers. Biorefinery 12, 3409–3424.
doi:10.1007/s13399-020-00931-7

Ul Haq, H., Bibi, R., Balal Arain, M., Safi, F., Ullah, S., Castro-Muñoz, R., et al.
(2022). Deep eutectic solvent (DES) with silver nanoparticles (Ag-NPs) based assay
for analysis of lead (II) in edible oils. Food Chem. 379, 132085. doi:10.1016/j.
foodchem.2022.132085

Ullah, S., Haq, H. U., Salman, M., Jan, F., Safi, F., Arain, M. B., et al. (2022).
Ultrasound-Assisted dispersive liquid-liquid microextraction using deep eutectic
solvents (DESs) for neutral red dye spectrophotometric determination. Molecules 27,
6112. doi:10.3390/molecules27186112

Verardo, G., Pagani, E., Geatti, P., and Martinuzzi, P. (2003). A thorough study of the
surface wax of apple fruits. Anal. Bioanal. Chem. 376, 659–667. doi:10.1007/s00216-
003-1945-7

Veraverbeke, E. A., Van Bruaene, N., Van Oostveldt, P., and Nicolaï, B. M. (2001).
Non destructive analysis of the wax layer of apple (Malus domestica Borkh.) by
means of confocal laser scanning microscopy. Planta 213, 525–533. doi:10.1007/
s004250100528

Wahlström, R., Hiltunen, J., Pitaluga de Souza Nascente Sirkka, M., Vuoti, S., and
Kruus, K. (2016). Comparison of three deep eutectic solvents and 1-ethyl-3-
methylimidazolium acetate in the pretreatment of lignocellulose: effect on enzyme
stability, lignocellulose digestibility and one-pot hydrolysis. RSC Adv. 6, 68100–68110.
doi:10.1039/C6RA11719H

Waldbauer, K., McKinnon, R., and Kopp, B. (2017). Apple pomace as potential source
of natural active compounds. Planta Med. 83, 994–1010. doi:10.1055/s-0043-111898

Wang, H., Pu, Y., Ragauskas, A., and Yang, B. (2019). From lignin to valuable
products–strategies, challenges, and prospects. Bioresour. Technol. 271, 449–461. doi:10.
1016/j.biortech.2018.09.072

Yokoyama, T., Kadla, J. F., and Chang, H. (2002). Microanalytical method for the
characterization of fiber components and morphology of woody plants. J. Agric. Food
Chem. 50, 1040–1044. doi:10.1021/jf011173q

Yu, X., Bao, X., Zhou, C., Zhang, L., Yagoub, A. E.-G. A., Yang, H., et al. (2018).
Ultrasound-ionic liquid enhanced enzymatic and acid hydrolysis of biomass cellulose.
Ultrason. Sonochem. 41, 410–418. doi:10.1016/j.ultsonch.2017.09.003

Zhang, C. W., Xia, S. Q., and Ma, P. S. (2016). Facile pretreatment of lignocellulosic
biomass using deep eutectic solvents. Bioresour. Technol. 219, 1–5. doi:10.1016/j.
biortech.2016.07.026

Zouambia, Y., Youcef Ettoumi, K., Krea, M., and Moulai-Mostefa, N. (2017). A new
approach for pectin extraction: electromagnetic induction heating. Arab. J. Chem. 10,
480–487. doi:10.1016/j.arabjc.2014.11.011

Žula, M., Jasiukaitytė-Grojzdek, E., Grilc, M., and Likozar, B. (2023). Understanding
acid-catalysed lignin depolymerisation process by model aromatic compound reaction
kinetics. Chem. Eng. J. 455, 140912. doi:10.1016/j.cej.2022.140912

Frontiers in Chemistry frontiersin.org15

Mero et al. 10.3389/fchem.2023.1270221

https://doi.org/10.3390/molecules26165037
https://doi.org/10.1038/s41598-023-43535-7
https://doi.org/10.1021/acssuschemeng.9b05106
https://doi.org/10.1021/acssuschemeng.9b05106
https://doi.org/10.1039/C8GC03064B
https://doi.org/10.15376/biores.7.4.5367-5380
https://doi.org/10.1021/acs.iecr.9b03588
https://doi.org/10.1016/j.seppur.2020.117395
https://doi.org/10.1016/j.seppur.2020.117395
https://doi.org/10.1016/j.seppur.2019.116127
https://doi.org/10.1016/j.seppur.2019.116127
https://doi.org/10.2174/1385272826666220126165925
https://doi.org/10.1016/j.biortech.2019.03.065
https://doi.org/10.1016/j.ijbiomac.2019.09.100
https://doi.org/10.1016/j.ijbiomac.2019.09.100
https://doi.org/10.1039/c7fd00158d
https://doi.org/10.1007/s13399-020-00931-7
https://doi.org/10.1016/j.foodchem.2022.132085
https://doi.org/10.1016/j.foodchem.2022.132085
https://doi.org/10.3390/molecules27186112
https://doi.org/10.1007/s00216-003-1945-7
https://doi.org/10.1007/s00216-003-1945-7
https://doi.org/10.1007/s004250100528
https://doi.org/10.1007/s004250100528
https://doi.org/10.1039/C6RA11719H
https://doi.org/10.1055/s-0043-111898
https://doi.org/10.1016/j.biortech.2018.09.072
https://doi.org/10.1016/j.biortech.2018.09.072
https://doi.org/10.1021/jf011173q
https://doi.org/10.1016/j.ultsonch.2017.09.003
https://doi.org/10.1016/j.biortech.2016.07.026
https://doi.org/10.1016/j.biortech.2016.07.026
https://doi.org/10.1016/j.arabjc.2014.11.011
https://doi.org/10.1016/j.cej.2022.140912
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1270221

	Challenging DESs and ILs in the valorization of food waste: a case study
	Introduction
	Materials and methods
	Synthesis of ILs
	Cholinium arginate (ChArg)
	1-butyl-3-methylimidazolium acetate (BMIM OAc)

	Preparation of NADES
	ChCl:L-lactic acid 1:10

	Biomass treatment
	Fibers prewashing protocol

	Holocellulose content
	Determination of α-cellulose content
	Biomass treatment with ILs and NADES
	Method A: treatment with ChArg
	Method B: treatment with ChCl:Lactic acid 1:10
	Method C: treatment with BMIM OAc

	Enzymatic treatment: time course assay and weeklong treatment
	DNS assay: reducing sugar assay
	Inhibition assays
	NMR spectroscopy
	Fourier transform infrared spectroscopy
	Thermogravimetric analysis

	Results and discussion
	Jet milled process
	Fibers prewashing protocol
	Biomass treatment with ILs and NADES
	Enzymatic treatment of fibers
	Inhibition assays
	Characterization of insoluble residues after enzymatic treatment

	Characterization of LRM fractions

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


