G LuT
¢ University

Natural Deep Eutectic Solvent (NADES) Assisted Procedure to Separate
Cotton and Polyester from Waste Blended Textile

Ara Ismat, Lopatina Anastasiia, Manttari Mika, Kallioinen-Manttari Mari, Anugwom
lkenna

This is a Publisher's version version of a publication
published by Springer Nature

in Fibers and Polymers

DOI: 10.1007/s12221-025-01176-9

Copyright of the original publication:
© The Author(s) 2025

Please cite the publication as follows:

This is a parallel published version of an original publication.
This version can differ from the original published article.



Online ISSN 1875-0052
Print ISSN 1229-9197

Fibers and Polymers
https://doi.org/10.1007/512221-025-01176-9

REGULAR ARTICLE q

Check for
updates

Natural Deep Eutectic Solvent (NADES) Assisted Procedure to Separate
Cotton and Polyester from Waste Blended Textile

Ismat Ara' - Anastasiia Lopatina' - Mika Manttéri' - Mari Kallioinen-Manttiri' - lkenna Anugwom'

Received: 21 January 2025 / Revised: 20 August 2025 / Accepted: 11 September 2025
© The Author(s) 2025

Abstract

Accumulation of large amounts of waste poly-cotton fabrics (WP-CFs) would lead to environmental challenges and depletion
of resources. However, with a feasible fractionation technology the waste could be effectively utilized as pure fractions of
cotton and polyester. For this purpose, this study aimed to separate the polyester and cotton into two different undegraded
fractions from WP-CFs using Natural Deep Eutectic Solvent (NADES), which was composed of Choline chloride and Lactic
acid (1:10 mol ratio); further, this work aims to test the suitability of milder process conditions to achieve effective separation.
The separation process was carried out at different treatment temperatures, (90, 110, 120, and 140 °C), different solvent to
solid (5:1, 10:1, and 20:1) ratios as well as different treatment durations (2, 4, 6, 8 h). Based on the results a bit larger scale
separation was carried out at 110 °C for 3 h. The results showed excellent separation of cotton and polyester from waste poly-
cotton fabric, and recovery of cotton (98%) and polyester (99%), respectively. Furthermore, the purity of cotton and polyester
in the separated fractions was 98% and 99% respectively. The results demonstrate that the use of NADES in the treatment of
the waste poly-cotton fabrics offers an attractive way to separate and recover pure polyester from waste blended textile, as
well as partially degraded cotton that can be a potential low-cost source of cellulose in various industries. Furthermore, the
recovered PET was undegraded, and we applied it as a polymer for filtration membrane fabrication.

Keywords Green solvent - Polyester-cotton blended textile - Low-cost cellulose - Recovered polyester - Valorization -
Separation

1 Introduction blends used in service textiles, such as sheets and towels

at hospitals and hotels are the polyester—cotton blend. The

Textile products are essential in our daily life, due to increas-
ing worldwide population, improvements in living standards,
and the accelerating fashion cycle. Consequently, millions of
tons of waste fabrics are generated every year. [1] In 2023,
it was reported that the quantity of waste textiles gener-
ated in the European Union (EU) was 12.6 million tons, of
which an estimated 4.3 million tons, is sent to landfills or
municipal waste incinerators [2]. Most textiles are blends
of two or more materials to acquire the properties desired
for the final material and to use the benefits of each mate-
rial optimally [3]. Furthermore, the most common textile
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main advantage of this blend is that it combines the comfort
and water absorbency of cotton with the strength, durability,
and low price of polyester [4]. Additionally, polyester (poly
(ethylene terephthalate)) (PET) fiber is the most common
textile in the industry. [S] PET is a semi-crystalline thermo-
plastic polymer derived from petroleum-based chemicals. [6]
Owing to PET’s physicochemical properties, such as high
tensile strength, and high chemical resistance high thermal,
mechanical, and chemical properties, it has been used exten-
sively to produce filaments and staple fibers for both techni-
cal and apparel applications [7]. However, the characteristic
properties of PET, such as its rigid structure comprising ben-
zene rings, high regularity, and strong hydrophobicity, are
responsible for its non-degradable nature; hence, it remains
for hundreds or even thousands of years [8, 9].

There has been strong advocacy for products and mate-
rials to be reused or recycled which, simultaneously will
reduce the need for virgin fibers, accelerate the need for
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efficient recycling processes to be developed. Therefore,
different researchers and stakeholders are trying to develop
the textile recycling method and reduce the dependency on
virgin raw materials. The individual components, polyester
and cotton can be easily recycled, compared to the blends
of polyester and cotton (poly-cotton fabrics) [8, 10]. Sev-
eral studies have reported the chemical separation of cotton/
polyester fabrics resulting in the degradation of cotton and
polyester to smaller molecules. For example, the removal of
cotton from blended fabrics has been conducted by dissolv-
ing cotton using a 70-75% aqueous sulfuric acid solution or
by a mixture of glacial acetic acid and acetic anhydride [11].
Alkaline or enzymatic treatment can also be used to degrade
cotton resulting to the removal of the dissolved monomers
and smaller polymers from the polyester fraction [12, 13].
Separation of polyester from blended fabrics has been car-
ried out by the degrading and dissolution of polyester using
different organic solvents such as dimethyl terephthalate
(DMT), methyl-p-toluate (MPT) or dimethylisophthalate
(DMI) [13-15]. The degradation of polyesters by alkaline
hydrolysis [16] or transesterification [17] has also been
reported. Many of these separation processes are also costly
since they require special equipment due to high corrosion
possibilities of the acids. Furthermore, the approaches dis-
cussed so far involve the extensive degradation of either cot-
ton or polyester and thus impede the upcycling of both com-
ponents. More significantly, those approaches fail to show
the conversion of textile waste to new value-added products.

Tonic liquids (ILs) have been reported as a green solvent
capable of dissolving a wild range of polymeric compounds,
such as cotton [18]. The interest in ILs as an eco-friendly
solvent is growing continuously in the global scientific com-
munities because ILs possess attractive properties such as
non-volatility, high thermal stability, high tenability [19] and
can be tailored for selective extractions [20, 21]. However,
their synthesis could be a cost-intensive process due to the
high production costs of the individual IL. components. More
recently, deep eutectic solvents (DESs) have also gained
interest as potential alternatives, green solvents for several
chemical and biological processes [22—-24]. Commonly, DES
is composed of a mixture of two or more organic compounds
which act as hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) with a final melting point much lower
than the individual components [25]. Furthermore, when
DES is prepared from reagents of natural origin, they are
referred to as natural deep eutectic solvents (NADESs).
These were mainly primary metabolites, amino acids, and
sugars that are abundantly present in natural compounds
[26]. Furthermore, NADES are reported to be often unable
to solubilize certain biomaterials such as cotton completely
rather they can depolymerize them to monomers/dimers/
trimers. The use of DES in the separation of waste textiles,
aimed at valorization of the separated fraction into bio-based
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chemicals and materials, such as 5-HMF, MCC, etc. has
been reported by several authors; therein, the degradation of
the cotton fraction conditions was reported [27-29].

In this study a process, in which cotton and polyester were
separated from blended waste poly-cotton fabric (WP-CF)
using NADES, was tested under different conditions. The
NADES selected for this study belong to the group of sol-
vents unable to dissolve cellulose and polyester, but rather
can chemically disperse cellulose into the solvent, to the
point where it detangles from the blended fabric matrix.
Thus, the hypothesis was that this process would enable
selective separation of polyester and cotton fractions as fib-
ers. Moreover, the NADES used as the solvent would be easy
to purify from the polymers for reuse in the same process.

2 Experimental
2.1 Materials

Textile (blend of polyester and cotton) was purchased from
the local retail store. The polyester cotton ratio in those was
65:35 (weight ratio, reported by the manufacturer). In the
NADES preparation Choline chloride (ChCl) (CAS # 67-48-
1, Merck KGaA, Darmstadt, Germany) was used as Hydro-
gen Bond Acceptor (HBA) and lactic acid (LAc) (CAS #
79-33-4, Merck KGaA, Darmstadt, Germany) as Hydro-
gen Bond Donor (HBD). Ultra-pure deionized water (DI,
15 MW, 18Qm) was obtained from a CENTRA-R 60/120
system (Elga purification system, Veolia Water, Bucks, UK)
and used in all the experiments. All the reagents were used
without pretreatment.

2.2 Preparation of Natural Deep Eutectic Solvent
(NADES)

The preparation of NADES was implemented by mixing
choline chloride and lactic acid at the molar ratio of 1:10,
followed by rigorous agitation for 2 h at 85 °C. Once a
homogeneous and transparent liquid without the presence
of solid particles was achieved, the resulting clear liquid was
laid aside in a desiccator at room temperature to be cooled
gradually without any moisture absorption.

2.3 Separation of Cotton and Polyester from Waste
Poly-Cotton Blended Fabrics.

The process steps of the Natural Deep Eutectic Solvent
(NADES) aided waste poly-cotton fabrics (WP-CFs)
separation process tested in this study are described in
Fig. 1. Before the NADES treatment the WP-CFs were cut
into 1 x 1 cm pieces. Heating was provided on a hotplate
equipped with magnetic stirring, and an oil bath was used



Fibers and Polymers

NADES treatment

NADES (ChCl: LA)

k

Recycled NADES

Cellulose
powder

Fig. 1 Schematic for WP-CF separation process where a Picture of the WP-CFs before NADES treatment, b NADES recovered PET, ¢ recov-

ered cotton from spent NADES, and d spent and fresh NADES

to ensure homogenous heating during the treatment period.
At the end of the treatment time the reaction was allowed
to cool down slightly (~ 70 °C) and the solution was fil-
tered using a 250 um sieve to separate the larger polyester
from a solution containing cotton in spent NADES. WP-
CFs (polyester fraction) and then washed with DI water
and dried. All the water used in the washing was collected
and added to spent NADES to enhance the agglomeration
of the dispersed cellulose, which improved the recovery
of cellulose from spent NADES by centrifugation. Finally,
the recovered cellulose powder was dried at 40 °C for 24 h.
After the centrifugation, the water was evaporated using
a rotary evaporator enabling the reuse of the NADES. For
the large-scale tests, the samples were treated in a 10-L
jacketed glass reactor equipped with controls, stirring and
oil heating possibility.

The NADES treatment was tested at different tempera-
tures 90, 110, 125 and 140 °C, different liquid to solid
ratios (1:5, 1:10 and 1:20) and at different treatment times
(2,4, 6, 8, and 16 h). The separation of cotton and polyes-
ter fractions is calculated by the following equation.

my —m,
X=— ] x100% €))
my

where X is amount of residual solid (%) while m,, m, are the
mass of WP-CF before and after treatment.

2.4 Characterization of the Recovered Fractions

2.4.1 Determination of the Cotton and Polyester Content
in the Waste Polyester Cotton Blended Textile

The cotton and polyester content of the waste polyester
cotton blended textile was determined according to Euro-
pean standard (SFS. EN ISO.1833-11: 2017). Based on
this standard at first the waste textile samples were treated
in a 75% H,SO, solution at 50 °C in a water bath for an
hour with a Liquor to sample ratio of 200:1. The idea is
that cellulose would hydrolyze and dissolve in concen-
trated acid, leaving the polyester undissolved. To ensure
complete dissolution of the cellulose component, the flask
was shaken every 10 min. Then, the mixture (dissolved
cotton in acid solution) was filtered with a crucible glass
filter, and then the cotton residue was washed two times
with 2 M ammonia solution. The polyester residue was
filtered off, rinsed with water until the pH of the wash
water is neutral, and dried for 6 h at 50 °C in a vacuum
oven. The difference in weight of the WP-CF before this
treatment with acid and the polyester residuals gives the
amount of cotton in the material. The obtained weights
were compared to the initial blend percentages [30].
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2.4.2 Determination of the Degree of Polymerization
of Cotton

The degree of polymerization (DP) of the recovered cot-
ton from the NADES fractionation process was analyzed
to determine the effect of the treatment conditions on the
macromolecular cellulose chain length. The DP was deter-
mined by the cupri-ethylene-diamine (CED) method [27,
31]. 3 g of recovered cotton was added to 50 mL bottles
containing 7.5 mL distilled water and ultrasonicated for
2 min to obtain a wet powder. Then 22.5 mL of 1.0 M CED
was added to the bottle. The mixture was shaken until the
recovered cotton dissolved. The DP of the recovered cot-
ton is calculated from the relative viscosity of the mixture
using the following Eqs. (2-5). The relative viscosity (7r)
was determined using an Ubbelohde viscometer (SI analyt-
ics 532 20-II) at 25 °C. At first, relative viscosity 7, was
calculated based on the following equation.

0

t n
}’l —_———= — 2
A 2
where:

t is flow time of solutions, 7, is flow time of solvent, ;70

is zero-shear viscosity of solutions, 7, is zero-shear viscos-
ity of the solvent.

Then specific viscosity 7, was calculated using the
Eq. 3.

7]0

ﬂsp=;—1 3

And the intrinsic viscosity () is determined by Eq. 4.

o on) "]

- “
[n] .
where: C concentration.

The DP was then calculated following Eq. 5 [32].
DP*® = 1.1(n) 6)

2.4.3 Characterization of the Separated Polyester
and Cotton.

To characterize the polyester and cotton after NADES
treatment of WP-CFs Fourier Transform Infrared Spec-
troscopy (FTIR) spectra of the materials were collected
using a Perkin Elmer Frontier spectrometer with a univer-
sal ATR module (Diamond crystal). FTIR spectra of three
random spots from each fiber sample were measured in
the 4000-400 cm~! wavenumber range with a resolution
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of 4 cm™'. For each spectrum 4 scans with a data interval
of 1 cm™! in the absorbance mode were taken. At the final
step, the spectra were processed with ATR correction and
baseline correction, and finally normalized. To compare
the functional groups of the NADES recovered fractions,
untreated polyester and cotton textiles were also measured
and used for comparison.

2.4.4 Purity and Composition of the NADES Treated WP-CFs

For assessing the purity and the chemical composition of
the treated material thermogravimetric analysis (TGA) was
conducted. The sample amount used in this analysis was
10+0.1 mg and the sample was heated from 25 °C to 900 °C
at arate of 10 °C/min under an inert atmosphere (nitrogen) at a
constant flow rate of 40 mL/min. With the aid of a mass spec-
trophotometer (MS 403 C A&olos Mass Spectrophotometer,
NETZSCH-Geritebau GmbH, Selb, Germany) which was
coupled with TGA, the evolving gas emission (EGA) during
the measurement was analyzed. The analyzed mass range was
10-110 a.m.u. The results were interpreted with N-Proteus®
software (NETZSCH-Geritebau GmbH, Selb, Germany).

The crystalline structure of recovered cotton after the
NADES treatment of waste textile was analyzed by the XRD
analysis carried out on recovered cotton, was analyzed with
an X-ray diffraction (XRD) device (Bruker AXS D8 Advance
X-ray diffractometer). The X-ray diffraction patterns were
obtained using Cu Ko (1=1.5418 A) at 40 kV and 40 mA
in the range of 20 =7-60°. To estimate the relative degree of
crystallinity of the cellulose, a crystallinity index (Crl) was
calculated based on the XRD patterns using the relationship
given by [33] in the following Eq. (6):

Ilot - Iam
Crl = — x 100

tot

where Crl is the crystallinity index, /,,, is the intensity at
about 20 = 22° (represents the crystalline and amorphous
material), I, is the intensity at the “valley” between the
two main peaks at about 20 ~ 18° (represents the amorphous
material).

3 Results and Discussion

The procedure for the recovery of the polyester and cotton
fractions from the poly-cotton waste is described in Fig. 1.

3.1 Effect of Different Process Parameter
on Separation of Cotton and Polyester
from Blended Textile

As it could be expected, the increase of temperature
improved the separation of cotton from the polyester when
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Fig.2 The effect of temperature c 120
on the separation of cotton from -%
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the poly-cotton waste was treated with NADES (Fig. 2).
During the 4 h treatment at 90 °C 68% of the cotton in the
waste was removed, while during the treatment at 125 °C
85% of the cotton in the waste was removed. The treatments
at higher temperatures (125 and 140 °C) resulted in even
higher removal of the cotton in the waste (89 and 92%).
However, the color of the NADES became dark brown
when the NADES treatment was done at these higher tem-
peratures. This indicates that the cotton fraction might be
degraded to smaller compounds during these treatments
[33].

The experiments with three different treatment times
with a fixed solid-to-DES ratio (1:10) at 110 °C also
showed the expected results: the shortest treatment time
(two hours) resulted in the lowest cotton removal, 75%
(Fig. 3). Increase in the treatment time increased the
removal of the cotton fraction from the waste and with

Fig.3 The effect of treatment — 100
time on the separation efficiency X 90
of WP-CFs [Solid to solvent ped
ratio (1:10) and treatment tem- 2 80
perature (110 °C)] S 70
=
2 60
L
'§ 50
« 40
o
.5 30
G 20
a
g 10
o 0

=

0 110 125

N

b
-

40

Treatment temperature (°C)

E polyester cotton

the 4 h treatment time 90% of the cotton could be removed.
However, extending the treatment time to 8 and to 16 h,
no significant further improvement in the cotton removal
could be seen.

The effect of NADES: WP-CFs ratio on the separation
of cotton from WP-CF was investigated at 110 °C using the
four hours treatment time. There were difficulties related to
completely immersing the textile in the solvent when treat-
ing textile at low solvent to solid ratio (5:1), hence, it can
be concluded that the 5:1 solvent to solid ratio was insuf-
ficient, as the textile could not be completely immersed in
the solvent. As presented in Fig. 4, it could be seen that as
the solvent to solid ratio increased, the separation of cot-
ton became more efficient, making solvent to solid ratio an
important parameter. Increasing the solvent to solid ratio
led to an increase in amount of recovered cotton from 75
to 92% from 1:10 to 1:20, respectively.

Treatment Time (hours)

E Polyester Cotton
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Fig.4 The effect of solid to

solvent ratio on the cotton sepa- ¥ 5
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Fig.5 A and B TGA and DTG curves of WP-CFs, before and after NADES treatment (110 °C, 4 h 1:10 ratio) and the recovered cotton precipi-
tated by water (WP-CF, waste polyester-cotton fabric, R-CELL, recovered cotton, R-PET, recovered polyester)

3.2 Quality of the Produced Fractions

The quality of the produced fractions is a significant fac-
tor when a recycling process is developed. As seen from
the results of thermogravimetric analysis (TGA) (Fig. 5a.)
the NADES treatment produced two pure fractions, cotton
and polyester. As shown in Fig. 5a, the whole decomposi-
tion process of the waste textile sample can be divided into
two parts. The first part starts at around 310 °C and ends at
approximately 380-390 °C, corresponding to the decompo-
sition of the cotton component in the blends, and the second
part continues from there until 470-485 °C, corresponding
to the decomposition of the polyester component. On the
other hand, a distinct decomposition curve starting at 310
and 490°, for recovered cotton and recovered PET, respec-
tively, indicates recovery of pure fractions after the NADES
treatment of waste textile. The DSC curve of the cotton,
polyester and untreated waste fabric are shown in Fig. 5b.
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The first sharp peak (at 360 °C) of the three blends attributed
to the decomposition of the cotton part. This peak is absent
in the recovered polyester (R-PET) but exist in both the
untreated textile as well as for the recovered cotton Further
there is a mark peak at 430 °C due to the decomposition of
polyester, seen both in the recovered polyester and untreated
textile peaks.

Based on the FTIR measurements the cotton fraction
recovered from the spent NADES through water addition
(Fig. 6) was cotton due to that the spectrum showing the
bands representing the functional groups in the cellulose
chain; the broad band located at 3300 cm™! is attributed
to the OH absorption. Furthermore, the C-H stretching
frequency appeared at 2900 cm™!, and the frequencies at
1650, 1064, and 1383 cm™' that are attributed to the C=0
stretching, C—O-C glycosidic bond, and the bonding of CH,,
and the absorbance peaks of cellulose -glycosidic Linkage
observed at 894 cm™!, [34] respectively, were also present.
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Fig.6 FTIR spectra of WP-CFs before and After NADES treat-
ment and the FTIR spectra of the recovered cotton after the treat-
ment. Spectra A shows the whole range and spectra B shows ranges
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Intensity
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Fig. 7 A Effect of temperature on the DP of recovered cotton from Spent NADES. B. XRD spectra of recovered cotton from Spent NADES after

the treatment of WP-CFs (R-cell) for 6 h at 110 °C

These bands were absent from the spectrum of the recov-
ered polyester indicating that the recovered PE was rather
pure. Instead of those the recovered polyester spectrum con-
tained for instance the bands in the range between 1150 and
1250 cm™, and 1715-1740 cm™", as well as 718 cm™". The
first band was assigned to the C—O stretch, and the second to
the C=0O stretch, both from the ester bonds in the polyester.
The crystalline X-ray diffraction (XRD) structure (Fig. 7)
of the recovered cotton fraction exhibited similar crystalline
patterns that are typical for either native cotton [35]. For
the XRD patterns of recovered cotton, a typical cellulose I
structure is defined by the reflections at 20 values of 14.9°,
16°, 22.2°, and 34.5°, corresponding to the (1 1 0), (1 1 0),
(002), and (0 04) crystallographic planes, respectively [35].
The crystallinity of recovered cotton was found to be 70%.
The possibility to degrade the waste textile sample in
a simple process and to obtain two relatively pure frac-
tions, which still are in fiber mode, is very attractive when

further utilization of the fractions is considered. The
results of this study show that in this case the tempera-
ture at which the NADES treatment is done should not be
higher than 120 °C, because at higher temperature treat-
ments the chain length of the recovered cellulose is dra-
matically lower. At 90 °C the DP was 118 and it dropped
to 45 when the treatment was done at 140 °C (Fig. 7B).
This can also be Linked to the color change seen at the
experiments at temperatures 125 and 140 °C and these
results can be attributed to degradation of cotton at the
used conditions. However, it has to be remembered that
higher temperature might be possible to use when the
treatment time is shorter than what was used here. This is
due to that the desirable mechanism of the production of
the two pure fractions from the WP-CFs being the partial
dissolution of cotton fibers and consequent detanglement
from the spin network within the WP-CFs.

@ Springer
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Fig. 8 Proportion of cotton and 100
polyester in waste fabric and

the separated fractions (1:10 90
ratio, 110 °C temperature and 30
time, 3 h)

untreated waste polyester

(WP-CF)

H polyester content (%)

3.3 Separation of Cotton and Polyester at Selected
Process Conditions in on a Large-Scale NADES
Aided Separation of WP-CFs

Based on the results obtained from changing different treat-
ment parameters presented in this work which are shown in
Figs. 2, 3, 4, we selected suitable process parameters for the
separation of cotton from PET for a larger scale trial as a
step towards scaling up the process. Furthermore, by using
the obtained results as a guide, the selected process param-
eters would conserve solvent (NADES), energy, and time,
thus, they were considered an ideal treatment condition for
the separation of cotton fraction from WP-CF. The trial was
done with 500 g of WP-CFs with a 1:10 solid-to-DES ratio
and the treatment duration was 3 h with vigorous stirring
conditions. The amount of recovered polyester from this trial
was 336 g which relates to~67% of the WP-CF, indicat-
ing that the cotton fraction was almost completely separated
from the WP-CF (Fig. 8). This result also indicates that the
large-scale trial was more efficient than the lab trial, and this
is due to the change in the manner of mixing (magnetic stir-
ring to mechanical stirring) which can influence separation
efficiency significantly, because the mechanical stirring pro-
vided the process with better mixing. The results obtained
further demonstrate that this process and the selected param-
eters could be used as a guide toward scaling a solvent-based
textile recycling process to separate valuable fractions from
waste textile.

4 Conclusion
In this study a simple process enabling the separation and

recovery of cotton and polyester (PET) from waste poly-
ester cotton blended fabric (WP-CFs) was developed. The
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process is based on treatment with a Natural Deep Eutectic
Solvent (NADES) prepared from a 1:10 mol ratio of ChCl
and LA at 110 °C. This paper demonstrates a simple sepa-
ration process to recover the cotton and polyester from the
waste textile. After the DES treatment, the polyester was
separated from DES and cotton by filtering and the polyester
is washed with water. The washing water was added to the
filtrate, and it led to agglomeration of cotton and the cotton
was separated from DES by centrifugation. The amount of
cotton was 98.2% and the recovered cotton has a DP of 118.
The separated polyester purity was 99%. The results showed
that this novel procedure is a suitable technique to recycle
waste fabric as pure cotton and polyester fractions. There-
fore, this process promotes also the possibility for valoriza-
tion of waste fabric.
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