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Abstract. The present study proposed a sustainable, cleaner, alternative, safer
and environmentally friendly method for dyeing polyester fabric using a natural
deep eutectic solvent as a dyeing medium. Besides enabling water conservation
and reducing wastewater generation, the process also successfully eliminated the
use of toxic and environmentally harmful auxiliaries. Dyeing performance, meas-
ured by CIELab and K/S values, was compared to conventional dyeing. The
NADES dyeing method achieved higher K/S values and eliminated the need for
additional auxiliaries, such as levelling and dispersant agents. The polyester fab-
ric structure remains intact, as confirmed by physical property results. SEM ana-
lysis shows that the surface morphology of all polyester samples is smooth and
uniform with no visible changes, indicating the dyeing process did not affect the
fiber surface. Fastness ratings are consistent across all dyed polyester samples.

Keywords: betaine; deep eutectic solvent; dyeing; polyester; sustainability.

INTRODUCTION

Polyester is the most hydrophobic synthetic fibre, with a compact crystalline
structure and desirable qualities such as affordability, availability, softness, drap-
ability, comfort and a lightweight feel against the skin. As a result, it is widely used
in both wearable and decorative textiles and garments. However, its high hydro-
phobicity presents challenges in the common industrial dyeing process with dis-
perse dyes in aqueous solutions, which requires high temperatures, pressure and a
high fabric-to-solvent ratio to achieve optimal dyeing. As a result, residual disperse
dyes and auxiliary chemicals remain in the water, producing large volumes of waste-
water with high chemical and biochemical oxygen demand.!-3

An alternative dyeing technique uses a specific class of solvents called deep
eutectic solvents (DESs) as non-aqueous dyeing media. DESs are binary or ternary
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mixtures made from Lewis or Bransted acids and bases. One component acts as a
hydrogen bond donor (HBD) and the other as a hydrogen bond acceptor (HBA).
When combined in a specific mole ratio, these components form a network of
hydrogen bonds, leading to a significant reduction in the system’s lattice energy.
This leads to a substantial or, as commonly termed, “deep” — decrease in melting
point, much lower than that of the pure components. If these components are
naturally derived, the solvents are classified as natural deep eutectic solvents
(NADESs).4-8

NADESSs represent the latest generation of “green” solvents prepared from
natural, cheap, biodegradable, non-toxic, environmentally friendly and safe com-
ponents, making them suitable for designing, tailoring, and modifying different
technological processes. NADESs application in food, cosmetics and drug-related
products is even declared acceptable or even more desirable in comparison to some
conventionally used organic solvents (especially volatile, toxic, expensive and
strictly regulated). 4-8

Choline chloride, a quaternary ammonium salt acting as a hydrogen bond
acceptor (HBA), is characterized by its low cost, biodegradability, non-toxicity
and exceptional ability to form intermolecular interactions with various organic
and inorganic compounds.

However, it is produced synthetically and is only available commercially as a
synthetic product. Additionally, its strong hygroscopic nature poses challenges in
handling and storage, often requiring the use of desiccants under certain conditions.

In recent years, betaine has emerged as an excellent, sustainable substitute for
choline chloride. It is an inexpensive, non-toxic, biodegradable and renewable
organic salt that exhibits high resistance to humidity. Commercially available bet-
aine is bio-based, typically sourced as a by-product from sugar refining.9-12 Gly-
cerol and urea were selected as hydrogen bond donors, since glycerol is a non-
-toxic, recyclable and renewable alcohol widely used in cosmetics and pharma-
ceuticals, while urea is a safe, cheap and readily available compound.”-8

The main reason for selecting this specific ternary (three-component) system
over more common binary mixtures lies in its synergistic effects. According to the
literature, the formulation of ternary eutectic solvents by incorporating both an
alcohol (glycerol) and an amide (urea) disrupts the crystalline lattice more effect-
ively, which significantly lowers the viscosity and melting point of the solvent
compared to binary alternatives like betaine-urea.!3:14 Also, our previous work
showed that this exact ternary system is highly effective for polyester fabric dye-
ing, achieving enhanced dye solubility and excellent kinetic penetration into the
hydrophobic matrix of polyester fibres.!5> Therefore, building directly upon our
established findings, this study aimed to further explore and optimize the process
parameters for this specific green solvent system.

Thus, the aims and novelties of the current study are:
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a) developing a novel, greener and more sustainable technique for dyeing
polyester fabric with Disperse red 60 using NADES — an eco-friendly liquid
medium prepared from betaine hydrochloride, glycerol and urea;

b) characterizing the dyed fabric through colour strength determination (K/S
values), thermogravimetric analysis and surface morphology testing.

By incorporating NADES into the dyeing process, two main goals were
achieved simultaneously:

c¢) eliminating the need for toxic and environmentally harmful dyeing auxil-
iaries such as dispersants and carriers, reducing water consumption and the volume
of wastewater generated.

EXPERIMENTAL
Materials and chemicals

Raw, unprocessed 100 % polyester fabric (surface mass 75 g-m2) was kindly donated by
Yumco (Vranje, Serbia). C.I. Disperse red 60 dye (chemical structure shown in Fig. 1) was
purchased from Hoechst (Frankfurt, Germany). NADES components included betaine hydro-
chloride (99 %, Tokyo Chemical Industry, Tokyo, Japan; chemical structure in Fig. 1), glycerol
(Ph Eur grade, Meilab, Belgrade, Serbia), and urea (99 %, Centrohem, Stara Pazova, Serbia).
Other dyeing chemicals were glacial acetic acid (Zorka Pharma-Hemija DOO, Sabac, Serbia),
distilled water, levelling agent Kollasol Lok, and dispersing agent CHT-Dispergator XHT-S
(both from CHT GmbH, Tiibingen, Germany). Sodium hydroxide and sodium hydrosulfite were
obtained from Centrohem (Stara Pazova, Serbia), and non-ionic detergent Sarabid DLO from
CHT GmbH (Tiibingen, Germany).

0 NH,
0
o}
‘ ‘ / OH
0 OH cr
Disperse Red 60 Betaine hydrochloride

Fig. 1.Chemical structures of Disperse red 60 and betaine hydrochloride.

Preparation of NADES

An Erlenmeyer flask containing equimolar amounts of betaine hydrochloride, glycerol and
urea was sealed with a glass stopper and heated to 40 °C while stirring continuously at 1100
rpm. After 20 min, a homogeneous, stable, clear and transparent liquid formed. The prepared
NADES solution was kept sealed and stored in a desiccator with CaCl, until further use.

Pre-dyeing processing
Polyester fabric was washed in a 2 g-L"! solution of saturated detergent Sarabid LDR (CHT
GmbH, Tiibingen, Germany) for 30 min at 60 °C with a 1:30 fabric-to-liquor ratio. After wash-

ing, the fabric was air-dried at room temperature for 24 h and ironed. It was then cut into 5
cmx5 cm squares using a surgical scalpel.
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Dyeing

Conventional dyeing method in Ahiba Nuance top speed dyeing machine (Allstates Textile
Machinery Inc., Williamston, SC, USA) 0.6 % acetic acid, 1 % levelling agent, 1 % dispersing
agent, temperature of 120 °C, duration of 110 min, bath ratio of 1:50, pH value of 4 and different
dye concentrations (1, 2, 3, 4 and 5 mass %).

NADES dyeing method: NADES without any dyeing auxiliaries, temperature of 100 °C,
duration of 60 min, pH value of 4, and different dye concentrations (1, 2, 3, 4 and 5 mass %).
Post-dyeing processing

After dyeing, the polyester fabrics were subjected to reductive cleaning using 2 g-L!
sodium hydroxide and 2 g-L! sodium hydrosulfite at 60 °C for 15 min, followed by rinsing
with cold water and drying in a laboratory oven at 100 °C for 10 min.

Evaluation of colour strength of dyed polyester fabric
The determination of the colour strength of dyed polyester fabric was carried out by K/S

(Kubelka—Munk function) values using Datacolor Spectraflash SF600Ks (New York, USA).
K/S values were calculated using the equation:16

K/S=(1-R)?/2R €))
where K, S, and R denote the adsorption coefficient, the scattering coefficient and the reflectance
at complete opacity, respectively. Generally, the higher the K/S value, the higher the dye uptake
on fabric, i.e., the deeper the colour on the fabric.

Surface morphology test

Scanning electron microscopy (SEM) was used to analyse the morphology of undyed,
conventionally dyed and NADES-assisted dyed samples. The samples were sprayed with an
alloy of gold and palladium (85/15) under vacuum in a Fine Coat JEOL JFC-1100 ion sputter
(JEOL Ltd., Tokyo, Japan). The metalized samples were scanned using a JEOL scanning
electron microscope JSM-5300 (JEOL Ltd., Tokyo, Japan) under a magnification of 750 times,
a voltage of 20 kV and a vacuum of 1.33x1073 Pa.
Colour fastness of dyed polyester fabric

Adequate procedures provided by the specific ISO methods were employed for the deter-
mination of dyed fabrics’ colour performance properties. The wash, light and rub fastness of
dyed polyester fabric were measured by ISO 105-C06:2010, ISO 105-B02:2014 (en) and ISO
105-X12:2016 protocols.!” The fastness of dyed polyester fabric was evaluated at standard
depths of 1:1 and 2:1. The dyed sample specimen was subjected to a sublimation test according
to the ISO 105-POI 1993 standard.'®
Physical properties of polyester

Physical property (tensile strength and elongation at break) measurements of undyed, con-
ventionally dyed and NADES-assisted dyed samples were performed on a MesdanLab strength
tester dynamometer, in accordance with the standard ISO 13934-1:2013.19

RESULTS AND DISCUSSION

Comparison of colour strength and CIELab parameters of polyester fabric dyed
by conventional and NADES-assisted processes

The K/S color strength values of conventionally and NADES-assisted dyed
polyester samples in the range of Ayax 400700 nm are presented in Fig. 2. The
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SUSTAINABLE DYEING OF POLYESTER FABRIC 5

maximum wavelength for the used disperse dye was Apax = 524 nm. Higher K/S
values are noticeable for the samples dyed by the NADES-including dyeing
technique. Moreover, the highest K/S values were observed at the highest dye
concentration of 5 % for both dyeing procedures.

2) oy 254 b) %

K/S
K/S

104
10
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A\ 0 —

T T T T T T T T T T T T T
400 450 500 550 600 650 700 400 450 500 550 600 650 700
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Fig. 2. Comparison of the K/S values obtained for conventionally (a) and NADES (b) dyed
polyester fabrics at different dye concentrations.

CIELab parameters for conventionally and NADES-assisted dyed polyester
samples are presented in Table 1.

TABLE I. CIELab coordinates of undyed, conventionally dyed and NADES dyed polyester
fabrics at different dye concentrations

Dye conc., % Type of sample L* a* b* Cc* H*
- Undyed 91.23 0.73 2.02 2.14 70.11
1 Conventionally dyed  61.85 45.71 3.58 45.85  355.52
NADES-assisted dyed ~ 47.94 58.58 6.56 58.66  356.98
2 Conventionally dyed 52.60 57.71 10.65 57.71  359.92
NADES-assisted dyed  45.63 63.80 12.65 60.61 360.01
3 Conventionally dyed 50.26 57.78 11.52 57.80  360.23
NADES-assisted dyed  44.45 60.33 1352 64.03  362.25
4 Conventionally dyed  46.49 62.42 13.52  62.64 361.63
NADES-assisted dyed  42.98 63.27 15.58  65.53  362.03
5 Conventionally dyed  45.65 63.42 1523 6452  362.52

NADES-assisted dyed  40.19 65.72 17.08 65.02  362.75

The highest L* parameter values are noticeable for the undyed sample, while
the lowest are observed for the NADES-assisted dyed fabric with the maximum
dye concentration (5 %), strongly indicating both a higher dye adsorption and
darker achieved shades. Positive a * parameter values for all dyed samples indicate
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redness. Positive b* parameter values in the raw sample and all dyed samples indi-
cate redness. C* values are higher in all dyed samples compared to the undyed
samples, describing the distance from the black-white axis and good brilliance.
Parameter H* has the lowest values for the undyed sample, while the values for
the dyed samples are similar.

These results can be explained by various factors. NADESs possess the pot-
ential for softening or partially dissolving various polymer-type matrices, thus fac-
ilitating dye penetration. Due to improved dye penetration, the fabric becomes
darker. Therefore, careful choice of solvent and its adjustment according to the
desired properties greatly affect the efficiency of the dyeing process.20

As shown in Fig. 3, a visual comparison of samples at a 5 % dye concentration
demonstrates that the introduction of NADES significantly enhances dyeing effi-
ciency. This is supported by the highest K/S value and the visibly darker shade
obtained for the NADES-assisted sample compared to the conventional one.

Conventional dyeing NADES dyeing
ﬂ 120 °C ﬂ 100°C
110 min 60 min ﬂ
Distilled water + acetic acid + levelling NADES + dye
agent + dispersant agent + dye
| ‘ Fig. 3. Comparison between conventio-
nal and NADES-assisted dyeing at the
K/S=20.66 K/S=24.26 maximum dye concentration.

SEM analysis/morphological properties of the polyester fabrics

SEM images for the undyed, conventionally dyed, and NADES-assisted dyed
samples are shown in Fig. 4. Smooth surface morphology is noticeable, without
any evident visual changes among all polyester fabrics.

Colour fastness properties (washing, light, rubbing and sublimation fastness) of
dyed polyester

Colour fastness property ratings of conventional and NADES-assisted dyed
samples are displayed in Table II. It is noticeable that these values are similar for
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both dyeing processes, indicating there is no deterioration occurring when
NADES-assisted dyeing is applied. Therefore, no dye residues were left on the
polyester surface post-dyeing.

Fig. 4. SEM images of: a) undyed, b) conventionally dyed and ¢c) NADES dyed polyester
fabrics.

TABLE II. Wash, light, sublimation and rubbing fastness for the conventionally dyed and
NADES dyed polyester fabrics

Wet rubbing Dry rubbing

Wash fastness Light Sublimation
Type of sample fastness fastness
— — ——— fastness  fastness
Change Staining Change Staining Change Staining
Conventionally  4-5 4-5 4 4 4-5 4-5 5-6 4-5
dyed
NADES dyed 4-5 4-5 4 4 4-5 4-5 5-6 4-5

Mechanical-physical properties of polyester

In order to provide a deeper understanding regarding the influence of NADES-
-containing dyeing solution on the strength of the polyester fabric, tensile strength
and elongation at break measurements were conducted; results are presented in
Table III. It is noticeable that the tensile strength values are the highest in the
undyed sample compared to the conventionally dyed and NADES dyed samples.
Conventional and NADES dyed samples have similar tensile strength values, the
warp and weft directions. The breaking elongation values are the highest for the
undyed sample, although similar values were obtained for the conventionally dyed
and NADES dyed polyester fabric in the warp and weft direction.

TABLE III. Tensile strength and elongation at break values for undyed, conventionally dyed
and NADES-dyed polyester fabrics

Tensile strength (Kgf) Elongation at break, %
Type of sample
Warp Weft Warp Weft
Undyed 85.04 50.17 42.5 28.1
Conventionally dyed 84.84 49.86 41.4 27.7

NADES dyed 84.64 49.66 40.2 27.1
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CONCLUSION

A sustainable, eco-friendly technique for dyeing polyester fabrics with Dis-
perse red 60 dye in the presence of betaine-based NADES is proposed. In the des-
cribed process, NADES serves several roles: as a “greener” dyeing medium, dis-
persing agent, and homogenization agent for the dyeing bath. The incorporation of
NADES in the process resulted in obtaining stable dyed fabric with higher K/S
values and improved fastness properties, simultaneously excluding the need for
adding a carrier or dispersant into the dyeing solution. Moreover, the structure of
the polyester fabric was not degraded, which is confirmed by the results of the
analysis of the physical properties of the fabric. Based on the SEM, all polyester
fabric samples demonstrate a uniform and smooth surface morphology, without
any noticeable visual alterations between the treated and untreated samples. The
wash and light fastness of conventional and NADES dyed polyester are almost
similar, although a slight advantage is given to NADES dyed polyester.

H3BOI

BOJEIBE ITOJIMECTAPCKE TKAHUHE JUCIIEP3HOM FOJOM Y IIPUPOJHOM
IOYBOKOM EYTEKTUYKOM PACTBPAYY KAO EKOJIOIIKH ITPUXBAT/bUBOM
MEIUJYMY

MW/IEHA M. HUKOJIUJEBUR!, IPATAH 3. TPOTEP!, CAbA T. CTOJAHOBHR?, MAPUJA T. CTOJAHOBUR
KPACHUR? u CAHJIPA C. KOHCTAHTHUHOBUR'

"Ynueepsuinem y Huwiy, Texnonowku Gaxyniueid, Bynesap ocnodohewa 124, 16000 Jleckosay, u
2ynueepsutieii y Huuy, Meguuyuncku Gaxyniuei, Bynesap gp 3opana Bunhuha 81, 18000 Huw

Y pany je mpemiokeHa Omp)KUBa, YHCTHja, AJITEPHATHUBHA, De3DenHUja U eKOJIOIKY MTPH-
XBaT/bMBa METOZA 32 DOjeme MoINecTapcke TKaHMHE KOpUIThemeM PUPOJHOT fyOOKOr eyTeK-
THYKOT pacTBapaya kao cpencTsa 3a dojemwe. Ilopen Tora mTo omoryhasa yiTeny Bofe U cMa-
IYje CTBapame OTHAJHUX BOfa, IPOLEC je Takohe yCHeuHo eIMMUHUCA0 YIOTpedy TOKCUYHUX
M eKOJIOIIKM LITeTHUX MOMOhHMX cpencraBa. Ilepdopmance bojewa, mepere CIELab u K/S
BpeIHOCTHMA, ynopeheHe Cy ca KOHBEeHIIMOHAIHUM dojereM. Metonom Hojema NADES moc-
TUTHYTe cy Behe K/S BpemHOCTH U eTMMUHHCAHA je moTrpeda 3a NOZAaTHUM MOMOhHHUM cpen-
CTBMMA, Kao IITO Cy CPEACTBO 3a pasjIMBambe U CPENCTBO 3a AUcneprosawme. CTpyKTypa NONH-
€CcTapcke TKaHUHE OCTasla je HeTaKHyTa, ITO NOTBphyjy pesynraTu (pU3HUKUX CBOjcTaBa. SEM
aHajM3a NoKasyje ha je MOBPIIMHCKA MOPQOIOruja CBUX y30paka IoauecTpa [1atka U yjen-
HayeHa Oe3 BUAJBMBUX IIPOMEHA, WITO YKasyje Ha TO Jja mpouec dojema HUje yTHUIIa0 Ha MOBpP-
MKHY BrakaHa. OleHe MOCTOjaHOCTH Cy CIMYHE KOJ CBUX 000jeHUX y30paka MOoIHecTpa.

(ITpumibeno 13. anpuna, peBuaupano 12. maja, npuxsaheno 19. jyna 2026)
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