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Enhanced Nanocellulose Production from Cotton and Textile
Waste Using Binary and Ternary Natural Deep Eutectic
Solvents

Davud Karimian, Vincenzo Anzuoni, Zoe Smania, Laura Orian, Silvia Gross,*
and Mauro Carraro*

The growing accumulation of textile waste poses significant environmental 1. Introduction
challenges, as only a small percentage of materials is currently recycled.
However, cotton waste offers a valuable feedstock for the regeneration of
cellulose and nanocellulose (NC). This study presents a sustainable and
efficient method for producing NC from textile waste using both binary and
ternary natural deep eutectic solvents (NADESs). By treating cotton wool,

pre-consumer standard cotton fabrics, and post-consumer denim textiles,

The textile industry is steadily growing,
resulting in the production and use of
millions of garments annually, which sig-
nificantly contributes to global water and
resource consumption. The diverse activ-
ities of the textile sector, closely linked to
the fashion industry, must meet the de-

with NADESs, NC generation is achieved in high yields (up to ~#90%) in all
cases. The most promising NADESs, composed of choline chloride and gallic
acid (and tartaric acid), effectively dissolve cotton-based materials when
subjected to heating and sonication, producing cellulose nanocrystals with
length ranging from 100 to 300 nm and crystallinity level up to ~80%. The

mands of ever-changing trends and new
styles, leading to the generation of a large
volume of textile products. However, the
downside of this industry is the substan-
tial production of waste, coupled with low
recycling rates.!!"?]

NADESs are characterized by thermogravimetric analysis (TGA), fourier
transform infrared spectroscopy (FT-IR), as well as modeled by density
functional theory (DFT), to investigate their hydrogen bond network. and
Eventually, their recyclability is also investigated. This approach opens
promising applications in the fields of sustainable nanomaterial production
and textile recycling, providing a greener alternative for waste valorization and

promoting circular economy practices.
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There are essentially three types of tex-
tile waste: post-industrial, pre-consumer,
post-consumer.  Post-industrial
waste, originating from industries, typ-
ically consists of leftovers and scraps,
which are readily traceable, composi-
tionally homogeneous, and largely free
of contaminants. Pre-consumer waste
is similar to post-industrial waste but
includes additional materials added for
commercial purposes, such as joints, zippers, and buttons. Post-
consumer waste is what remains after customer use. This type
of waste is mostly contaminated and, depending on the extent of
use, can be damaged, deformed, and is generally characterized by
a complex, mixed, and heterogeneous composition.’! For these
reasons, it is also the most difficult type of textiles to sort, treat,
and recycle. Among the waste textiles, denim fabrics represent a
large fraction. It is estimated that 2.16 million tons waste denim,
including pre and post-consumer material, are collected in Eu-
rope annually.[*]

To reduce the impact of these wastes and manage energy
and raw material consumption, there is an urgent need to find
green, sustainable, and cost-effective procedures to recycle tex-
tile waste or recover valuable materials for use in different pro-
duction processes. In any case, separation procedures are funda-
mental, especially in the case of mixed textiles, and can be ac-
complished through selective processes involving solubilization,
chemical transformation or degradation. Although many reports
addressed this issue, most methods still involve expensive and
toxic materials and/or harsh reaction conditions.>”! Concerning
cotton, it can be treated to obtain regenerated cellulosic fibers for
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reuse in textile manufacturing or other cellulosic products. How-
ever, to recover non-modified cellulose, a suitable solubilization
process is required. In particular, disrupting the hydrogen bond
(HB) network within the cellulose structure, without degrading
its polymeric chains, is still a major challenge and only few sol-
vents as N-methylmorpholine N-oxide (NMMO) or ionic liquids
(ILs) display such ability.3*]

Deep eutectic solvents (DESs) are a relatively new class of
solvents, and have garnered significant interest in recent years.
These solvents are primarily composed of two compounds that
interact through hydrogen bonds and other weaker intermolec-
ular forces. When mixed correctly, the hydrogen bond donor
(HBD) and the hydrogen bond acceptor (HBA) form a hydrogen
bond network, which reduces the lattice energy of the mixture.
This interaction ultimately lowers the melting point of the mix-
ture compared to that of the individual pure compounds.[*%!1]

Since 2001, when Abbott et al.l'?] introduced the concept, nu-
merous hydrogen bond donors (HBDs) and hydrogen bond ac-
ceptors (HBAs) have been identified and extensively tested for
DES formulations. While HBAs are predominantly from the qua-
ternary ammonium family, a wider variety of compounds can be
used as HBDs, including carboxylic acids, alcohols, and amines,
as well as polar aromatic molecules.'*! A further subclass, known
as natural deep eutectic solvents (NADESs), has been established
to differentiate DES mixtures whose components are derived
from natural sources, such as primary metabolites like amino
acids, organic acids, sugars, or choline derivatives. These charac-
teristic compositions result in biodegradability, biocompatibility,
and renewability of the mixture.[*5]

The increasing interest in using DESs for biomass treatment,
has led to numerous reports showcasing their effectiveness in
cellulose recovery and processing.['®! This has also encouraged
the use of DESs as potential and versatile solvents for other cel-
lulosic based materials.['”?!] A variety of HBD and HBA com-
pounds were thus employed in the dissolution of cellulose or for
the production of nanocellulose (NC).[2232] Within this context,
Table S1 in the Supporting Information provides a literature re-
view comparing different DESs components and reaction condi-
tions (ranging from thermal activation and microwave irradiation
to sonication), which were tested for the extraction of nanocellu-
lose (NC). Excellent yields, up to 95%, were achieved from vari-
ous biomass sources, while the performance with virgin cotton
fibers, in the explored conditions, was found to be 75%.12%]

Despite such valuable results, however, it is still evident the
lack of a NADES capable of effectively interact with cotton-based
materials, to dissolve cellulose and produce nanocellulose in high
yield.

In this work, we have initially prepared a binary NADES based
on an aromatic HBD and utilized it for separating the cellulose
from textile waste and directly generate nanocellulose (NC) from
dissolved cellulose. In particular, a NADES containing choline
chloride (ChCl) as the HBA and gallic acid (GA) as the HBD was
investigated (Figure 1). Gallic acid, or 3,4,5-trihydroxybenzoic
acid, is a natural secondary metabolite that can not only be sep-
arated from many plants (such as spices, tea leaves, and oak
bark),33] but also produced in large quantities through biologi-
cal and chemical synthesis. It has antioxidant properties and a
unique structure, featuring a carboxylic acid group and three hy-
droxyl groups, which may form cooperative, directional, hydro-
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gen bonds. This makes it an efficient compound for weakening
the internal hydrogen bond network of cellulose, thereby facil-
itating its dissolution.** Beside the functional groups of gallic
acid, that have an important role in the process of dissolving
cellulose, the phenyl ring of this compound may also interact
with cellulose, thereby restraining the aggregation of regenerated
nanocellulose.®!

Although this class of DESs with aromatic HBD has many ca-
pabilities, it has been scarcely investigated. Among the applica-
tions, treatment of lignin, wood delignification, and biomass pre-
treatment are the most focused ones.3¢3]

Ternary mixtures were also explored, assessing tartaric acid
(TA) as the most promising additional component. TA is more
acidic (pKa = 2.98) and cheaper than GA (pKa 4.41), thus rep-
resenting a valuable additive to improve the cost-effectiveness of
the resulting NADES (Figure 1).

To the best of our knowledge, this is the first time this NADES
system has been used to generate nanocellulose, especially from
textile waste.

2. Result and Discussion

2.1. DES for Cellulose Solubilization and Nanocellulose (NC)
Production

An optimal DES composition, demonstrating good cellulose dis-
solution ability, should provide the acidic media to assist the
cleavage of specific bonds in cellulose network.*®) Additionally,
the presence of suitable functional groups plays a crucial role
in establishing a HB network between the solvent and the so-
lute, thereby weakening the cellulose’s HB network and assist-
ing its dissolution. Considering these key points, gallic acid, pos-
sessing a carboxylic and three phenolic groups, was selected as a
suitable candidate for both tasks. As a second component of our
devised DES, choline chloride, a well-known quaternary ammo-
nium salt,*) was used as HBA.

Since the effectiveness of the DES is closely related to their
components’ ratio, different molar ratios (ChCL:GA 1:2, 1:1.5, 1:1,
1.5:1, 2:1, 3:1) were explored, as summarized in Table 1. In the
cases where higher ratios of GA were used, no eutectic mixture
was observed, demonstrating that, in these molar ratios (1:1 +
1:2), the interaction between the two components is not effective.
Instead, by increasing the amount of ChCl with respect to gallic
acid (1.5:1 + 3:1), a pale yellow transparent homogenous liquid
was obtained at 90 °C, suggesting that higher ChCl content may
result in effective interplay of choline molecules with gallic acid
and therefore, in a HB network strong enough to disrupt the one
found within the pure components. When increasing the amount
of ChCl, a correlation between its content and DES viscosity can
be found. Besides, by using cotton wool as model cellulosic ma-
terial, it was observed that the dissolution power of DES is also
affected. Indeed, higher ChCl ratios (see 3:1 versus 2:1 ChCL:GA,
molar ratio), although resulting in less viscous DES, decreased
the apparent cellulose dissolution ability (Table 1). As a result,
the 2:1 (ChCl:GA) formulation was chosen as the best one to be
used for the dissolution of cellulose and NC preparation.

The nature of the DESs and of their HBD/HBA interaction was
investigated through different analytical approaches. FT-IR spec-
tra of gallic acid, choline chloride and of the resulting NADES are
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Figure 1. Process scheme for the production of nanocellulose from textile waste using NADES composed of choline chloride (ChCl), gallic acid (GA),

and tartaric acid (TA).

depicted in Figures S1 and S2 (Supporting Information). DES
spectra exhibit distinct peaks corresponding to both ChCl and
GA. As observed, by increasing the amount of ChCl in the com-
position of NADES, the peaks around 620, 869, 954, 1033, 1449,
2905 and 3261 cm™! show changes in intensity and minor varia-
tions in their wavenumbers.

Table 1. NADES formation based on different molar ratios of ChCl and GA.

ChCl [molar GA [molar NADES Output? Dissolving

ratio] ratio] Formation ability [% wt]?

1 2 X Powdery mixture -

1 1.5 X Turbid mixture -

1 1 X Turbid mixture -

1.5 1 v Viscosity: 96
1.24 Paes

2 1 4 Viscosity: 96
0.85 (Paes)

3 1 v Viscosity: 78
0.21 Paes

? monitored at the temperature of the cellulose dissolution reaction (90 °C);

b ) )
) calculated from the undissolved residue.
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In the next step, the behavior of this NADES toward the gen-
eration of nanocellulose (NC) from waste textile was qualitatively
investigated at different temperatures, in the range 70-120 °C
(Table S2, Supporting Information). Between 70 and ~85 °C, the
solvent was not suitable to obtain NC: indeed, aggregation with
formation of visible fiber-like residues was observed. Instead, be-
tween 85 and 100 °C, a successful production of high-quality (in
terms of crystallinity and fibers morphology, see below) cellulose
nanocrystals was achieved. It should be mentioned that, at higher
temperatures (T = 120 °C), hydrolysis can occur to a greater ex-
tent, leading to damage of the recovered cellulose. Gathering all
above information, we chose the 90 °C as the best temperature
for operating the reaction. Regarding the thermal stability of the
DES, the binary system remains stable in air up to 175 °C, as
demonstrated by TGA (Figure S3, Supporting Information).

Various solute-to-solvent ratios were then employed to quanti-
tatively evaluate dissolution effectiveness. According to Table 2,
0.5,1, 2, and 3% wt. of cotton wool in NADES were studied. When
the 0.5 or 1% cotton wool samples were prepared, a yellow solu-
tion was obtained after 4 h of stirring. The 2% cotton wool solu-
tion was more viscous than the 1% solution, making its use more
difficult for further steps. Similarly, increasing the amount of cot-
ton wool to 3%, led to only 62% dissolution with respect to the
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Table 2. The yield of NC generation for cellulosic samples and in different conditions.

Entry Sample Conc. in DES [% wt.] Conditions? Dissolving ability [% wt] Generated NC [% wt]
1 Cotton wool 0.5 Heating (4 h) 95 61.6

2 Cotton wool 1 Heating (4 h) 95 62.1

3 Cotton wool 2 Heating (4 h) 89 58.7

4 Cotton wool 3 Heating (4 h) 62 -

5 Cotton wool 1 Heating (8 h) 96 67.4

6 Cotton wool 1 Heating + Sonication 96 88.5

7 Cotton Fabric 1 Heating + Sonication 95 85.1

8 Denim 1 Heating + Sonication 81 79.3

a)

starting cotton weight, even with longer processing time. Due to
such observation,1% wt. was chosen as suitable amount to pro-
ceed with the generation of nanocellulose from cotton sources.

As far as the process is concerned, in the initial step of the
process, 1% wt. of the cotton sample was treated with NADES
and stirred at 90 °C for several hours until the sample dissolved,
resulting in a solution. By adding ethanol as a non-solvent to the
solution, precipitation of cellulose was achieved. After centrifuga-
tion, separation and drying, the obtained cellulose was weighted
and characterized. In Figure 1, the NC generation process using
the selected NADES is summarized.

The dissolution progress was monitored at various heating
steps. It was noticed that NADES required 4 h of stirring at
90 °C to dissolve the cellulose. Running the reaction for longer
time provided a slightly higher yield of NC but, considering the
time of the reaction and energy consumption issues, this is likely
less convenient (Table 2, entry #5).

Following a different approach, the same heating step was per-
formed and the mixture of cotton wool and NADES was heated
until a solution was achieved. After this step, the mixture was
sonicated for 1 h, finely suspending the cellulose nanocrystals,
and resulting in a less viscose and darker solution. The rest of the
procedure was the same and the generated NC obtained with this
procedure was characterized. A higher yield of NC generation for
the second route, involving sonication, was observed (entry #6 in
Table 2). As a matter of fact, sonication can effectively help break
down the cellulosic chains into shorter segments, resulting in
smaller NC fragments.[??]

To assess the system’s effectiveness in separating high quality
NC, two textile materials were tested in the same optimized con-
ditions and compared with cotton wool, namely a pre-consumer,
standard cotton fabric and a post-consumer denim textile. As ex-
pected, the cotton fabric sample behaved similarly to cotton wool,
achieving a transparent solution within 4 h. After solubilization,
the process was followed by sonication and precipitation with the
addition of a non-solvent to recover the nanocellulose from the
solution. Table 2 shows comparable yields for both cotton fabric
and cotton wool samples.

In comparison with the former cotton samples, dissolution of
denim textile was more challenging, so that some adjustments
to the procedure were introduced. Denim is indeed a more com-
plex textile, differing in weave, weight and color. Besides requir-
ing a longer heating time, the amount of dissolved cellulose was
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Operating conditions: DES volume 3 mL, heating at T = 90 °C, sonication for 1-2 h at 70 °C.

lower for denim samples compared to the other cotton samples.
Moreover, an increased aggregation was observed, making thus
necessary an extension of the sonication time, up to 2 h, to min-
imize the aggregation of the fibrils. In this way, NC from denim
was successfully isolated with good yield (see Table 2). Another
notable advantage of this system is the significant sample decol-
orization. It was noted, indeed, that the generated NC was less
colored in comparison with the starting material. Since remov-
ing the color of textile is another important issue in textile re-
cycling, the potential of this solvent system to facilitate green
production of color-free NC from denim sources is particularly
appealing.

In the subsequent phase of the investigation, the system was
implemented to include ternary NADES, to examine the impact
of a further component on viscosity and performance. In this con-
text, a portion of GA was substituted with different HBDs. It is
assumed that the presence of an additional HBD alongside GA
could influence the hydrogen bond network of the solvent, po-
tentially altering both its viscosity and its ability to interact with
cellulose. Accordingly, different ternary NADESs were prepared
and evaluated for dissolution of textile wastes and generation of
nanocellulose. H,O, lactic acid, glycerol and tartaric acid were
examined as additional HBD, replacing a corresponding molar
amount of GA. Molar ratios of 4:1, 1:1, and 1:4 of GA and co-
HBD were utilized. It was observed that the prepared ternary
NADESs with molar ratio 1:1 and 1:4 of GA:co-HBD display
lower viscosity than the binary NADES in which the HBD part
contains only GA. On the contrary, for the ratio 4:1 (GA:co-HBD)
no considerable changes in viscosity with respect to the binary
NADES were observed. Due to the different extent of intermolec-
ular interactions,[*] the ternary NADES exhibit reduced viscosity
in comparison to binary NADES. Rheological studies show the
viscosity of the binary NADES (ChCl/GA 2:1) and ternary NADES
(ChCl/GA/TA 2:0.5:0.5) to be 0.80 and 0.58 Pa-s at 90 °C, respec-
tively. The latter formulation was characterized by FT-IR (Figures
S4 and S5, Supporting Information) and TGA (Figure S6, Sup-
porting Information), showing the absence of reactions between
the components and thermal stability up to 190 °C.

The ability to dissolve textile waste and generate nanocel-
lulose was then investigated for the ternary NADESs. The re-
sults, collected in Table 3, for a fixed ratio of components
(ChCl:HBD1:HBD2 = 2:0.5:0.5), showed that, among the differ-
ent formulations of ternary NADESs, the one with tartaric acid is

© 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

85UB017 SUOWLLIOD BAIERID 3|qeot|dde ay) Aq peusenob ale 9L VO '8sN J0 S9|NI 0} A1q 1T 8UIIUQ AB]1M UO (SUOTIPUOD-pUE-SWLBIALIOD™ A8 | 1M Akeq U1 juo//:Sdny) SUORIpUOD pue SIS | a1 89S *[6202/c0/92] Uo Akeiqiauliuo A8|im ‘816ojouyos | ind Imisu| Jeunss|e Ag 525001202 Mspe/z00T 0T/10p/wod A | im Ake.q 1pul|uo psouepe//sciy wouy pspeoiumod ‘T 'SZ0Z ‘9879962


http://www.advancedsciencenews.com
http://www.advsustainsys.com

ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

Table 3. Dissolving ability and nanocellulose generation from cotton fabric
by ternary NADES in a selected molar ratio.?)

Components Molar ratio Dissolving Generated NC
ability [% [% wt.]
wt.]
ChCl / GA [ H,0 2/05/05 77 49.7
ChCl/GA /LA 2/05/05 39 64.1
ChCl / GA / Gly 2/05/05 70 57.4
ChCl/GA / TA 2/05/05 94 72.8

%) Reaction condition: DES volume 3 mL; heating 4 h, at 90 °C, sonication 1 h.

the best, with 94% dissolution ability and 73% NC yield from the
standard cotton fabric. Although this NADES showed to be less
performing than the binary DES containing only GA and ChCl
(Table 2, entry 7), these findings show that efficiency and viscos-
ity can still be carefully tailored to match the processing needs,
also in view of a lower cost of TA.

For evaluating the potential of this solvent system, the recy-
clability of the aforementioned binary (ChCl:GA) and ternary
(ChCL:GA:TA) DESs was examined. To this aim, after separating
the DES from the generated NC, the residual solvent was heated
to 80 °C to remove the ethanol and almost quantitatively recov-
ered (76-95%) to be reused for dissolving cotton wool and for the
production of NC. The results are collected in Table 4 and show
that both the binary and ternary DESs maintained their ability to
produce NC in good yield even after three times of reusing. FTIR
spectra for the fresh and reused DESs are shown in Figures S7
and S8 (Supporting Information), indicating the preservation of
most bands.

2.2. Modeling of HBA/HBD Interactions

As described in the Introduction, the phase properties of DESs
have molecular origin, rooted in intermolecular interactions
characterized also by the presence of weak halogen and hydrogen
bonding. We have thus investigated the nature of HBA (choline)
and HBD (tartaric and gallic acids) interactions of the studied sys-
tems using molecular models and DFT calculations (see Compu-
tational details).

Table 4. Recyclability of NADES toward nanocellulose generation from cot-
ton wool.?)

NADES Recycle NADES recovery Generated NC
[% wt.]P) [% wt.]

ChCl:GA Fresh - 88.5

1 91.1 85.4

2 82.2 83.8

3 75.6 82.4
ChCl:GATA Fresh - 84.8

1 95.4 833

2 86.4 81.6

3 81.8 80.6

%) Reaction condition: DES volume 3 mL; heating 4 h, at 90 °C, sonication 1 h;
recovered after separation and evaporation of ethanol at 80 °C.
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Table 5. Energy Decomposition Analysis (EDA) results on the structures
shown in Figure 2. All values are in kcal mol~'. Level of theory: ZORA-
MO6/TZ2P.

AEe/smt AEO/ AEPau/i AEM:
1I-COOH -22.39 -13.04 17.31 -18.12
11-OH -27.4 -16.31 20.55 -23.16
2-ll-a —55.07 -36.22 44.42 —46.87
2-11-b —4139 —22.35 27.81 —35.94

First, two structures for choline were fully optimized at M06/6-
311G(d,p) level of theory (Figure S9, Supporting Information),
differing on the position of the chloride ion, which do not show
significant energy difference. Then, the geometries of several
adducts have been hypothesized and identified on the poten-
tial energy surface of the systems choline + tartaric acid (I) and
choline + gallic acid (II). For I, without any stereoisomeric pref-
erence for the tartaric acid, we observed that the interaction with
choline is established between the chloride anion and either the
hydroxyl or the carboxylic proton. This latter is characterized by a
shorter Cl—H distance, that is, 1.94 versus 2.19 A, and by a much
more negative Gibbs free energy of formation, that is, —14.40
versus —9.43 kcal mol~! (Figure S10, Supporting Information).
For II, the interactions via the carboxylic group (II-COOH) and
via one hydroxyl group (II-OH) are characterized by a H—Cl dis-
tance of 2.05 and 2.07 A, respectively (Figure 2A,B). Interestingly,
in the adduct shown in Figure 2B, an H—O short distance is ob-
served between the H atom of a second hydroxyl group of the gal-
lic acid and the O atom of the hydroxyl group of choline. Overall,
in terms of Gibbs free energy, the formation of II-OH is thermo-
dynamically more favored than II-COOH, that is, —13.84 versus
—12.53 kcal mol~".

We have then explored two adducts with two molecules of
choline, in which the gallic acid is sandwiched between them
(Figure 2C) and in which both cholines are arranged above the
gallic acid (Figure 2D). In this latter case, choline-choline in-
teractions are also allowed and the formation of this adduct
is thermodynamically more favored, that is, —44.75 versus
—25.13 kcal mol~!, respectively. Insight on the nature of the in-
teraction between the gallic acid and one/two choline molecules
is provided by the calculation of the interaction energy and its
decomposition (see Computational details).

In Table 5, the results are collected. In II-OH, the interaction
between choline and the gallic acid is much stronger than in
II-COOH. In fact, the slight increase in the Pauli repulsion, is
counterbalanced by the largely more negative electrostatic and
orbital interaction terms. Notably, when going from one to two
choline molecules, the interaction become much stronger, sup-
porting the experimental evidence of this favorable stoichiome-
try. In particular, the interaction is much larger when the gallic
acid is sandwiched between the cholines (2-1I-a).

In 2-1I-b, (Figure 2D) choline-choline interactions are present,
and the Pauli repulsion is closer to that computed for II-OH
(Figure 2B), but the much more negative electrostatic and orbital
interaction contributions justify the significant total interaction
energy. Interestingly, all adducts between ChCl and GA still have
free OH, available for the interaction with cellulose.
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Figure 2. Optimized molecular structures of different adducts of Il and 2-11. Level of theory: M06/6-311G(d,p).

2.3. Nanocellulose Characterization

After processing, the obtained NC was characterized through var-
ious techniques. Figure 3 (and Figure S11, Supporting Informa-
tion) shows the FT-IR spectra of nanocellulose generated from
cotton fabric and denim sample, which were compared with pure
cellulose spectrum. The peaks at 1670, 1425, 1375, 1160, 1115,
1060, and 895 cm™! are related to the characteristic peaks of the
cellulose,'”] and could be observed in all spectra. Interestingly,
peaks ascribed to ester formation, resulting from the possible re-
action between carboxylic groups of the organic acids with hy-
droxyl groups of cellulose, were not detected.

The crystal structure and crystallinity index (CrI)!*!l of the re-
covered NC were studied thorough X-Ray diffraction (XRD). As
can be seen in Figure 4, the XRD diffractograms of generated NC
and raw cellulose present the same pattern and the main Bragg
peaks (20 = 14.6°, 16.6° and 22.6°) are observable for the three
samples.

Adv. Sustainable Syst. 2025, 9, 2400525 2400525 (6 of 10)

This proves that generated NC crystals have the same crystal
structure as cellulose. Considering that the sample processing
implies a modification in the amorphous/crystalline domains ra-
tio within the polymeric chain of cellulose, further evaluation of
NC was achieved by calculating the crystallinity index (CrI). The
obtained results showed that the CrI for NC from CF is 79.5%,
while for NC generated from denim is 78.2%. In comparison, raw
cotton has a Crl of 64.9%. Thus, the overall crystallinity increased
by 17-19% after the treatment, a result in agreement with the as-
sumption that hydrolysis occurs preferentially in the amorphous
domains.

The thermal stability of the generated NC from cotton fabric
and denim was investigated by TGA analysis. The main decom-
position was observed at ~318 °C for NC from CF and 310 °C
for NC from denim (Figure 5). In comparison, raw cotton has a
degradation offset at 300 °C,[*?! thus, the generated NC shows a
slightly higher thermal stability, as a consequence of the removal
of amorphous domains.[*3]
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Figure 3. The FT-IR spectra of generated NC from cotton wool (CW) and post-consumer (PC) samples, by the binary DES (bDES), in comparison with

cellulose.

The nanometric size of the nanocellulose was confirmed
through TEM microscopy, as shown in Figure 6. The length of
the NC fibers was found in the range 100-300 nm, with diam-
eters 10-15 nm. Transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) images of
nanocellulose obtained from treatment of denim wastes with
ternary NADES are also shown in Figures S12 and S13 (Support-
ing Information), respectively.

The natural-based DESs presented in this work showed to be
adequate solvents to achieve dissolution and, consequentially, to
pursue separation of cellulose from textile waste. This method,
compliant with many of the green chemistry principles, proved to
be effective with different kinds of cotton-based materials, where
the NADES can effectively react with the cellulose network and
turn it into nano-sized cellulose with appreciable yield and high
crystallinity.

3. Conclusion

This study, for the first time, presents a green, straightforward,
and efficient way to generate nanocellulose from textile waste. A
natural-based DES (NADES) was synthesized using choline chlo-
ride and gallic acid with molar ratio of 2:1, which showed the best
properties in terms of thermodynamic stability and solubilization
performance. This powerful solvent succeeded to effectively dis-
solve different kinds of cotton sources.

The presence of carboxylic acid and hydroxyl groups in the
HBD component of NADES provides acidic media and fosters
an efficient interaction with cellulose. These functional groups,
indeed, establish new hydrogen bonds network between solvent
components, while leaving further sites to interact with cellu-
lose, which led to dissolving cellulosic samples. Using synergi-
cally sonication process along with heating helped to disintegrate
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cellulose and increased the percentage of nanocellulose gener-
ation up to 89%. Also, through this method the crystallinity of
the recovered materials had an increase of 20%. As a result, we
employed a natural-based solvent not only for the separation of
cellulose but also for optimizing a novel and effective method to
valorize textile waste by generating nanocellulose.

In conclusion, our investigation aims to expand the potential
applications of NADESs, not only for sustainable biomass pro-
cessing (such as the solubilization of lignocellulosic materials
or the extraction of biomolecules and metabolites) but also for
the treatment of waste cotton materials. Future research will fo-
cus on clarifying the interactions between NADES and cellulose
structures, while broadening the variety of starting cellulosic ma-
terials, to include more complex textiles, and optimizing the recy-
cling process of DESs, within a full circular economy perspective.

4. Experimental Section

Materials and Chemicals: Gallic acid, choline chloride, lactic acid, tar-
taric acid, glycerol, and ethanol were purchased from Sigma-Aldrich. A
commercial medical grade cotton wool was used in the reactions. Cotton
textiles were sorted into pre-consumer and post-consumer fabrics, exclud-
ing those with synthetic fibers. Post-consumer denim was subjected to
laundry washing prior to use. Both fabrics were cut in small pieces (1 x 1
cm?) and shredded. FTIR spectra were recorded, preparing KBr pellets,
on JASCO 4100 or Agilent Cary 630 FTIR instruments, from 400 to 4000
cm~! in transmittance mode, with a resolution of 4 cm~'. TGA were per-
formed on a TA with the following T program: 50 °C x 10 min, 20 °C min~"
up to 700 °C, under air or nitrogen. Powder X-ray diffraction (XRD) pat-
terns were collected by a Bruker AXS D8 instrument, using Cu anode pow-
ered with 40 kV and a current of 40 mA and scanning rate of 4° min~'.
TEM images were obtained by FEI Tecnai G? microscope operating at
100 kW, after dispersion in water and sonication of the samples. Samples
were stained with Uranyl acetate prior to analysis. A TEM JEOL F200 was
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Figure 4. XRD patterns for generated NC from pre-consumer cotton fabric and post-consumer denim, in comparison with cellulose. The inset shows the
increased crystallinity of generated NC from CF and denim. The observed peaks are located around 14.6°, 16.6°, 20.8°, 22.6°, and 34.2° and correspond

to the crystalline planes of (1-10), (110), (102), (200), and (004), respectively.

used for STEM analysis. Rheological analyses were carried on by KINEXUS
Lab+ rotational rheometer. A plate/plate geometry (20 mm) with the fixed
gap of 0.3 mm was employed. The instrument INSEIS PT 1000 was used
for TGA analysis. The products were recovered upon centrifugation by a
HERMLE Z 32 HK centrifuge operating at 10 000 rpm. A sonicator ARGO
LAB AU-65 was used to operate the dissolution process and to disperse the
samples.

Computational Details:  Full geometry optimizations were performed
in gas-phase using M06 potential, a meta-hybrid functional with 27% HF
exchange,[*4] combined with 6-31G(d,p) basis set for all the atoms, as im-
plemented in Gaussian16.1%°1 Frequency calculations were carried out at
the same level of theory (M06/6-311G (d,p)) in order to confirm the station-
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ary points (all positive frequencies) and to compute the thermodynamic
corrections at 298 K and 1 atm. The stability of the different HBD/HBA
systems tartaric acid + choline (1) and gallic acid + choline has been evalu-
ated in terms of their Gibbs free energy of formation, that is, by subtracting
to the total energy, the Gibbs free energies of the fully optimized individ-
ual components (tartaric/gallic acid and choline). Each system was then
partitioned into two fragments, that is, choline and gallic acid one/two
molecules. The interaction energy was evaluated and decomposed ac-
cording to the Energy Decomposition Analysis (EDA),[“¢l as implemented
in the Amsterdam Density Functional (ADF) program 2019.307.[47] The
MO06l““lwas selected combined with all electron TZ2P basis set; relativis-
tic effect were treated with ZORA[*®] (level of theory: ZORA-M06/TZ2P).
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Figure 5. TGA curves collected under N,, for generated NC from cot-
ton fabric (CF) and denim in treatment with binary NADES composed of
ChCl:GA (2:1). Temperature program: 50 °C X 10 min, 20 °C min~" up to
700 °C.

According to the EDA scheme, the interaction energy between the two cho-
sen fragments can be split into different contributions:

AEfnt = AEe/stat + AEOI + AEPaMIi (1)

where AE,,,, represents to the semiclassical electrostatic interaction be-
tween the unperturbed electron densities of the distorted fragments; AE,
accounts for all the occupied-void orbital interactions, such as the HOMO-
LUMO interaction, and AEp,,; (Pauli or exchange repulsion) is related to
the repulsion between occupied orbitals localized on the two fragments.
This analysis provides interesting and intuitive quantitative justification of
chemical bonding and interaction.[*°]

Cartesian coordinates of the optimized molecular structures are pro-
vided in the Supporting information (Table S3).

NADES Preparation:  For the synthesis of NADES with molar ratio of
2:1 (ChCl:GA), 0.02 mol choline chloride and 0.01 mol gallic acid were
weighted and vigorously mixed for a few minutes. Then, the mixture was
placed under stirring, in a closed vessel, at the temperature of 90° C. After
2 h, a transparent pale yellow liquid of desired DES was obtained. The
NADESs with other ratios of components were prepared in a similar way.
In order to maximize the effectiveness of the solvent, the NADESs were
freshly synthesized and utilized. For the synthesis of ternary NADESs, the
appropriate molar ratio of the compounds was weighted and the same
procedure was followed.

NC Generation: In the treatment of NADES with cellulosic samples,
1% wt. of sample was slowly added to the stirring solution of NADES at
90° C. The speed of the stirring was gradually increased during the pro-
cess. After 4 h, the mixture was cooled and the undissolved parts were
separated by filtration. In the next step, the transparent viscous solution
was put in the sonicator with mild heating. The sonication was continued
for 1h, then, 10 mL of ethanol were added slowly to the solution (~3 mL),
which was let under stirring overnight at room temperature. The fine parti-
cles of nanocellulose slowly precipitated during the stirring. The generated
nanocellulose was centrifuged at 10 000 rpm for 10 min. After centrifuga-
tion, the supernatant was removed, and the product was washed three
times with ethanol, to remove any remaining NADES residue, and dried
under vacuum.

Recycling Test:  For the recycling tests, after centrifuging of the mixture
containing cotton wool treated with first-time-used NADES, the generated
nanocellulose was separated by precipitation and the remaining liquid was
taken out to be heated under stirring to remove the ethanol. Then, the
obtained recycled NADES was used for the treatment of further cotton
wool.

Adv. Sustainable Syst. 2025, 9, 2400525 2400525 (9 of 10)
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Figure 6. TEM images of generated nanocellulose from CF (a) and denim
(b) samples treated with binary DES.
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