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Row carpentry waste wood flour, constituted of poplar (~60 %) and fir (~30 %) biomass, was subjected for the
first time to microwave-assisted deep eutectic solvent (DES) treatment, with the purposes of solubilizing lignin
and hemicellulose, leaving cellulose as solid residue, thus performing a biorefinery. Several acidic (choline
chloride/oxalic acid; choline chloride/citric acid; betaine hydrochloride/oxalic acid) and alkaline (urea/choline
chloride; glycerol/K2CO3) DESs were employed under the same reaction conditions. Since the highest extraction
yield was obtained by using choline chloride/oxalic acid DES, the use of the latter was investigated by varying
some parameters (temperature, manner of microwave irradiation, addition of water) aiming at increasing the
solubilization yield, which in fact in some cases reached satisfying values (60 %) under mild conditions. The solid
residues (SRs) recovered after all treatments with all tested DESs were characterized by Thermogravimetric
Analysis (TGA), Attenuated Total Reflectance-Fourier Tranform Infrared Spectroscopy, Solid-State NMR Spec-
troscopy, and titration of surface acid groups. All SRs were also ultrasonicated to produce cellulose nanoparticles
which were in turn characterised by transmission electron microscopy (TEM) and dynamic light scattering (DLS)
analyses. In addition, the solid residues recovered from acidic DESs were able to decontaminate water from
organic pollutants, such as p-nitrophenol, by an adsorption process. Thus, the proposed DES treatment efficiently

converted carpentry waste wood flour into a valuable biomaterial useful for environmental decontamination.

1. Introduction

Lignocellulosic biomass (LCB) is a promising and alternative mate-
rial that can be converted into various compounds (Chen et al., 2011;
Haldar & Purkait, 2021; Heise et al., 2021; Krasznai et al., 2018; New
etal., 2022; Vu et al., 2020), such as biofuels, high-value chemicals, and
precious bio-based materials, like nanocellulose (Liu et al., 2021b). LCB
has a highly intricate structure in which both cellulosic and hemi-
cellulosic fractions are strongly linked by a plethora of intermolecular
hydrogen bonds and are combined between the lignin layers through
covalently bound lignin-carbohydrate complexes (LCC), responsible for
the well-known LCB recalcitrance (Liu et al., 2017a). For this reason,
lignocellulosic biomass needs to be pre-treated for being fractionated
into lignin, hemicellulose and cellulose, prior to be converted into
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chemicals, biofuels or biomaterial (Kumar & Sharma, 2017). Several
pre-treatment methods have been developed, including physical,
chemical, biological, or a combination of them (Bian et al.,
2020yPradhan et al., 2022). Notably, the pre-treatment process is the
most expensive step in lignocellulosic conversion procedure (Chen &
Wan, 2018), so the development of cost-effective and environmentally
friendly pre-treatment methods for biomass fractionalization is highly
desirable. Sustainable chemical pre-treatment approaches, such as acid,
alkaline, or enzymatic methods show low efficiency in overcoming the
strong bonds of the lignin-carbohydrate complex (Mankar et al., 2022).

Among chemical methods of pre-treatment, the approach comprising
the use of ionic liquids (ILs) seems to give promising results (Hou et al.,
2017). ILs are a class of solvents that have been gained popularity in
recent years due to their unique properties (Mjalli et al., 2014). ILs are
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composed of organic cations and inorganic or organic anions, and they
have a melting point below 100 °C (Sirvio et al., 2016). Compared to
traditional solvents, ILs have several advantages, including high solvent
capacity for both organic and inorganic materials, negligible vapour
pressure, and good chemical and thermal stability (Sirvio et al., 2016).
Due to their ability to partially or completely dissolve lignin with high
extraction efficiency, ILs have attracted considerable attention in this
context (Prado et al., 2013). However, ILs have also some drawbacks. In
fact, they are typically synthesized from oil-based chemicals, they are
toxic, not biodegradable, moisture sensitive, and expensive (Egorova &
Ananikov, 2014). For all these reasons, deep eutectic solvents (DESs)
have replaced ILs in many applications (Smith et al., 2014), having the
same advantages but not the same drawbacks of ILs. DESs are prepared
by mixing two or more components constituted by at least a hydrogen
bond donor (HBD) and a hydrogen bond acceptor (HBA) in a specific
molar ratio, thus forming multiple hydrogen bonds (Chourasia et al.,
2021). Due to the presence of a strong hydrogen bonding network, the
resulting melting point of the mixture is lower than that of the original
components, preventing them from crystallising. For this reason, DESs
have similar properties of ILs, including thermal and chemical stability,
high solvent capacity and low vapour pressure (Liu et al., 2021a).
Contrarily to ILs, DESs can be made from easily accessible, inexpensive,
non-toxic, biodegradable and non-flammable materials such as choline
chloride, betaine hydrocloride and organic acids (Sirvio et al., 2016). In
addition, DES can be recycled and reused, helping to reduce production
costs (Mankar et al., 2022). All those traits make DESs more attractive
solvent than ILs (Calvo-Flores & Mingorance-Sanchez, 2021) for
biomass pre-treatment (Zhou et al., 2023), extraction of natural prod-
ucts (Nam et al., 2015), synthesis of functional materials (Hayyan et al.,
2015), metal processing (Ma et al., 2022), catalysis (Unlii et al., 2019),
cellulose purification (Verdia Barbara et al., 2023) and drug delivery
(Zainal-Abidin et al., 2019). Recent studies have shown that DESs are
effective in LCB fractionation (Xiao et al., 2024) acting in two ways: by
breaking hydrogen bonds between lignin, hemicellulose and cellulose
(Tang et al., 2017), and by hydrolysing covalent bonds between lignin
and hemicellulose (Ahmed et al., 2023). In addition, DESs have been
reported to facilitate the cleavage of C—C and C—O bonds of lignin itself
(Ahmed et al., 2023; Ji et al., 2021; Liu et al., 2019; Liu et al., 2017a; Liu
et al., 2017b; Sirvio et al., 2016). Many studies regarding LCB
pre-treatment with DESs have found beneficial the use of microwave
(MW) irradiation (Amoroso et al., 2020; Chen & Wan, 2018; Liu et al.,
2017a; Mankar et al., 2022; Shao et al., 2021) instead of conventional
heating (Chen & Wan, 2018), due to the MW capability to interact with a
dipolar medium, causing strong rotation and vibration of the polarised
ions and molecules (Wang et al., 2020b). This property promotes an
energy efficient temperature increasing, and rapid heating response in
the DES system, with the generation of many hydrogen protons and ions
(Duan et al., 2023). The resulting improved polarity in DESs leads to a
reduction of the temperature and time of biomass pre-treatment (Isci
et al., 2020). The microwave assisted pre-treatment process has shown
great promise as it requires less time (Okonkwo et al., 2023) and allows
for easier control of the chemical reactions with respect to conventional
warming, provides rapid heating, and needs low energy input (Ahmed
et al., 2023)(Cui et al., 2015).

Most works regarding MW-assisted DES treatment of LCB have
focused to specific homogeneous biomass substrates (Kohli et al., 2020),
such as pine wood (Ceaser et al., 2023; Oh et al., 2020), poplar trees (Liu
et al., 2017a; Wu et al., 2014), bamboo (Lin et al., 2020), and others
(Amesho et al., 2023), or lignin poor/bleached sources (Duan et al.,
2023; Liu et al.,, 2017b; Hong et al., 2020) aiming in most cases at
obtaining cellulose nanofibrils or nanocrystals after mechanical dealing
(ultrasonication, ball milling and high-pressure homogenization)
(Zhang et al., 2015y Lee et al., 2018;Xie et al., 2016). The reason for
focusing on a specific lignocellulosic substrate is intuitive, being
biopolymer structures dramatically dependent on their source (Zhang &
Naebe, 2021). Therefore, the successful of any biorefinery process also
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depends on LCB source (Abolore et al., 2024). Few investigations have
been devoted to DES-treatment of heterogeneous LCB wastes, such as
housing wastes (Abbasi et al., 2024). Indeed, to the best of our knowl-
edge no biorefinery studies employing DESs have been focused on
carpentry waste wood flour (CWWF), which is a heterogeneous and not
easily fractionable lignocellulosic source. Recently, in our research
group preliminary work has been devoted to CWWF, which has been
treated with an acidic natural DES (NADES) constituted of choline
chloride and oxalic acid in a 1:1 molar ratio, under microwave irradi-
ation (Colella et al., 2022). Following our studies on CWWF valorisation
by DESs, in the present work many DESs combinations (acidic and basic)
and many different reaction conditions were investigated aiming at
converting waste wood flour into eco-friendly materials with higher
added value. The objectives of the present study were focused in
developing the best conditions for obtaining from CWWF two different
valuable products: 1) lignin-rich nanocellulose; 2) a biomaterial useful
in environmental field for water decontamination from organic pollut-
ants. In fact, many cellulose-based biomaterials have gained importance
for water decontamination purposes (Esposito et al., 2021; Landge et al.,
2022; Li et al., 2023; Lombardo & Thielemans, 2019; Mahfoudhi &
Boufi, 2017; Patel et al., 2019; Wang, 2019), due to the hydrophilic
properties of cellulose itself. Even pure cellulose treated with DES has
been found effective for removing an organic compound such as meth-
ylene blue from water (Cao et al., 2022). Therefore, potentially CWWF
which contains a large amount of cellulose, once treated with DES, could
act as an interesting biomaterial useful for environmental decontami-
nation objectives. In addition, the advantage of using CWWF instead of
pure cellulose raises from the consideration that CWWF includes also
lignin, which could positively affect the absorption capability towards
organic compounds due to its hydrophobic features. For the present
work, CWWF was composed mostly of poplar (70 % c.a.) and fir (30 % c.
a.) wood. Although most recent works have been aimed at yielding pure
(nano and/or micro) cellulose from biomass, the eventual retention of a
small amount of lignin in the final product has been reported not to be a
drawback (Liu et al., 2020; Liu et al., 2024; Rojo et al., 2015). In fact, in
principle the presence of lignin in the residue obtained from DES
treatment of CWWF could enhance its capability of retention of organic
molecules due to aromatic hydrophobic interactions, thus increasing its
performances as water decontaminator from organic pollutants (Coletti
et al., 2013; Esposito et al., 2021; Landge et al., 2022; Li et al., 2023;
Lombardo & Thielemans, 2019; Mahfoudhi & Boufi, 2017; Patel et al.,
2019; Wang, 2019; Yaneva et al., 2013; Zhou et al., 2014). Moreover,
nanocellulose containing lignin has been proven to bear interesting
features in the field of food packaging (Wang et al., 2024), coating
materials (Liu et al., 2023), and agriculture applications (Channab et al.,
2024; Baldassarre et al., 2023).

Although the microwave assisted treatment method of CWWF pro-
posed in the present paper had some drawbacks for nanocellulose pro-
duction due to the poor yields in isolated nanoparticles, however, it
turned to be very efficient for converting lignocellulosic waste biomass
into a valuable biomaterial for water decontamination from organic
pollutants.

2. Materials and methods
2.1. Materials and chemicals

Carpentry waste wood flour (CWWF) was provided by a local car-
penter. CWWF was composed mostly of poplar (70 % c.a.) and fir (30 %
c.a.) wood. The chemical reagents employed in this work were: choline
chloride (99 %, Acros Organics); oxalic acid dihydrate (99 %, Scharlab);
urea (98 %, Alfa Aesar); glycerol (99 %, Acros Organics); potassium
carbonate (99 %, Alfa Aesar); betaine hydrochloride (99 %, Alfa Aesar);
anhydrous citric acid (99 %, Honeywell), cellulose (Randacell 150,
Spagro s.r.l.), lignin (Sigma-Aldrich), 4-nitrophenol (for synthesis,
Merck). All the water utilized was purified by Adrona Crystal double
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deionization system.
2.2. NADESs preparation

The synthesis procedure of the various NADES mixtures employed in
the present work is almost the same for all of them with slight modifi-
cations. The specific procedures are described below (temperature SD =
+0.5°C):

- The choline chloride (ChCl)/oxalic acid (OA) NADES was prepared
by continuously mixing the two components in a 1:1 molar ratio and
heating at 80 °C until a transparent liquid was obtained and almost
all the water evaporated (this water was naturally present in both
ChCl and OA). For the 10 % and 20 % water mixtures, the correct
amount of water was weighed and added to the clear NADES mixture
(Ma et al., 2019);

The urea/ChCl NADES was prepared by continuously mixing the two
components in a 2:1 molar ratio and heating at 80 °C until a trans-
parent liquid was obtained and almost all the water evaporated
(Sirvio et al., 2015);

The KyCOgs/glycerol DES was prepared by continuously mixing the
two components in a molar ratio of 1:7 and heating at 80 °C until a
transparent liquid was obtained and almost all the water evaporated
(Gan et al., 2020);

The ChCl/citric acid (CA) NADES was prepared by mixing the two
components at 80 °C in a molar ratio of 1:1 and immediately adding
the proper amount of water to reach 16.7 % water in the mixture (10
g of water for 50 g of NADES). In this case the water addition was
mandatory, otherwise the NADES would be too viscous and not
transparent.

The betaine hydrochloride/OA NADES (Siani et al., 2020) was pre-
pared by mixing the two components in a molar ratio of 1:2 and
heating at 80 °C until a transparent liquid was obtained and almost
all the water evaporated.

2.3. Microwave assisted biomass treatment

The biomass treatment was carried out by mixing 5 g (or 2.5 g for the
betaine hydrochloride/OA NADES and the K3COs/glycerol DES) of 80
Mesh (177 pm diameter size) sieved CWWF with 50 g of freshly prepared
NADES. The mixture was then stirred until all the biomass was in contact
with the NADES. Afterwards, the mixture was placed in the microwave
reactor (Ethos E, Milestone). The reaction was carried out at 80 °C for 1
hour in an open system (temperature SD = + 0.5 °C). The maximum
power of the microwave reactor was set at 500 W (SD = + 5 W) and the
microwave irradiation was discontinuous, so that the temperature of the
system remained constant during the reaction. Under the same condi-
tions, the reaction with ChCl/OA was also carried out at 90 °C. After 1 h,
the reaction mixture was then cooled by the ventilation system of the
microwave reactor and 100 mL of a 1:1 water/acetone solution was
added. Afterwards, the reaction mixture was vacuum filtered, and the
obtained solid residue (SR) was washed with deionized water (3 x 10
mL) and then stored wet in a refrigerator at 4 °C with the addition of a
few drops of chloroform to prevent the formation of mould
(Martelli-Tosi et al., 2018).

ChCl/OA DES reaction was carried out also under ultrafast (UF)
microwave conditions, maintaining steady the power (continuous irra-
diation) and stopping the MW irradiation once reached the target tem-
perature. This fast reaction took place in short times (45-70 s), thanks to
the synergism between the DES and the microwaves under continuous
irradiation (Chen & Wan, 2018). The conditions used are detailed
below:

- Reaction UF1: performed in a closed vessel at 250 W with continuous
irradiation. The total sample (DES and CWWF, 20 g) reached 156 °C
in 60 s.
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- Reaction UF2: performed in a closed vessel at 200 W with continuous
irradiation. The sample (DES and CWWF, 20 g) reached 103 °C in 45
s.

- Reaction UF3: performed in a closed vessel at 150 W with continuous
irradiation. The sample (DES and CWWF, 20 g) reached 82°Cin 75s.

2.4. Nanocellulose synthesis and process yield

Nanocellulose suspensions were prepared from the residual solids
recovered from DES after treatment. Specifically, a certain amount of
wet residual solid (0.5 g) was weighed into a flask and added of distilled
water (50 mL). The solid residue was kept wet to enhance nanocellulose
yield. The resulting heterogeneous mixture was then ultrasonicated at
the maximum power available for the ultrasonic bath used in the present
work (Sonorex Super 10 P, Bandelin), i.e. 430 W and 35 kHz frequency
for 20 min at 25 °C. Moreover, some final tests were performed with a
probe ultrasonicator, namely Vibracell VCX750 (Sonics, USA). For the
latter, the ultrasonic frequency was set at 20 kHz, the processing time
was 25 min, the amplitude automatically reached 5 % and the pulse (4 s
on and 2 s off) was activated. The mean temperature (25 °C) was kept
steady by using a cooling jacket which avoided temperature increasing
during ultrasonication process. The mixture was then centrifuged at
2200 rpm (SD = + 0.5 rpm) for 12 min to separate the solid residue from
the nanocellulose suspension, which was in turn stored in a refrigerator
at 4 °C with the addition of few drops of chloroform to prevent the
formation of mould (Martelli-Tosi et al., 2018).

A small portion of the nanocellulose suspension was used for the
calculation of the dimensional reduction yield operated by the ultra-
sonication process. In details, a certain amount of the suspension was
dried at 90 °C to constant weight in an oven. The yield was calculated
according to the Eq. (1) (Wang et al., 2021):

WB+NC.d - WB VSR

LBined B, TSR 4100 @
Wsrw * Msg Ve

Y%Oc =
Where Wgnc,q is the weight of the beaker containing the dried nano-
cellulose, Wp is the weight of the beaker, Wsg v is the weight of the total
amount of wet solid residue (SR) submitted to ultrasonication, Mgp is a
number (<1) accounting for the moisture content in the total amount of
wet SR submitted to ultrasonication (Msg = 0.80), Vsp is the total vol-
ume of the initial ultrasonicated suspension and Vi is the small portion
of the volume submitted to the drying process.

2.5. TGA/DTG analysis

The thermal stability of the SRs was assessed using a termogravi-
metric analyser (Pyris 6 TGA, Perkin Elmer). An average amount of 20
mg of samples were heated at 10 °C/min from 30 °C to 700 °C under 50
mL/min Ny flow.

2.6. FTIR-ATR analyses

IR analyses were performed with an attenuated total reflectance
Fourier transform infrared spectrometer (FT/IR-4200, Jasco) operating
in the 550 cm™ to 4000 em™ range using a ZnSe crystal. The spectra
were recorded with an accumulation of 32 scans at 4 cm™ resolution.

2.7. Carboxyl groups content quantification

Carboxyl groups were quantified by acid-base titration according to
the method described by Barbash et al. (2022). Briefly, 0.5 g of dry SR
was treated with 0.01 M HCl for 1 h to acidify all proton-accepting sites
and then washed with distilled water to remove residual acid. The
resulting solid was suspended for 2 h in 80 mL calcium acetate solution
obtained by diluting with water 30 mL of 0.25 M calcium acetate solu-
tion (up to 80 mL). During this period, the carboxylic acid functionalities
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anchored to the surface of the solid transferred their protons to the ac-
etate, forming acetic acid. The advantage of using calcium acetate
instead of a more usual sodium or potassium acetate, was due to the
higher capability of calcium cations to exchange with protons with
respect to sodium or potassium ions. Afterwards, the suspension was
centrifuged, and 25 mL of the supernatant water phase was taken off and
titrated with 0.01 M NaOH using phenolphthalein as indicator. The
carboxyl groups content was calculated as it follows (Eq. (2)):

@

cee {mmol]  52%0.01 * Vgon
Wsr.dry

where CGC is the carboxyl groups content, Vy,0g is the volume (in mL)
of NaOH solution used in the titration and Wsg ary is the weight (in g) of
the solid residue subjected to carboxyl quantification.

2.8. 13C solid-state NMR spectroscopy (SSNMR)

13C SSNMR experiments were performed on a Bruker Avance I 400
spectrometer (*3c, 100.6 MHz) using a 4.0 mm HX MAS probe at room
temperature. Samples were packed in zirconia rotors. A two-pulse
phase-modulation (TPPM) decoupling scheme was used for the H-
decoupling. 'H—'3C CP/ MAS NMR experiments were performed using a
contact time of 1.0 ms, a recycle delay of 4 s, a MAS rate of 9 kHz, and an
acquisition time of 42 ms. 1024 transients were acquired for the 13C
NMR spectrum of each solid residue, in a spectral region of 240 ppm and
with 2048 acquired point per sample. The crystallinity index (CrI) of
cellulose was calculated by dividing the area of the C4 crystalline peak
(integrating the peak from 87 to 92 ppm) by the total area (crystalline
and amorphous) assigned to the C4 peaks (integrating the region from
80 to 92 ppm)(Colella et al., 2022).

2.9. Dynamic light scattering (DLS) analysis

Cellulose derived nano-colloids stability and size distribution were
investigated by average hydrodynamic diameter, polydispersity index
and ¢-potential measurements through Dynamic Light Scattering (DLS).
Samples were analysed with a Nano ZS90 (Malvern Instruments, UK)
instrument. The {-potential analysis was carried out by Laser Doppler
Velocimetry (LDV). Measurements were performed at 25 °C, in filtered
distilled water (0.45 um), at the refractive index of cellulose (1.469). The
C-potential values are reported as the mean of 5 measurements; each of
them derived from 20 different runs to establish measurement repeat-
ability. Particle size distribution data are reported as the mean of three
measurements each of them derived from 14 different runs to warrant
repeatability.

2.10. TEM analyses

The morphology of cellulose derived colloids was analysed by
transmission electron microscopy (TEM). A drop of each water sus-
pended sample (10 pl) was placed on a standard carbon coated 200-
mesh copper grid and left at RT. The TEM micrographs were acquired
analysing the grid under a JEOL JEM 1400Plus microscope with LaB6
source, at an accelerating voltage of 80 kV.

2.11. 4-nitrophenol adsorption setup and UV-Visible spectrophotometry

For each experiment, 20 ml of 20 ppm 4-nitrophenol (4-NP) solution
was exposed to 0.5 g of biomass solid residue (SR) for 50 min at 25 °C. A
first estimation of the adsorption capacity of the synthesised materials
for 4-nitrophenol was carried out by UV-visible spectrophotometry
(Jasco V-670 spectrophotometer). The working range was between 250
nm and 500 nm and the experimental pH was <3, thus suitable for the
existence of the phenolic form. The choice to operate in an acidic
environment was dictated by the lower value of the molar absorption
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coefficient of 4-NP compared to its phenolate. Detecting 4-NP instead of
its anion avoided long dilution series, being very high the response of the
used instrument.

3. Results and discussion
3.1. Reaction performances and solid residue characterization

Carpentry waste wood flour (CWWF) was treated with several DES
mixtures (acidic or alkaline, see Scheme 1) under MW irradiation
(Fig. 1) and the reaction outputs were evaluated. It has been reported
that choline chloride (ChCl)-oxalic acid (OA) (1:1) mixture is the most
suitable DES for obtaining high yields in nanocellulose starting from
specific LCB sources (such as buckwheat chaff, bagasse, cotton pulp,
poplar tree, and so on) (Amesho et al., 2023). However, due to the high
heterogeneity of CWWEF, it deemed worth testing the performance of
several DES combinations, aiming at obtaining solid residues still con-
taining a certain amount of lignin. Indeed, the following DES mixtures
were tested for CWWF processing: ChCl-OA (1:1) (acidic); ChCl/ (citric
acid) CA (1:1) (acidic); betaine hydrochloride/OA (1:2) (acidic); ure-
a/ChCl (2:1) (alkaline); glycerol/KoCOs (7:1) (alkaline). Moreover, the
addition of 10 % and 20 % H5O to the ChCI-OA (1:1) DES was also
investigated, due to well-known beneficial effects of water on fluidity
parameters and temperature homogeneity (Ma et al., 2019).

The reaction conditions used for the individual mixtures and their
performances in terms of weight loss of the starting CWWF (yield of
solubilization) are summarised in Table 1.

The Y%solubilization iS the weight loss percentage of the solid biomass
after the reaction, mainly due to the decomposition of cellulose and
hemicellulose into simpler saccharides and partial dissolution of lignin.
The Y%golubilization Was calculated as follows (Eq. (3)):

(1 - WWSR ) %100 3

CWWF

Y"/

o —
solublization

where Wgp is the weight of the solid residue after reaction and Wcwwr is
the weight of the initial lignocellulosic biomass. All DESs considered
belonged to NADESs category, except for the KoCO3/glycerol mixture. It
is worldwide accepted that DESs should ensure good dissolution of
lignin, hemicellulose, amorphous cellulose, and all their oligomers and/
or monomers, while leaving the crystalline cellulose as insoluble solid.
The mechanism of action of DESs has been studied and thought to be
very much dependant on the starting substrate (Liu et al., 2017a). The
very strong hydrogen bonds of lignin-carbohydrate complexes in
biomass should be weakened because of the formation of competing
hydrogen bonds between the carbohydrates/lignin hydroxyl groups and
chloride ions/hydroxyl groups from DESs. This causes the loosening of
the plant cell wall. Moreover, the H', derived from the DESs’ donor, may
catalyse the selective cleavage of ether or ester bond (hydrolysis) trig-
gering hemicellulose removal and delignification. At the end, the surface
of the solid residue might be modified by the esterification of the hy-
droxyl groups of cellulose with acidic DESs containing carboxylic moi-
eties, which can facilitate the production of nanocellulose (Liu et al.,
2021a). For all these reasons, generally the greater the weight loss of
biomass the higher the DES activity in terms of biorefinery agent.
Table 1 shows that acidic DESs (entries 1-3) gave higher yields of sol-
ubilization (yields ranging from 25 to 35 %) with respect to alkaline DES
(entries 4-5, yields = 15-22 %) in 1 h at 80 °C under MW continuous
irradiation. This occurrence might be explained by considering that
under MW irradiation, acidic DESs produce a huge amount of proton
ions able to destroy both hydrogen and ester/ether bonds in lignocel-
lulosic biomass. In addition, among acidic DESs the most performant
was the ChCl/OA (1:1) mixture (entry 1), as already reported for other
lignocellulosic starting materials (Yu et al., 2019). Apparently, betaine
hydrochloride/OA (1:2) DES (entry 3) had the same activity of ChCl/OA
(1:1) blend under the same reaction conditions (entry 1). However, the
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Scheme 1. DES mixtures used for the treatment of CWWF.

Fig. 1. a) MW equipment and b) sequential steps of MW-assisted treatment of CWWF with DES.

amount of CWWF used for betaine hydrochloride/OA (entry 3) was half
than the quantity employed for ChCl/OA (entry 1), due to the high
viscosity of betaine hydrochloride/OA mixture that hampered the
proper mixing of the biomass with the DES solvent. For this reason, the
subsequent tests reported in Table 1 (entries 6-11) were carried out only
in the ChCl/OA DES. By increasing the temperature up to 90 °C in the
ChCl/OA DES system (entry 6), the solubilization yield became almost
double (57 %) with respect to the same treatment carried out at 80 °C (Y
Yosolubilization = 33 %, entry 1). Similar results (Y%solubilization = 60 %,
entry 7) were obtained by performing the ChCl/OA DES treatment under
ultrafast conditions UF1, by keeping steady the power (250 W) until
temperature reached 156 °C (t= 60”) (Chen & Wan, 2018). The other
ultrafast conditions tested (entries 8 and 9) resulted in almost the same
solubilization yields obtained in the traditional microwave assisted re-
action (entry 1) with the advantage of taking 45" or 75" treatment time
instead of 1 h reaction time. The addition of certain amount of water to
the ChCl/OA DES mixture was also studied (entries 10 and 11), being
water able of enhancing microwave irradiation effects and improving
DES mixture fluidity parameters (Ma et al., 2019). The addition of 10 %
H,0 slightly increased the solubilization yield (40 %, entry 10) with

respect to the same system without added water (Y%solubilization = 33 %0,
entry 1). However, a 20 % H»0 addition did not bring any advantage to
the solubilization yield (33 %, entry 11).

All the residual solids (SRs) obtained after the treatments reported in
Table 1 were subjected to thermogravimetric, IR, NMR analyses and
carboxylic group titration aiming at evaluating the possible differences
caused by the different DESs or conditions used.

3.1.1. Thermogravimetric analyses

Thermogravimetric analysis (TGA) is useful for estimating the
chemical composition of the lignocellulosic biomass (Caputo et al.,
2021), and on the base of TGA curve the percent amounts of cellulose,
hemicellulose and lignin in the starting CWWF were roughly 50 %, 30 %
and 20 %, respectively (Fig. 1). All SRs coming from the treatments
described in Table 1 were also subjected to TGA analyses. In the
following, for the sake of clarity, TGA graphics were grouped in
Figs. 2-4. Fig. 2 reports TGA and derivative thermogravimetric curves of
either the starting CWWF and all SRs obtained after treatment with
NADESs under MW discontinuous irradiation for 1 hour (SRs corre-
sponding to entries 1-6 of Table 1), using cellulose and lignin as
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Table 1
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Reaction conditions for each DES mixture and yield of solubilization of the starting CWWF.

Entry DES Mixtures CWWEF/DES mass Ratio MW-assisted reaction conditions” Yield (%) solubilization
1 ChCl/0A (1:1) 1:10 1h,80°C 33
2 ChCl/CA (1:1) 1:10 1h,80°C 25
3 Betaine hydr. /OA (1:2) 1:20 1h,80°C 35
4 Urea/ChCl (2:1) 1:10 1h,80°C 15
5 Glycerol/K,CO3 (7:1) 1:20 1h,80°C 22
6 ChCl/0A (1:1) 1:10 1h,90°C 57
7 ChCl/OA UF1 1:10 156 °C peak reached in 60 s 60
8 ChCl/OA UF2 1:10 103 °C peak reached in 45 s 37
9 ChCl/OA UF3 1:10 82 °C peak reached in 75 s 30
10 ChCl/OA (1:1) + 10 % H;0 1:10 1h,80°C 40
11 ChCl/OA (1:1) + 20 % H,0 1:10 1h,80°C 33

2 SD = + 0.5 °C for reported temperature values.

references. All the TGA curves reported an initial water loss in the range
of 40 - 120 °C (Fig. 2a and 2c). Although solubilization yield values
(Table 1) revealed that the highest solubilization amount was reached
with the ChCl/OA mixture at 90 °C or under UF1 conditions, TGA
analysis showed that ChCl/CA treatment was the most selective towards
cellulose, giving the best results in terms of loss amount of hemicellulose
and lignin. In fact, TGA curve of SR treated with ChCl/CA DES reported
the highest content in cellulose among all solid analysed (Fig. 2a and
2b). On the other hand, the only DES without chloride anion used, i.e.
the glycerol/KoCO3 mixture, gave opposite results. The glycerol/K2CO3
mixture seemed to better solubilize (presumably amorphous) cellulose
rather than lignin. In fact, glycerol/K,CO;3 treated SR showed an
enhanced content of lignin with respect to pristine CWWF (Fig. 2a and
2b). However, all other considered DES mixtures gave SRs similar in
composition to the starting wood flour (Fig. 2a and 2b). Another inter-
esting consideration could be put forward for TGA curves of SRs treated
with ChCl/OA at different temperatures for 1 h. In fact, a close inspec-
tion of TGA graphs in the range temperature from 500 °C to 700 °C
(Fig. 2b) reveals that lignin fraction in the residual solids slightly

increases as the treatment temperature increases, probably due to the
depolymerization of the amorphous cellulose (Ji et al., 2021). Moreover,
DTG graph (Fig. 2¢) shows a sharp decomposition peak at 370 °C for all
SRs, except for the residue treated with glycerol/KoCO3 mixture
(decomposition DT = 335 °C), being decomposition DT of CWWF
located at 360 °C.

Fig. 3 reports thermogravimetric and derivative thermogravimetric
curves of SRs obtained from ChCl/OA mixture under ultrafast conditions
(corresponding to entries 7-9 of Table 1). Fig. 3b highlights an obvious
temperature effect due to the partial depolymerisation of cellulose, as
previously mentioned. In fact, UF1 performed at the highest tempera-
ture of 156 °C (corresponding to entry 7 of Table 1) gave a SR richer in
lignin than UF2 and UF3 SRs (belonging to entries 8 and 9 of Table 1,
respectively), being the latter in turn similar in composition to SR ob-
tained with conventional MW assisted treatment. In addition, TGA curve
of SR obtained in 60" under UF1 conditions is comparable to that re-
ported for SR subjected to conventional MW assisted treatment at 90° for
1 h (see Fig. 2b). All these information suggested that the ultrafast (UF)
treatments, though very short time taking, modified the characteristics

Fig. 2. a) thermogravimetric curves of cellulose, lignin and SRs obtained from different NADES mixtures; b) expansion of Fig. 2a in the 500-700 °C T range; c)

derivative thermogravimetric curves.
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Fig. 3. a) thermogravimetric curves of cellulose, lignin and SRs obtained from different ultrafast reactions (UF1, UF2, UF3); b) expansion of Fig. 3a in the 500-700 °C

T range; c) derivative thermogravimetric curves.

of the treated CWWF in the same manner of the corresponding tradi-
tional microwave action, pointing out that similar results can be ach-
ieved in a shorter time and at a lower cost.

Fig. 4 shows thermogravimetric and derivative thermogravimetric
curves of SRs obtained from ChCl/OA mixture without and with the
addition of 10 % H3O (5 g of H20 and 45 g of NADES) and 20 % H»0 (10
g of H20 and 40 g of NADES). By comparing these curves to each other
(Fig. 4b), no relevant changes could be detected after water addition to
the system. This is an important statement, because as already
mentioned, water addition reduces both the viscosity of the medium and
the overall process cost and can improve homogeneity and flow pa-
rameters in an industrial reactor (Ma et al., 2019).

3.1.2. FT-IR analyses

The starting lignocellulosic biomass and all SRs obtained by the
treatments summarized in Table 1 were also characterized by IR spec-
troscopy, taking cellulose and lignin as references. Fig. 5 reports the FT-
IR spectra of lignin, cellulose and the starting material (carpentry WWF).
In all of them, the broad band extending from 3600 to 3000 cm!
attributed to —OH stretching (in lignin, cellulose and hemicellulose) and
the weak broad peak at 2900 cm™ belonging to —CH stretching vibration
in methyl and methylene groups (Boeriu et al., 2004) are visible.
Carpentry WWF IR spectrum (blu line of Fig. 5) shows fingerprint peaks
of cellulose and hemicellulose, which covered most of the lignin char-
acteristic bands, being lignin in lesser amount (30 % ca) with respect to
cellulose and hemicellulose in wood lignocellulosic biomass. Among
them, the peak at 1640 cm™ and the very intense band at 1027 cm™
belonging to bending vibration mode of the absorbed water (Coletti
et al., 2013) and to the asymmetric stretching of C—O—C glycosidic
bond (Colella et al., 2022) of cellulose and hemicellulose overlap to the

characteristic adsorption peaks of the different kinds of lignin (Boeriu
et al., 2004).

Fig. 6 shows the FT-IR spectra of the starting carpentry WWF and the
SRs obtained with the microwave assisted different DES treatments re-
ported in entries 1-6 of Table 1. The use of carboxylic acids in DES
mixture can promote the esterification of cellulose of the starting
lignocellulosic biomass (Liu et al., 2021a). If esterification occurred, an
increased intensity of the peaks belonging to C = O carboxyl (1720 cm ™!
ca) and C—O ester group (1200 em ! ca) stretching vibration modes
should be visible in IR spectra of the treated solids with respect to the
starting biomass.

Fig. 6 shows that after MW-assisted DES treatment an increasing in
the intensity of the peaks at 1720 cm ™! and 1200 cm ™! was generally
detected. However, this occurrence could not be always ascribable to
esterification process. In fact, in the case of SR coming from betaine/OA
treatment the reduction of the amount of hemicellulose and amorphous
cellulose detected by the analyses discussed in the previous paragraphs
could have enhanced the intensity of the band at 1270 ecm ! ca
belonging to G unit of lignin (Wu et al., 2014).

By comparing IR spectra of SRs obtained after the MW treatment
with ChCl/OA DES with and without the addition of 10 % and 20 % of
H>0, no significative differences could be detected between them in the
regions at 1720 cm~! and 1200 cm™? (Fig. 7), confirming that the
addition of water could be beneficial for an economical point of view.

Fig. 8 reports FT-IR spectra of SRs obtained after treatment with
ChCl/OA DES under ultrafast microwave conditions (UF1, UF2 and
UF3). The IR spectrum of SR coming from UF1 (treated at 156 °C) re-
sembles that of SR obtained by ChCl/OA DES reacted at 90 °C for 1 h,
showing a decreasing of the relative intensity of the characteristic peaks
of cellulose and hemicellulose with respect to those of lignin, thus
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Fig. 4. a) thermogravimetric curves of cellulose, lignine and SRs obtained from ChCl/OA, ChCl/OA+ 10 % H,0 and ChCl/OA+ 20 % H,0; b) expansion of Fig. 4a in

the 500-700 °C T range; c) derivative thermogravimetric curves.

Fig. 5. FT-IR spectra of carpentry WWF, cellulose and lignin.

confirming the results obtained by TGA analyses, which suggested
depolymerization of hemicellulose and amorphous cellulose. Moreover,
IR bands reported in Fig. 8 suggests that SR of UF3 treatment in ChCl/OA
DES had the highest content of cellulose and the highest degree of
esterification among SRs obtained from UF1, UF2 and UF3 (see grey
lines of Fig. 8).

Fig. 6. FT-IR spectra of the different SRs compared to the starting wood waste
flour (WWF). The vertical grey lines mark the peaks due to esterification.

3.1.3. Carboxylic group content (CGC) assessment

The possible esterification of DES containing carboxylic acids with
cellulose -OH groups could be detected by IR analyses (Liu et al., 2021a),
as discussed in the previous paragraph. However, the IR peaks assign-
ment belonging to the resulting ester moieties is certain only when the
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Fig. 7. FT-IR spectra of the SRs treated at 80 °C for 1 h with the ChCl/OA
NADES without and with 10 % or 20 % water addition. The vertical grey lines
mark the peaks due to esterification.

Fig. 8. FT-IR spectra of the SRs obtained from the ultrafast microwave re-
actions (UF1, UF2 and UF3) compared to the carpentry WWF. The vertical grey
lines mark the wave number intervals indicative for esterification.

treated biomass is constituted by cellulose as the only component (Liu
et al.,, 2021a ). Herein, since the pristine biomass contained cellulose,
hemicellulose and lignin, the IR analyses were not unambiguously clear,
due to the overlapping of the possibly formed ester peaks with those of
lignin, as shown in Figs. 6-8. In the present work, carboxylic acids used
for DES mixtures had two (OA) or three (CA) carboxylic moieties. For
this reason, after their esterification with the hydroxyl groups of cellu-
lose (or hemicellulose), they should bring free carboxylic groups now
directly connected to the resulting biomass. The carboxylic group con-
tent (CGC) in the solid residue (SR) after the treatment with various DES
under different conditions was quantified using the titration method
(Barbash et al., 2022). Table 2 summarizes the obtained results.
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Table 2

carboxyl groups content (CGC) for each SR.
Entry Solid Residue CGC [mmol/g]
1 Cellulose 0.072
2 CWWF 0.115
3 SR from ChCl/OA 0.149
4 SR from ChCl/OA +10 %H,0 0.190
5 SR from ChCl/OA +20 % H,0 0.154
6 SR from ChCl/OA 90 °C 0.189
7 SR from ChCl/CA 0.157
8 SR from Betaine/OA 0.214
9 SR from ChCl/Urea 0.137
10 SR from UF1 0.190
11 SR from UF2 0.103
12 SR from UF3 0.131

Pure cellulose and the pristine CWWF were first titrated, giving
negligible and small CGC values, respectively (entries 1 and 2, Table 2).
Thus, CGC value of CWWF (0.115 mmol/g) could be taken as the zero
initial point. In absolute terms, the amount of carboxyl groups was small
for all SRs reported in Table 2. The highest CGC value (0.214 mmol/g,
entry 8, Table 2) was reached in the case of Betaine/OA DES, which
contained carboxylic groups in both hydrogen bond donor (HBD) and
hydrogen bond acceptor (HBA) of the mixture. Moreover, SRs treated
with ChCl/OA and ChCl/CA DES (entries 3 and 7 of Table 2) showed
increasing CGC values due to the increasing number of carboxylic
groups of the HBD unit. As to SR coming from the not-containing car-
boxylic groups ChCl/Urea DES (entry 9, Table 2), its CGC value (0.137
g/mmol) was slightly higher than that of CWWF probably due to the
oxidation of some -OH groups in 7-position of the glucose monomers
(Jiang & Hsieh, 2016). Interestingly, ChCl/OA treatments with 10 %
H30 addition at 80 °C (entry 4), without HyO addition at 90 °C (entry 6)
and under UF1 condition (entry 10) gave the same CGC values, while
UF2 and UF3 seemed to promote negligible free acid esterification
(entries 11 and 12), though IR analyses discussed in the previous
paragraph suggested opposite consideration about SR coming from UF3.

3.1.4. Solid state >C NMR analyses

13C CP/MAS NMR analyses are suitable to assess the crystallinity
index (Crl) of the various SRs, which should change after DES treatment.
In fact, since amorphous cellulose is more sensitive to hydrolysis than
the crystalline one, its solubilization causes an increasing of Crl with
respect to the starting lignocellulosic biomass (Yue et al., 2015). Table 3
reports CrI of the starting CWWF and those of the obtained SRs after DES
treatment. CWWF has a Crl equal to 0.33, revealing that the amorphous
phase was higher than the crystalline one in the pristine biomass. A
slight increase of the crystalline phase over the amorphous phase was
observed after all treatments. The highest values of CrI were detected for
ChCl/OA SRs treated with 10 % H30 addition (CrI = 0.40, entry 3) at 80
°C, without HyO addition at 90 °C (CrI = 0.41, entry 5) and under UF1
condition (CrI = 0.45, entry 10), confirming the similarity of the three

Table 3

crystallinity indexes of the various SRs.
Entry SR Crystallinity Index
1 CWWF 0.33
2 SR from ChCl/OA 0.39
3 SR from ChCl/OA +10 %H20 0.40
4 SR from ChCl/OA +20 %H20 0.39
5 SR from ChCl/OA 90 °C 0.41
6 SR from ChCl/CA 0.35
7 SR from Betaine/OA 0.38
8 SR from ChCl/Urea 0.35
9 SR from K,CO3/Glycerol 0.36
10 SR from UF1 0.45
11 SR from UF2 0.36
12 SR from UF3 0.35
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samples as already suggested by the analyses discussed in the previous
paragraphs.

NMR analyses are also useful to qualitatively observe the possible
disappearance of lignin-related peaks and/or the appearance of peaks
related to the functionalisation of the residual solid with ester moieties
(Vaidya et al., 2016). Fig. 9 shows 13¢ cp/MAS NMR spectra of CWWF
and SRs obtained after treatment with glycerol/K;CO3 and ChCl/OA,
respectively, being the latter representative of the NMR spectra of all SRs
reported in Table 1, except for entry 5. Signals associated to lignin,
cellulose and hemicellulose were identified in the NMR spectrum of
CWWEF (Fig. 9a) and some of them decreased or even disappeared in the
NMR spectra of SRs isolated after ChCl/OA and glycerol/K,COs3 treat-
ment (Fig. 9b). The most intense signals in all spectra belonged to
glucose units of cellulose and hemicellulose, allowing to distinguish
between crystalline and amorphous phase in C4 and C6 resonance peaks,
as already discussed. Lignin signals are visible in the aromatic regions
(160110 ppm) as low intense and poorly resolved peaks. Lignin units
coming from the three common monolignols (depicted in Figure S1)
gave four broad bands at 158 ppm (carbon 4 of p-hydroxyphenyl units,
H), 153 ppm (belonging to syringyl units, S), 148 ppm and 145 ppm
(belonging to guaiacyl units, G) (Cipriano et al., 2020). All of them were
visible in the 3C CP/MAS NMR spectra of CWWF and SR treated with
glycerol/KoCOs, and they became less intense in the 13C cP/MAS NMR
spectrum of SR treated with ChCl/OA, with the peak at 158 ppm being
negligible (Fig. 9b). Another characteristic peak for lignin is the sharp
signal at 56 ppm belonging to methoxy groups of S and G, which
remained almost unchanged in all spectra, while the -CH, peak at 48
ppm (Kostryukov et al., 2021) detected in the spectra of CWWF and SR
treated with glycerol/K,CO3 almost disappeared in the 3C CP/MAS
NMR spectrum of SR treated with ChCl/OA (Fig. 9b). The intensity of the
signal at 20 ppm (Fig. 9a) related to the acetyl methyl moiety in hemi-
cellulose (Figure S2) decreased on passing from CWWEF spectrum to the
ChCl/OA treated SR one, becoming almost negligible in the spectrum of
SR isolated from glycerol/K;CO3 mixture (Fig. 9b). All these data indi-
cate that ChCl/OA NADES selectively depolymerized a more amount of
lignin than hemicellulose, while the alkaline glycerol/K,CO3 DES solu-
bilized a more amount of hemicellulose than lignin, as already suggested
by TGA analyses (Fig. 2).

3.1.5. Preliminary considerations after physical-chemical characterization

As highlighted by the analyses, CGC values of SRs suggested for the
presence of carboxylic groups in the treated biomass that could poten-
tially facilitate the mechanical disruption of the lignin-containing cel-
lulose fibrils into nanoparticles. Indeed, the SRs still contain lignin,
which is an aromatic and hydrophobic biopolymer, and can be useful in
retaining organic pollutants by intermolecular interactions.

Thus, the features found in SRs obtained after DES treatments
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prompted us at testing them in two important fields: lignin-containing
nanocellulose production and water decontamination from organic
pollutants.

3.2. Producing lignin-rich nanocellulose

Valorisation of the solid residues obtained from lignocellulosic
biomass treated with DES can be achieved with the synthesis of cellulose
nanoparticles by means of mechanical disruption such as ball milling or
ultrasonication (Jancikova & Jablonsky, 2024; Wang et al., 2023). The
yields of cellulose nanoparticles depend on several factors, such as
biomass source, power of ultrasonication or speed of ball milling,
pre-treatment conditions and so on (Tong et al., 2023). The biomass
source dramatically affects the yield in nanocellulose, especially when
the final product is a lignin-rich cellulose nanocrystal or nanofibril,
being lignin structure very dependent on the kind of starting plant. In
the present study, the starting CWWF biomass is a very heterogeneous
substrate, and this feature could represent a disadvantage for finding the
best conditions towards nanocellulose production with the ultra-
sonication method. Aiming at obtaining lignin-rich nanocellulose, all
solid residues reported in Table 4 (column 2) were dispersed in water
and subjected to ultrasonication in a common bath or with the use of a
probe (as described in paragraph 2.4). The resulting cellulose derived
nano-colloids were subjected to DLS measurements which assessed their
size and stability in water suspension as well as the {-potential, the
hydrodynamic diameter, and the polydispersity index. The yields in
nanocellulose with respect to SRs were also calculated. All these data are
summarized in Table 4. Nanocellulose yields were low ranging from 1.7
% to 13.7 % (Table 4), corresponding to 1.3 % and 9.2 %, respectively, if
calculated on the starting feed raw material. Generally, under the same
reaction conditions SRs coming from acidic DES (entries 1 and 6) gave
higher yields than SRs from alkaline DES (entries 7 and 8), except for SR
from ChCl/CA which furnished poor yield (entry 5). However, DES
mixture based on ChCl/OA (entry 1) seemed to be the most capable
material for producing nanocellulose, and the addition of water (entries
3 and 4) or the use of ultrafast conditions (entries 9 and 10) did not
significantly affect the final yields. A significant increase in the final
yield was observed when the ultrasonication probe (entry 2) was used in
the place of the ultrasonication bath (entry 1), suggesting that the ul-
trasound conditions play a key role in the nanocellulose production.

Despite the poor yields, {-potential values ranged from —26 to —37
mV (Table 4) indicating a good colloidal stability of all samples. How-
ever, hydrodynamic diameter and polydispersity index values revealed
that the ChCl/OA mixture provided the best colloidal suspension in
terms of nano-size and mono-dispersity, respectively. In fact, with the
ChCl/OA mixture the hydrodynamic diameter ranged from 223 to 303
nm (Entries 1-5, 9, 10, Table 4). Moreover, polydispersity index (PDI)

Fig. 9. a) Solid State 'H-'3C- CP/MAS spectra of carpentry waste wood flour (in purple), solid residue obtained from the ChCl/OA treatment (in blue) and solid
residue obtained from the Glycerol/K;CO3 treatment (in red); b) expanded region with marked sections.
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Table 4
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DLS parameters ({-potential, Average hydrodynamic diameter, PDI) measured on diluted samples in ultrapure water at the refractive index of cellulose (1.469) and

nanocellulose yield percentage.

Entry  Solid Residues Experimental ¢-potential (mV)  Average hydrodynamic diameter Polydispersity Index  Nanocellulose Yield
conditions * b (nm) ¢ d (%)
1 SR from ChCl/OA Ultrasonication Bath —37+2.4 223.3+5.3 0.27+0.03 6.2
2 SR from ChCl/OA Ultrasonication Probe —26+0.25 268+8.5 0.37+0.01 13.7
3 SR from ChCl/OA +10 % Ultrasonication Bath —-325+3.7 271+3.3 0.30+0.03 5.0
H20
4 SR from ChCI/OA +20 % Ultrasonication Bath —324+28 303.5+4 0.34+0.02 3.5
H20
5 SR from ChCl/CA Ultrasonication Bath —27.3+33 409+4.3 0.69+0.02 1.7
6 SR from Betaine/OA Ultrasonication Bath —28.5+1.42 315+4.5 0.4 £+ 0.02 5.8
7 SR from ChCl/Urea Ultrasonication Bath —30.5+ 0.2 286+2.2 0.46+0.03 1.9
8 SR from K,CO3/Glycerol Ultrasonication Bath —33.2+ 3.2 279+23.6 0.43+0.07 1.8
9 SR from UF2 Ultrasonication Bath —29+1.3 301.4 + 25 0.48+0.05 3.0
10 SR from UF3 Ultrasonication Bath —32+2.5 269+8.4 0.45+0.08 7.3

@ Experimental conditions for the ultrasonication process (bath or probe), as reported in paragraph 2.4.

b ¢_potential values are reported as the mean (+standard deviation) of 5 measurements; each of them derived from 20 different runs, to establish measurement
repeatability; {-potential values > +20 mV indicate a stable colloidal suspension.

¢ Average hydrodynamic diameter is the Z-average (+standard deviation) of 3 Distribution Size measurements, each constituting of 14 runs; Z-average is the
diameter of colloids in aqueous suspension and can also indicate the state of aggregation of the sample.

d Polydispersity Index (PDI) is reported as the mean (+standard deviation) of 3 Distribution Size measurements, each constituting of 14 runs; PDI value over 0.5

indicates polydisperse colloidal dispersion and not homogenous sample.

values indicated a moderately polydisperse distribution type only for
nanoparticles generated from ChCl/OA SR (0.1<PDI<0.4, entries 1-4,
Table 4), suggesting slightly broad distribution type for all other cases
(PDI>0.4, entries 5-10, Table 4). However, extremely broad distribu-
tion type (PDI>0.7) was never observed (Mudalige et al., 2019).

TEM analysis (Figs. 10-14) revealed that nanocellulose formed after
all treatments was in the form of nanorods, nanosheets or nanospheres,
as already observed for other lignocellulosic substrates treated with
DESs (Pérez-Pérez et al., 2023; Smirnov et al., 2020; Wang et al., 2020a).
Fig. 10 shows the TEM images of nanocellulose obtained by ultra-
sonication (ultrasonication bath) of SRs recovered after biomass treat-
ment with ChCl/OA DES both in the absence and in the presence of

water at different percentages.

Samples coming from ChCl/OA treatment were composed of both
amorphous particles of almost spherical shape and diameter size in the
range 200-500 nm, and crystalline nanorods with a thickness of about
40 nm and a length of over 500 nm (Fig. 10A-C). The addition of 10 %
water to the ChCl/OA mixture caused the formation of more spherical,
homogeneous particles with size ranging from 100 to 200 nm. However,
they were amorphous, and no rods were detected (Fig. 10D-F). Samples
coming from ChCl/OA/20 % H0 treatment were made by thin nano-
fibers and very dark nanospheres of 10 nm which belonged to lignin
nano-colloids (Liu et al., 2020) (Fig. 10G-I).

The process of ultrasonication by probe greatly improved the mono-

Fig. 10. TEM images of nanocellulose obtained by ultrasonication (bath) of SRs recovered after biomass treatment with: (A, B, C) ChCl/OA (Entry 1 of Table 4); (D,
E, F) ChCl/OA/10 % H,0 (Entry 3 of Table 4); (G, H, I) ChCl/OA/20 % H,O (Entry 4 of Table 4). The presence of water promoted lignin nano-colloids formation.
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Fig. 11. nanocellulose obtained by ultrasonication (probe) of SR recovered after biomass treatment with ChCl/OA (Entry 2 of Table 4). The use of the ultrasonication
probe (in the place of the ultrasonication bath) promoted the formation nanoparticles of spherical shape.

Fig. 12. TEM images of nanocellulose obtained by ultrasonication (bath) of SRs recovered after biomass treatment with: (A, B, C) ChCl/CA (Entry 5 of Table 4); (D,
E, F) ChCl/urea (Entry 7 of Table 4) Nanocolloids with irregular shape were observed for both cases.

Fig. 13. TEM images of nanocellulose obtained by ultrasonication (bath) of SRs recovered after biomass treatment with: (A, B, C) Betaine/OA (Entry 6 of Table 4);
(D, E, F) Glycerol/K,CO3 (Entry 8 of Table 4). A core-shell morphology was detected.
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Fig. 14. TEM images of nanocellulose obtained by ultrasonication (bath) of SRs recovered after biomass treatment with ChCl/OA: (A, B, C) under UF2 conditions
(Entry 9 of Table 4); (D, E, F) under UF3 conditions (Entry 10 of Table 4) A porous nature was observed.

dispersity of nanocellulose, and amorphous particles with a spherical
shape and a diameter of around 200 nm were observed (Fig. 11).

The ChCl/CA mixture provided nanocolloids with irregular shape,
assimilated to spheres, with a diameter of approximately 100 nm
(Fig. 12A-C). The ChCl/Urea mixture formed larger particles than the
previous treatments beside some nanocrystals (Fig. 12D-F).

Bath ultrasonication of SRs recovered after Betaine/OA and K,CO3/
Glycerol biomass treatments produced cellulose nanoparticles with
irregular shape (Fig. 13) characterized by a core-shell morphology, being
the core presumably made by lignin, since TGA analyses revealed a big
amount of lignin after DES dealings. Very thick rods were also observed
(Fig. 13D).

TEM images of samples derived from UF 2 and UF 3 treatments
showed the presence of nanoparticles with diameter size above 200 nm,
with an interesting porous nature (Fig. 14A-E). Lignin nanoparticles
were observed in UF 3 sample (Fig. 14F).

In summary, the use of the ultrasonication probe instead of a soni-
cation bath greatly improved the final yield in nanoparticles by reducing
the polydispersity nature of the colloids, thus producing a very homo-
geneous sample. However, the low yield of nanoparticles obtained was
probably due to the heterogeneous nature of the biomass source.

3.3. Water decontamination: p-nitrophenol adsorption

Cellulose treated with DES has been reported to efficiently remove
methylene blue from contaminated water due to its carboxylated surface
(Cao et al., 2022). To check the water decontamination capability of the
residual solids (SRs) recovered after MW-assisted DES treatment of
carpentry waste wood flour, they were tested for the removal of the
well-known environmental pollutant p-nitrophenol in water. This aro-
matic compound is largely used in industry for production of chemicals,
pharmaceuticals, pesticides and dyes, and for leather tannery activities.
Due to its presence in many industrial wastewaters and due to its high
solubility in water, it can contaminate many water bodies (freshwater,
ground water, marine environment, rivers, lakes and so on) and can
potentially harm aquatic life, vegetables, and humans (Tiwari et al.,
2019). Aiming at decontaminating from p-nitrophenol a model polluted
water body, preliminary tests were carried out by mixing for 50 min 500
mg of each SR reported in Table 1 with 20 mL of a water solution con-
taining 20 ppm of p-nitrophenol. The final amount of the pollutant in the
water phase was measured by UV-Vis spectrophotometric analyses. The
UV-Vis absorbance curves of the p-nitrophenol solution before and after
its treatment with CWWF and all SRs are reported in Fig. 15.

Analysis of the UV-Vis absorbance spectra after 50 min showed that
the starting waste material CWWF had its own capability of adsorption

Fig. 15. a) UV-Vis absorbance spectra from 250 nm to 500 nm of the 20 ppm p-nitrophenol standard before and after the treatment with CWWF and the other SRs; b)

expansion of the UV-Vis curves in the range 250-400 nm.
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Fig. 16. UV-Vis absorbance spectra of the 20 ppm p-nitrophenol standard so-
lution treated with ChCl/CA SR at t= 0 (grey line), after 50 min (red line) and
after 3 h (blue line).

p-nitrophenol probably to hydrophobic & interactions between lignin
and the aromatic ring of the contaminant. In fact, the maximum
absorbance of the pollutant passed from 0.79 to 0.61 a.u. after mixing
the standard water solution with CWWF for 50 min (Fig. 15b). All SRs
had a higher capacity than CWWF to adsorb the aromatic contaminant.
However, SRs treated with basic DES mixtures (glycerol/K2CO3 and
betaine hydrochloride/OA) showed a lower degree of adsorption than
SRs coming from acidic DES (Fig. 15b), probably due to the lower ability
of alkaline DES of deconstructing the lignocellulosic biomass with
respect to acidic DES. Since there were no significative differences
among SRs coming from acidic DES in adsorbing the organic model
pollutant, further studies were carried out by using the SR coming from
ChCl/CA, because the latter gave the highest yield in solid residue (Entry
2 of Table 1). As depicted in Fig. 16, the amount of p-nitrophenol
adsorbed by SR of ChCl/CA was almost 50 % after 50 min of contact
time, becoming quantitative after 3 h mixing, demonstrating the effi-
ciency of the treated lignocellulosic biomass as a sustainable sorbent for
removing organic pollutants from water.

4. Conclusions

In the present work, carpentry waste wood flour (CWFF), which is a
heterogeneous lignocellulosic biomass (70 % poplar and 30 % fir, c.a.),
was subjected for the first time to microwave-assisted deep eutectic
solvent treatment under different conditions and with several DES
mixtures (acidic DESs, such as: ChCl/OA, ChCl/CA, Betaine hydro-
chloride/OA, and alkaline DESs, such as: Urea/ChCl, Glycerol/KoCOs3).
The resulting solid residues (SRs) were analysed by TGA, FT-IR, 13¢c cp/
MAS NMR spectroscopy. Crystallinity indexes, depolymerization yields
and carboxylic group contents were also assessed. The following con-
clusions could be deduced about MW-assisted DES treatment of CWWF.

1) The best results in terms of solubilization of the starting lignocellu-
losic biomass were obtained with the acidic DES ChCl/OA and
generally acidic DES depolymerized the initial material better than
the alkaline ones.

2) With ChCl/OA DES treatment, the higher the temperature the higher
the yield of solubilization, while the addition of 10 % H0 to the
ChCl/OA mixture slightly improved the solubilization yield, which is
important in terms of atom economy and fluidity of the system.
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3) After MW-assisted treatment with several DES mixtures, the resulting

SRs contained cellulose, hemicellulose and lignin in relative amounts

only depending on the used DES. The SRs coming from ChCl/OA

under different conditions revealed a higher relative amount of cel-
lulose compared to CWWF, while SR obtained from glycerol/K,CO3

DES showed an increased quantity of lignin with respect to pristine

CWWEF. In the other cases, the chemical compositions of the SRs were

comparable to each other, revealing a substantial dissolution of

hemicellulose.

IR and '3C CP/MAS NMR were not suitable for quantifying the de-

gree of esterification of alcoholic groups of SR carbohydrates with

carboxylic acids of DES. On the contrary, the carboxylic group con-
tent (CGC) of SRs could be successfully determined by titration.

5) The highest values of carboxylic group content and crystallinity
index were found in SRs treated with ChCl/OA either i) in the
presence of 10 % H3O at 80 °C (1 h under discontinuous MW irra-
diation), or ii) without H,O addition at 90 °C (1 h under discontin-
uous MW irradiation), or iii) under UF1 condition (60 s at 156 °C
under continuous MW irradiation), suggesting that the three pro-
cedures gave SRs with similar features.

4)

Aiming at obtaining lignin-rich nanocellulose, all solid residues were
dispersed in water and subjected to ultrasonication in a common bath or
with the use of a probe. The resulting cellulose derived nano-colloids
were evaluated by DLS measurements which assessed their size and
stability in water suspension as well as the {-potential, the hydrody-
namic diameter, and the polydispersity index. Nanocellulose yields were
low ranging from 1.7 to 13.7 %, probably due to the heterogeneity of the
starting material, since it is worldwide recognized that the LCB source
highly affect the biorefinery outputs. However, despite the poor yields,
C-potential values (from —26 to —37 mV) indicated a good colloidal
stability of all samples. Moreover, hydrodynamic diameter and poly-
dispersity index values revealed that the ChCl/OA mixture provided the
best colloidal suspension in terms of nano-size and mono-dispersity.

On the base of the characterization results, all SRs seemed suitable
for the adsorption of organic pollutants, due to the presence of pending
esters and lignin, which should form hydrophobic interactions with
organic compounds. Therefore, all SRs were tested for the adsorption of
p-nitrophenol in water, taken as the model organic pollutant. Pre-
liminary experiments showed that SRs treated with acidic DESs were
able to retain the organic contaminant better than SRs recovered after
treatment with alkaline DESs. Since among acidic DESs, ChCl/CA gave
the highest yield in recovered SR (i.e. the lowest yield in depolymer-
ization), only the latter was investigated in further experiments of water
decontamination. The obtained results showed that SR coming from
ChCl/CA was able to quantitively remove p-nitrophenol from a 20 ppm
standard solution of the organic pollutant in water, opening new per-
spectives to DES-treatment of CWWF in the framework of environmental
decontamination.
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