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COMPOSITION OF CARBOHYDRATES IN FRESH WHEY AS WASTE IN TOFU
PROCESSING

Sladana Stanojevi¢’ ID, Danijel Milinéi¢ ID, Mirjana Pesi¢ ID
University of Belgrade, Faculty of Agriculture, Department of Chemistry and
Biochemistry, Belgrade, Serbia

Soy whey is generated as a process waste while preparing tofu from soy milk, causing
environmental pollution and also representing an economic burden for the soybean
processing industry. On the other hand, literature data indicate that fresh tofu whey is
characterized by a high content of total proteins with all essential amino acids present,
a favorable residual activity of trypsin inhibitors, and a low content of lectins. This
indicates a good nutritional value of tofu whey. Therefore, its potential valorization is of
importance to the soy industry. The present investigation aims to determine the
carbohydrate composition of tofu whey, which was obtained in the process of preparing
tofu, from six soybean genotypes, using the hydrothermal-cooking-method, with the
application of the chymosin-pepsin rennet. High-performance liquid chromatography
(HPLC) was used. The presence of monosaccharide arabinose (0.39-1.73%) and
disaccharide sucrose (2.19-4.60%) was registered. The presence of pentose-
arabinose was expected, since it can be part of glycoproteins, so it was probably
separated from the protein part of the molecule, since some of the soybean proteins
are glycoproteins. In addition, arabinose is part of the disaccharide vicianoze, which is
part of the soybean saponins. The presence of sucrose indicates that the weakly acidic
environment of the whey was not sufficient to hydrolyze this disaccharide (to glucose
and fructose). The results indicate that tofu whey can be potentially useful for
application as a cheap, functional, and nutritional food additive, enabling sustainable
production through the recycling of waste.
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INTRODUCTION

The most commonly used soy food products in the world are soy milk and tofu. In the
process of soy milk production, two by-products are also produced: soy soaking water
whey (which is separated after soaking soybeans) and okara (the solid part of soybean
seeds that remains after milk extraction). Further processing of soy milk into soy
cheese - tofu produces another by-product/waste, which is tofu whey. Tofu whey is a
pale yellowish liquid that is separated after pressing tofu, which has a specific
aroma/taste.

These by-products in the tofu production process represent a serious problem in terms
of waste disposal. They represent organic waste that is very suitable for the
development of many microorganisms. Today, more and more attention is paid to
finding opportunities for the further use of this waste according to the principles of the
circular economy and sustainable waste treatment [1-3].

In our previous research, we characterized soy milk and tofu produced using the
hydrothermal cooking method (HTC) using chymosin-pepsin rennet [4]. In addition, we
investigated the characteristics of soaking water whey [5] and okara [6-8] and their
potential for use.

Also, in our previous work, we examined the major storage protein composition and the
activity of bioactive proteins of fresh tofu whey [9]. Our research results, as well as
literature data, indicate that fresh tofu whey is characterized by significant nutritional
value. It has been found that tofu whey contains a high content of total proteins (22.67-
28.00%), with a wide spectrum of amino acids, with all essential amino acids present
(phenylalanine 7.23 mg/L, histidine 4.27 mg/L, isoleucine 4.40 mg/L, leucine 6.12
mg/L, lysine 8.49 mg/L, methionine 2.77 mg/L, tryptophan 12.84 mg/L, valine 5.26
mg/L, threonine 5.39 mg/L) [9, 10]. It was found that basic 7S globulin is the dominant
fraction of the 7S protein fraction of tofu whey, followed by B-conglycinin and y-
conglycinin [9]. The presence of isoflavones (50.84 mg of total isoflavones/L; with
dominant genistin 25.99 mg/L and daidzin 17.66 mg/L), as well as the presence of
organic acids (4.77 g of total organic acids/L), was registered in tofu whey [10].

In our earlier research for the preparation of tofu, the hydrothermal cooking method
(HTC) using chymosin-pepsin rennet as a coagulant [4] was used, and the research
results indicated that the applied heat treatment significantly reduced the activity of
proteins with potential antinutritional properties, such as trypsin inhibitors and lectins in
the tofu whey. These phytochemicals can have adverse antinutritional effects after
consuming a raw soybean meal (e.g., a disorder of vitamin and amino acid
metabolism, adverse changes in the digestive tract, pancreatic hypertrophy and
hyperplasia, and disturbance of mineral composition in the body) [11]. That is why the
activity of trypsin inhibitors must be reduced. But on the other hand, they are high in
sulfur-containing amino acids (with which soy proteins are in deficit), [12] so that their
presence is desirable. To improve the nutritional quality of soy foods, trypsin inhibitors
are generally inactivated by heat treatment [13-16], with the aim of balancing their
content and activity (to preserve content and reduce activity). Namely, residual activity
of trypsin inhibitors (1.95-3.76%) and a low content of lectins (5.04-5.48% of total
extracted proteins) were found, as well as low urease index activity of the fresh tofu
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whey, which indicates that the heat HTC treatment was adequate to inactivate
antinutritional factors [9]. So, this very low residual TIA of tofu whey suggested that tofu
whey obtained by hydrothermal cooking could be applied in human consumption,
because it features <20% of soybean trypsin inhibitor activity. Friedman and Brandon
[17] reported that the commercial soy food can retain at most 20% of the activity of
trypsin inhibitors, without any unwanted consequences on the body. In addition,
literature data indicate that, given that trypsin inhibitors are more thermostable than
lectins, achieving a satisfactory level of residual trypsin inhibitory activity leads to a
satisfactory level of lectin content [17].

Since the application of the HTC process (short time/high temperature/under pressure)
is significantly different from the traditional method of obtaining tofu (heating soybeans
without pressure and using acids, glucono-8-lactone, or salts (MgCl2, MgSO,, CacCl,
and CaS04) as the coagulating agents), it can be expected that the characteristics of
the obtained products and by-products will also differ after applying different
processing conditions. The aim of this study was to determine the carbohydrate
composition of tofu whey, which was obtained in the process of preparing tofu, from six
soybean genotypes, using the hydrothermal-cooking-method, with the application of
the chymosin-pepsin rennet. Namely, we believe that the knowledge of the
characteristics of fresh tofu whey, which has not yet been studied, will help to better
understand the possible utilization of this by-product obtained using the HTC process.
The results obtained in this study complement our previous work on the nutritional and
non-nutritive characteristics of products and by-products obtained by the HTC process
[3-9, 18-21], so the results of these studies can potentially provide an opportunity for
the production of soy-food ( soy milk and tofu) according to the principles of
sustainable production and circular economy.

MATERIALS AND METHODS

Materials

For tofu preparation, six commercial soybean genotypes were used: Novosadanka,
Balkan and Krajina (selected by the Institute of Field and Vegetable Crops, Novi Sad,
Serbia), Lana, Nena and ZPS-015 (selected by the Maize Research Institute Zemun
Polje, Belgrade, Serbia), Commercial chymosin-pepsin rennet was used as the
coagulating agent (Rennet workshop, Idealka,” Novo Selo, Serbia).

Tofu processing and separation of tofu whey

Tofu was made using the method described by Stanojevi¢ et al [4], using a
hydrothermal cooking method that includes short time/high temperature/under
pressure, by applying the chymosin-pepsin as the coagulating agent. Briefly, soybeans
(soybeans/water ratio = 1/6) were soaked in water for 14 h, at 5-7 °C. Soaked
soybeans were cooked by the hot-grind method with a steam injection system - 8
min/at 110 °C/1.8 bar, (SoyaCow VS 30/40, model SM-30, Russia). The slurry was
filtered to separate soy milk and okara, and then soy milk was cooled at room
temperature, and commercial chymosin-pepsin rennet was added (10 mL rennet/L soy
milk). The tofu curd was pressed mechanically (35 min), and the obtained fresh tofu
whey samples were stored at 4 °C before further analysis.
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High-performance liquid chromatography (HPLC)

The characterization of carbohydrates using the HPLC technique was performed on a
Waters chromatographic device (Waters Chomatography Div., Millipore, Milford, USA),
which consists of a solvent and sample delivery system - Waters 600E System
Controller and a detector - Waters 410 Differential Refractometer, on a column -
Carbohydrate Analysis (Waters Chomatography Div., Millipore, Milford, USA) for the
analysis of monosaccharides and disaccharides, while for the analysis of
oligosaccharides (raffinose and stachyose) used Shugar-PAKTM - column of the same
manufacturer. As a protective column, a GuardPakTM and RadialPakTM pre-column
with ResolveTM Silica filling from the same manufacturer was used. As a mobile
phase, a solution of acetonitrile/water in the ratio 83/17 (v/v) was used, for
monosaccharides, and for polysaccharides, a solution of acetonitrile/water in a ratio of
65/35 (v/v). The column was calibrated by passing the mobile phase, with a gradual
increase in the flow rate of 0.5 - 2 mL/min over a period of 5 hours.

In order to characterize monosaccharides and disaccharides, the standard solution
contained: monosaccharides: xylose, arabinose, mannose, glucose, fructose;
disaccharides: sucrose, maltose (Sigma, USA). The standards were dissolved in
redistilled water, so that the standard mixture contained each of the listed
monosaccharides and disaccharides at a concentration of 0.1%. Before application,
they were filtered on a 0.25 ym filter (Nucleopore, Corp., Pleasanton, CA, USA). 10 pl
of the standard solution was applied to the column and eluted for 25 minutes, at a flow
rate of 2 mL/min and a temperature of 30°C.

The examined samples were mixed with 95% ethanol in the ratio sample: ethanol = 1:5
v/v; 1 hour, in a water bath (T=50°C), and then filtered (Whatman 42) while washing
the precipitate (2 times) with 95% ethanol (supernatant:ethanol=1:1 v/v). After that, the
samples were evaporated to dryness under vacuum (Devarot, Type-D-3,
Elektromedicina, Ljubljana, Slovenia), then dissolved in an ultrasonic bath (Sonic, Italy)
with redistilled water (initial sample: redest.H20=1:4 v/v). The extract was then filtered
(Whatman 4) and frozen until use. Before injection into the HPLC device, all samples
were filtered on a 0.25 ym filter (Nucleopore, Corp., Pleasanton, CA, USA) and applied
to the column in the amount of 20ul. Chromatography was performed under identical
conditions for samples and standards: flow rate - 2ml/min, at 30°C, 25 min.

Statistical analysis

The experiments were performed in triplicate, and all results are presented as mean
values with standard deviations. The significance of the differences between the
means was determined using a t-test procedure at P<0.05. The data were analyzed
using the Statistica software version 7.0 (StatSoft Co., Tulsa, OK, USA).

RESULTS AND DISCUSSION

The presence of the monosaccharide- arabinose (0.39-1.73%; Table 1) was registered
in the tofu whey obtained from all investigated soybean varieties. The presence of this
pentose could be expected, considering that it very often enters into the composition of
glycoproteins. So, during the production process, it was probably released from the
protein part of the molecule, considering that some of the main proteins of soybeans
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are precisely glycoproteins. On the other hand, arabinose is included in the
composition of disaccharide vicianose, which is included in the composition of
saponins [22 ], and saponins are present in non-defatted soybean flour with about 0.6-
6.2% [23,24].

Table 1. Carbohydrate composition of tofu whey obtained using the HTC procedure”

Rt (min) 8.11 17.13

genotype arabinose sucrose
Nena 1.27+0.01° 4.60+0.202
Krajina 1.13+0.02¢ 4.25+0.22°
Balkan 1.73+0.032 3.77+0.12¢
Novosadjanka 0.39+0.01f 2.19+0.12¢
ZPS-015 0.54+.0.02¢ 3.20+0.114
Lana 0.71£0.01¢ 3.31+0.11¢

"Means in the same column with different roman letters are significantly different (P<0.05).
HTC - hydrothermal cooking method. Rt (min) - retention time.

Tofu whey also contained sucrose (2.19-4.60%; Table 1). The presence of this
disaccharide may also be a consequence of its relatively large participation in defatted
soybean flour (4.45%; or even from 6.1% to 12.4% [25,26]). On the other hand,
considering that whey is characterized by a slightly acidic medium (pH 4.02; [10]), it is
evident that the acidity is not sufficient to cause sucrose hydrolysis, since it is known
that it undergoes acid hydrolysis to glucose and fructose.

The results obtained indicate a greater dependence of the genotype type in terms of
sucrose content than arabinose. Namely, although a statistically significant difference
was registered in the arabinose content of all tested genotypes, it can still be seen that
the values are relatively approximate (0.39-0.71% for the Novosadanka, ZPS-15, and
Lana genotypes and 1.13-1.73% for the Nena, Krajina, and Balkan genotypes). On the
other hand, the influence of the genotype type is significant in terms of sucrose
content. Namely, the highest sucrose content was registered in tofu whey obtained
from the Nena genotype (4.60%), while the lowest sucrose content was registered in
tofu whey obtained from the Novosadanaka genotype (2.19%).

The Novosadanka genotype was selected as high-protein (58.02% total protein, [4]) so
that the high total protein content may be a reason for the lower carbohydrate content
in products obtained from soybeans of the Novosadanka genotype. Namely, Hymowitz
et al. [27] evaluated 60 soybean lines for protein content, total sugar, and individual
sugar content. Their results suggested that total sugar content and individual sugar
content are negatively correlated with protein content. These results indicate that the
soybean genotype may have an impact on the carbohydrate composition of tofu whey.

Also, the presence of only these two sugars in tofu whey may be due to the significant
retention of carbohydrates in okara as well as the conditions of the applied HTC
procedure for preparing tofu, which differ significantly from the conditions of traditional
soybean processing. Namely, the okara obtained after the same conditions of HTC
processing contains 7.02-8.21% carbohydrates [7]. In addition, using the traditional
method of obtaining soy milk and calcium sulfate as a coagulant in obtaining tofu,
Chua and colleagues [10] registered: fructose 0.4 g/L, glucose 0.14 g/L, sucrose
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111.72 g/L, and raffinose 0.30 g/L in tofu whey. Such results indicate that, in addition to
the soybean genotype, the processing method has a significant effect on the
characteristics of tofu whey. The results obtained in this study complement our
previous work on examining the characteristics of soybean products and by-products
obtained using the HTC process and indicate the specificity of the applied
technological process.

CONCLUSION

Carbohydrate composition of tofu whey obtained from all tested soybean genotypes,
using the HTC procedure, was characterized by the presence of monosaccharide
arabinose and disaccharide sucrose. This result could be expected considering the
carbohydrate composition of okara and the specificity of the applied technological
process. In addition to other favorable characteristics of the composition of tofu whey
(protein content and composition, as well as biologically active components), it can be
assumed that tofu whey can potentially be used as a nutritional additive. Its distribution
can reduce the production of organic waste in soybean processing.
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Izvod

SASTAV UGLJENIH HIDRATA U SVEZOJ SURUTCI DOBIJENOJ KAO OTPAD U
PRERADI TOFU-a

Sladana Stanojevi¢ ID, Danijel Milin¢i¢ ID, Mirjana PesSi¢ ID
Univerzitet u Beogradu, Poljoprivredni fakultet, Katedra za hemiju i biohemiju,
Beograd, Srbija

Sojina surutka nastaje kao otpad iz procesa pripreme tofua od sojinog mileka, Sto
uzrokuje zagadenje Zivotne sredine i predstavlja ekonomski teret za proces prerade
soje. S druge strane, literaturni podaci ukazuju da se sveZa tofu surutka karakterise
visokim sadrZajem ukupnih proteina sa prisutnim svim esencijalnim aminokiselinama,
povoljnom rezidualnom aktivno$éu inhibitora tripsina i niskim sadrzajem lektina. Ovo
ukazuje na dobru nutritivnu vrednost tofu surutke. Stoga je njena potencijalna
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valorizacija vaZna za industriju prerade soje. Cilj ovog istraZivanja je da se utvrdi
sastav ugljenih hidrata tofu surutke, koja je dobijena u procesu pripreme tofua, od Sest
genotipova soje, primenom metode hidroterm¢kog kuvanja, uz primenu himozin-
pepsinskog sirila. Koris¢ena je visokoefikasna teCna hromatografija (HPLC).
Registrovano je prisustvo monosaharida arabinoze (0,39-1,73%) i disaharida saharoze
(2,19-4,60%). Prisustvo pentoze - arabinoze bilo je oCekivano, s obzirom da moze biti
deo glikoproteina, pa je verovatno odvojena od proteinskog dela molekula, s obzirom
da su neki od sojinih proteina glikoproteini. Pored toga, arabinoza je deo disaharida
vicinoze, koji je deo sojinih saponina. Prisustvo saharoze ukazuje na to da slabo kisela
sredina surutke nije bila dovoljna da hidrolizuje ovaj disaharid (do glukoze i fruktoze).
Rezultati ukazuju da tofu surutka moze biti potencijalno korisna za primenu kao jeftin,
funkcionalni i nutritivni aditiv u pripremi hrane i da moze omoguditi odrzivu proizvodnju
kroz reciklazu otpada.

Klju¢ne redi: tofu surutka, HPLC, arabinoza, saharoza, odrziva proizvodnja
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Silver, a precious metal used across various industries, can be released into the
environment as a byproduct of industrial activities, potentially leading to environmental
pollution. Consequently, removing silver from wastewater is crucial for enhancing
environmental quality. Porous synthetic polymers (composites), with their high specific
surface area and unique physico-chemical properties, have garnered interest as
effective sorbents in environmental protection. Glycidyl methacrylate (GMA)-based
composites are widely used in various applications such as sorbents (of metals, organic
compounds, etc.), enzyme supports, and in biomedicine. The main objectives of this
study were the synthesis, characterization, and investigation of the antimicrobial activity
of a novel GMA/Ag composite. For the synthesis of the composite, GMA as the
monomer, and the crosslinker trimethylolpropane trimethacrylate (TMPTMA) were used,
followed by functionalization with diethylenetriamine (DETA). Silver was incorporated
into the composite by sorption from 0.1 M AgNOs solution at pH 5, and 25°C, for 24h.
The synthesized composite was characterized using Fourier-transform infrared
spectroscopy (FTIR), and Scanning Electron Microscopy (SEM). The antimicrobial
activity of the GMA/Ag composite was assessed using the agar-well diffusion method
against different microorganisms, including representatives of Gram-negative
(Escherichia coli) and Gram-positive bacteria (Staphylococcus aureus), yeast (Candida
albicans), and fungi (Aspergillus niger). The results of antimicrobial tests indicated that
the GMA/Ag composite displayed good antimicrobial activity against the analyzed
microbes, and it can potentially be used for biomedical applications, in the food and
pharmaceutical industries , in the treatment of wastewater, etc.
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INTRODUCTION

Silver is being increasingly utilized across diverse industries, such as jewelry,
photography, catalysis, electronics, biomedicine, and chemical manufacturing, owing to
its exceptional physicochemical properties [1]. However, increasing demand and
improper handling have led to the generation of silver-containing wastewater [2].
According to the World Health Organization (WHO), silver(l) ions in aquatic
environments are classified as hazardous substances, making their removal from
wastewater a critical step prior to discharge [3]. Silver(l) ions interact with biomolecules,
causing toxic responses comparable to those induced by other heavy metals and
persistent organic pollutants. Their bioaccumulation presents significant environmental
and health risks, as silver can be transferred through the aquatic food chain [4].
Accordingly, the U.S. Environmental Protection Agency has set the maximum allowable
silver concentration in drinking water at 0.1 mg/L [2]. Among various water treatment
methods, sorption is recognized for its simplicity, cost-effectiveness, and environmental
sustainability [3]. Owing to its low energy requirements and minimal secondary pollution,
it has attracted considerable attention for the removal of metals from wastewater [2].
The glycidyl methacrylate (GMA)-based composites serve as efficient chelating agents
that efficiently bind metal ions, facilitating their removal from aqueous solutions, and
thereby contributing to the reduction of toxic metal concentrations in the environment [5].
These porous synthetic polymers, characterized by high specific surface area and
unique physicochemical properties, are widely used not only as sorbents but also as
reactive composites. Because the GMA molecule contains an epoxide group susceptible
to nucleophilic and electrophilic ring-opening reactions, various functional groups can be
introduced to tailor polymer properties for diverse applications [6]. In this study, an
amino-functionalized GMA composite was used for silver(l) ion sorption. Incorporating
metal ions into polymers enables the creation of biocidal materials with expanded
applications. Silver is well known for its antimicrobial properties, acting through various
mechanisms, including protein denaturation, and disrupting the bacterial respiratory
chain by interfering with membrane-bound respiratory proteins. Additionally, silver alters
membrane permeability and generates reactive oxygen species (ROS), leading to
oxidative stress and eventual microbial cell death [7].

The aim of this study was to investigate the application of an amino-functionalized
composite based on glycidyl methacrylate (GMA) as a potential sorbent for silver(l) ions,
which was synthesized and characterized by Fourier Transform Infrared Spectroscopy
(FTIR) and Scanning Electron Microscopy (SEM) analyses. Additionally, the
antimicrobial efficiency after sorption of silver(l) ions was evaluated. This approach aims
to achieve a dual purpose: removal of silver(l) ions from wastewater and imparting
antimicrobial activity to the analyzed GMA/Ag composite.

MATERIALS AND METHODS

Materials and instrumentation
For the synthesis of the GMA composite, the following reagents were used: glycidyl
methacrylate (GMA, p.a., Merck, Germany), trimethylolpropane trimethacrylate
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(TMPTMA, p.a., Sigma-Aldrich, Germany), 2,2'-azobisisobutyronitrile (AIBN, 98%,
Sigma-Aldrich, Germany), cyclohexanol (Cy6, p.a., Merck, Germany), and tetradecanol
(C1sa, p.a., Merck, Germany). The GMA composite sample was functionalized with
diethylenetriamine (DETA, p.a., Merck, Germany) in toluene (p.a., Sigma-Aldrich,
Germany). A solution of AgNOs in deionized water was used for Ag () sorption. Mueller-
Hinton agar for bacteria (casein hydrolysate 17.5 g/L, meat extract 2 g/L, starch 1.5 g/L,
agar 17 g/L) and Sabouraud Dextrose agar for yeast and fungi (agar 15 g/L, glucose 4%,
D (+)-glucose 40 g/L, peptone 10 g/L) were used for the determination of antimicrobial
activity.

GMA/Ag composite was characterized with a Nicolet SUMMIT FTIR Spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA), in ATR mode, in the range 4000-500
cm™' and Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy
(SEM-EDS) (JEOL JSM-6390 LV, JEOL Ltd., Tokyo, Japan). Before SEM analysis, the
composite had been coated with a thin layer of gold.

Synthesis of composite

The GMA-based composite was synthesized via suspension copolymerization in a 500
mL flask equipped with a condenser and mechanical stirrer, under nitrogen and heated
in an oil bath. The aqueous phase (225 mL) was heated to 75 °C, followed by the addition
of the monomer phase (GMA, 29.2 g), the crosslinker (TMPTMA, 19.5 g), the initiator
(AIBN, 0.5 g), and inert components (Cy6, 51.0 g; C14, 12.8 g). The reaction was carried
outfor 2h at75°C, and 2 h at 80 °C. The product was isolated by decantation, washed,
dried, and purified via Soxhlet extraction with ethanol (24 h). Amino-functionalization was
performed by treating 7.2 g of the composite with 31.4 g DETA, in toluene (350 mL),
stirred at room temperature for 24 h, then heated at 80 °C for 6 h. The resulting amino-
functionalized GMA-based composite was filtered, washed, and dried [6].

Sorption of Ag(l) ions from aqueous solution

An aqueous solution of silver(l) ions (0.1 M) was prepared by dissolving AgNOs3 in
deionized water. Sorption of Ag(l) ions using the amino-functionalized GMA-based
composite was performed at room temperature (25 °C), pH 5, for 24 hours, resulting in
the amino-functionalized GMA/Ag composite, which was further characterized and used
to determine antimicrobial activity.

Agar diffusion method

The microorganisms used in this study were: Escherichia coli (ATCC 25922),
Staphylococcus aureus (ATCC 25923), Candida albicans (ATCC 2433), and Aspergillus
niger.

The nutritious microbiological media were heated to boiling in a water bath to ensure
complete dissolution, then sterilized for 25 minutes at 120 °C. After solidification of the
media, the microorganisms were directly streaked onto the surface of the agar plates
with a sterile inoculating loop, using the zig-zag method. Also, the wells for the GMA/Ag
were formed in the agar plates. The GMA/Ag (30 mg) was mixed with 100 pL sterile
distilled water, and added to the wells. After 24 hours of incubation at 28°C, the Petri
dishes were examined, and the zone of microbial growth inhibition was measured with
a millimeter ruler [8, 9].
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RESULTS AND DISCUSSION

In Figure 1, the FTIR spectra of the amino-functionalized GMA-based composite before
and after silver(l) ions binding are shown. In the spectrum of the analyzed composite
before silver sorption, a broad peak is observed in the region around 3500-3300 cm,
with a maximum at 3365.7 cm-', which is attributed to —OH groups and N-H stretching
vibrations. After silver sorption, the intensity of this peak changes, suggesting that
hydroxyl and amino groups likely participated in the binding of silver(l) ions. The region
around 2944.4 cm' is characteristic of asymmetric and symmetric stretching of —CH:
and —CH bonds from aliphatic CH2 and CH; groups, while the band at 1465.9 cm"
corresponds to —CH2 and —CH bending vibrations. The most prominent peak in the
spectrum appears at 1726.7 cm™' and corresponds to the C=0 stretching vibration,
characteristic of ester groups. Additionally, peaks corresponding to the vibrations of the
epoxy ring are found at 1258.5, 1151.2, and 984.2 cm-'; after sorption, changes in their
intensity and slight shifts are observed, which may indicate a disturbance in local
symmetry due to coordination with silver ions [10]. After sorption of silver(l) ions, a peak
appears at 826.1 cm™, indicating the formation of an Ag—N complex [11].
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Figure 1. FTIR spectrum of the: (a) amino-functionalized GMA/Ag composite, and (b) after
silver(l) ions binding.

In order to obtain morphological information, the surface of the GMA/Ag composite was
examined using scanning electron microscopy (SEM) at magnifications of 1 ym and 100
um (Figure 2). SEM analysis revealed that the samples consisted of spherical, opaque
particles with a rough surface. The sample exhibited a three-dimensional porous
structure with agglomerates of globules, typical for GMA porous composites [6].
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Figure 2. SEM images of GMA/Ag composite at: (a) 1 um, and (b) 100 um magnification.

Petri dishes with the test microorganisms used to evaluate the antimicrobial activity of
the GMA/Ag composite after Ag(l) ion sorption, as well as control Petri dishes to which
only water was added instead of the polymer, are shown in Figure 3. After 24 hours of
incubation, the inhibition zones were measured by subtracting the radius of the well (5
mm) from the total radius of the clear inhibition zone (9 mm). The results of the
antimicrobial tests demonstrated that the GMA/Ag composite effectively acted against
Gram-negative bacteria (such as E. coli) and Gram-positive bacteria (S. aureus), with
the same inhibition zone of 4 mm (Figure 3). The antimicrobial tests against yeast (C.
albicans) and fungi (A. niger) were negative, probably due to the possibility that the silver
concentration, or the form used in this study, wasn’t adequate to exert a measurable
inhibition effect. Therefore, it can be assumed that the analyzed composite is
antibacterial because it showed a significant inhibition of bacterial growth.

Figure 3. The antimicrobial activity of the GMA/Ag composite against: (a) E. coli, and (b) S.
aureus.

Several studies have examined the antimicrobial activity of glycidyl methacrylate (GMA)-
based composites functionalized with silver. Vukoje et al. (2015) demonstrated
significant antimicrobial effects of poly(GMA-co-EGDMA) copolymers with immobilized
silver nanoparticles against bacteria (Escherichia coli, Staphylococcus aureus) and fungi

25



(Candida albicans). Fan et al. (2011) demonstrated that silver-containing GMA-based
dental resins exhibited strong antibacterial activity against Streptococcus mutants, while
research by Gligorijevic et al. (2022) showed that silver-modified polymethyl
methacrylate (PMMA) resins effectively inhibited growth of Staphylococcus aureus and
Candida albicans. These findings collectively underscore the antimicrobial potential of
silver-functionalized methacrylate composites.

CONCLUSION

In this study, the antimicrobial activity of a novel silver-containing GMA-based composite
(GMA/Ag) was evaluated using the agar diffusion method. SEM analysis of GMA/Ag
revealed a three-dimensional porous structure, while FTIR spectra confirmed the amino-
functionalization and incorporation of Ag(l) ions in the structure of the crosslinked
composite through the formation of Ag—N bonds. Based on the obtained results, it can
be concluded that the amino-functionalized GMA-based composite is effective as a
sorbent of Ag(l) ions from aqueous solutions, as well as an antibacterial agent. However,
the commercial application of this composite would require further studies, analyses, and
evaluations to ensure its safe and effective use.
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Izvod

GMA/Ag KOMPOZIT KAO ANTIMIKROBNO SREDSTVO

Sandra Bulatovi¢ ID, Natalija Nedi¢ ID, Tamara Tadié¢ ID, Bojana Markovi¢ ID,
Aleksandra Zeradanin ID, Aleksandra Nastasovié 1D
Univerzitet u Beogradu, Institut za hemiju, tehnologiju i metalurgiju (IHTM),
Institut od nacionalnog znacaja za Republiku Srbiju, Beograd, Srbija

Srebro je plemeniti metal koji se koristi u raznim industrijama, tako da moze dospeti u
Zivotnu sredinu kao nusproizvod industrijskih aktivnosti, $to potencijalno mozZe dovesti
do zagadenja. Shodno tome, uklanjanje srebra iz otpadnih voda je kljuéno za poboljSanje
kvaliteta Zivotne sredine. Porozni sinteti¢ki polimeri (kompoziti), sa svojom visokom
specificnom povrdinom i jedinstvenim fiziCko-hemijskim svojstvima, izazvali su
interesovanje kao efikasni sorbenti u o€uvanju Zivotne sredine. Kompoziti na bazi glicidil
metakrilata (GMA) se Siroko koriste u razli¢itim primenama kao sorbenti (metala,
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organskih jedinjenja itd.), nosaci enzima i u biomedicini. Glavni ciljevi ove studije bili su
sinteza, karakterizacija i istraZivanje antimikrobne aktivnosti novog GMA/Ag kompozita.
Za sintezu kompozita koriséeni su GMA kao monomer, i umreziva¢ trimetilolpropan
trimetakrilat (TMPTMA), nakon Cega je usledila funkcionalizacija dietilentriaminom
(DETA). Srebro je ugradeno u kompozit sorpcijom iz 0,1 M rastvora AgNOg3s, na pH 5, i
25°C, tokom 24 sata. Sintetisani kompozit je okarakterisan koriS§¢enjem Furijeove-
transformacione infracrvene spektroskopije (FTIR) i Skeniraju¢e Elektronske
Mikroskopije (SEM). Antimikrobna aktivnost GMA/Ag kompozita je procenjena
koris¢enjem metode difuzije u agar-bunari¢ima za razli¢ite mikroorganizame, ukljuujuci
predstavnike gram-negativnih (Escherichia coli) i gram-pozitivnih bakterija
(Staphylococcus aureus), kvasaca (Candida albicans) i gljiva (Aspergillus niger).
Rezultati antimikrobnih testova su pokazali da GMA/Ag kompozit ispoljava dobru
antimikrobnu aktivnost protiv analiziranih mikroba i da se potencijalno moze koristiti za
biomedicinske primene, u prehrambenoj i farmaceutskoj industriji, u tretmanu otpadnih
voda itd.

Klju€ne reci: GMA/Ag kompozit, FTIR, SEM, antimikrobna aktivnost.
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DISPERSIVE SOLID-PHASE MICROEXTRACTION BASED ON AMINO-
FUNCTIONALIZED POLYMER FOR PRECONCENTRATION OF AZO DYE FROM
AQUEOUS SAMPLES
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Synthetic dyes are extensively used in the food, cosmetic, textile, and pharmaceutical
industries, and their release into the environment presents serious health and ecological
concerns due to their toxicity and resistance to degradation. Among them, azo dyes
represent the most prevalent class and are particularly harmful due to their toxic and
persistent nature. They are also linked to serious health issues, affecting organs such
as the kidneys, liver, brain, and respiratory system. Therefore, the quantification and
removal of azo dyes from different media is essential. In this study, the preconcentration
and determination of Congo Red (CR) as a model azo dye in aqueous samples were
investigated. For this purpose, dispersive solid-phase microextraction (DSPME) was
employed to extract CR from aqueous samples using an amino-functionalized glycidyl
methacrylate-based polymer, prior to UV-Vis spectroscopy measurements. Parameters
affecting the extraction of CR, adsorption and desorption time, and desorption agent
volume, were optimized by the Box-Behnken design (BBD). The optimized methodology
involved 10 mL of aqueous CR solution, 50 mg of amino-functionalized polymer, and
500 uL of 0.2 mol/dm® NaOH as the desorption agent, with sorption and desorption
performed at room temperature for 4 and 6 minutes, respectively. The predicted
extraction recovery of 76.07 % for CR, obtained from the polynomial model, showed
good agreement with the experimental value of 75.50 %. The results confirm that the
proposed DSPME procedure is a simple and fast method with strong potential for the
determination of azo dyes in aqueous samples.
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INTRODUCTION

Due to their ease of use, broad color palette, and excellent stability, synthetic dyes are
widely employed across industries such as textiles, leather, paper, plastics, and
foodstuffs. Chemically, they consist of chromophoric compounds that interact physically
or chemically with substrates, selectively absorbing specific wavelengths of light to
impart color [1]. The advent of synthetic dyes enabled rapid, large-scale textile
production with shorter dyeing times and enhanced dye uptake, making dyed fabrics
more accessible to a broader consumer base. Beyond fiber dyeing and textile printing,
they are also applied in paper and packaging coloration, as well as in the food and
beverage industries [2]. Unlike natural dyes, the chemical structures of synthetic dyes
can be tailored to yield a vast array of hues. However, their manufacture, use, and
disposal pose significant environmental and health challenges [3].

Congo red, CR (C3,;H;,NgNa,04S,; Mr=696.68 g/mol) is an anionic synthetic dye
characterized by a complex aromatic structure [4]. Its multiple aromatic rings and azo
linkage (—N=N-) confer resistance to biodegradation and high toxicity, as the azo bond
is engineered for chemical stability [5]. CR is extensively used in textile, printing, wool,
and silk industries, as well as in histological applications (e.g., amyloidosis diagnosis)
and as a pH indicator [6, 7]. Owing to its persistence, CR represents a threat to human
health and aquatic ecosystems: it can induce ocular and dermal irritation, gastrointestinal
distress, respiratory difficulty, and is known to be carcinogenic, teratogenic, and
reproductive toxic [8]. Chronic exposure may damage the liver and circulatory system
and has been linked to various cancers, since CR can be metabolized to benzidine, a
recognized carcinogen [9]. In aquatic environments, CR impedes light penetration and
reduces gas solubility, disrupting photosynthesis and endangering aquatic life [10].
Numerous treatment methods have been developed for textile industry wastewater,
which is predominantly contaminated with dyes. These include adsorption [11],
membrane filtration [12], coagulation and precipitation [13], oxidation [14], photocatalysis
[15], enzymatic degradation [16], and ion exchange [17]. Research is focused on
developing cost-effective, locally available, and efficient adsorbents specifically
designed for the removal of pollutants like CR and other azo dyes, with dispersive solid-
phase microextraction recognized as a highly effective, economical, and environmentally
friendly remediation strategy. Consequently, advanced hybrid materials such as amino-
functionalized polymers have garnered considerable attention [18, 19].

Dispersive solid-phase microextraction (DSPME) is a modern sample-preparation
technique that integrates sampling, preconcentration, and extraction in a single step,
allowing the direct introduction of analytes into analytical instruments. DSPME is
characterized by minimal sorbent usage and the ability to extract analytes from very
small sample volumes [20]. During the development of DSPME-based methods,
numerous factors influencing sample-preparation efficiency must be considered. In this
context, multivariate optimization proves highly valuable. Achieving high sensitivity,
accuracy, and precision with DSPME requires identifying relevant factors and
experimentally controlling their individual and interactive effects. Thus, the application of
formal Design of Experiments (DoE) enables a systematic, rapid, and efficient
optimization workflow that significantly surpasses traditional one-factor-at-a-time (OFAT)
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approaches. The choice of experimental design depends on the research objectives, the
number of factors, and available resources [21].

In this work, the applicability of the DSPME method, based on an amino-functionalized
glycidyl methacrylate polymer, was systematically investigated for the preconcentration
and determination of CR in aqueous media. The method was optimized using the Box-
Behnken experimental design to evaluate the combined effects of key operational
parameters, including adsorption time, desorption time, and desorption solvent volume,
in order to maximize extraction efficiency.

The advantages of the proposed method include the use of an amino-functionalized
polymer as the sorbent, which enables effective analyte binding. The method requires
only a small amount of sorbent, with short sorption and desorption times, contributing to
overall time efficiency. Additionally, the procedure is performed under mild conditions
that do not require additional energy input, and the number of experiments was
minimized through the application of the DoE methodology.

MATERIALS AND METHODS

Chemicals

All the chemicals used for DSPME were of analytical grade and used as received. Congo
red (CR, Cs2H22NeNa206S2), sodium hydroxide (NaOH, p.a. > 98%) were obtained from
Sigma Aldrich (Saint Louis, MO, USA). All solutions were prepared with deionized water.
A previously synthesized polymer, prepared via suspension polymerization and
subsequently amino-functionalized with diethylenetriamine (DETA), was used as the
solid phase in dispersive microextraction. The synthesis and amino-functionalization of
the polymer (SGE80-deta) have been described in detail elsewhere [22].

Instrumentation

Vortex-assisted dispersive solid phase microextraction was performed employing a
Vortex Stirrer (VORX-005-001, V05, Labbox Labware S.L., Spain). Statistical analysis
and experimental design were conducted using Minitab (version Minitab 20, Minitab Inc,
USA). Quantification of CR was carried out using UV-Vis spectroscopy (NOVEL-102S,
COLOLab Experts, Polje ob Sotli, Slovenia) at an absorption wavelength ( Amax) of 498
nm.

Box—Behnken design (BBD)

To optimize the extraction of CR from aqueous samples, response surface methodology
(RSM) based on the Box—Behnken design (BBD) was applied. The influence of key
experimental variables, adsorption time (tass), desorption time (tses), and desorption
solvent volume (Vaes), was systematically evaluated in order to enhance extraction
efficiency prior to UV-Vis spectrophotometric analysis. Therefore, a set of 15
experiments was designed and conducted in a randomized order to prevent systematic
errors. Coded factor values were used in the experimental matrix, where minimum,
center, and maximum levels were assigned values of -1, 0, and +1, respectively. The
values of these variables are presented in Table 1, while the matrix with coded values
of the investigated factors is shown in Table 2.
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Table 1. Factors affecting DSPME using the amino-functionalized polymer as the sorbent phase

Variable -1 0 +1
Adsorption time (tags), min 2 4 6
Desorption time (tdes), min 2 4 6

Desorption solvent volume (Vdes),

500 700 900
uL

Table 2. BBD Matrix with Coded Values

RunOrder tads tdes Vdes
0 0 0
2 0 +1 -1
3 0 +1 +1
4 0 0 0
5 -1 -1 0
6 -1 0 +1
7 +1 0 +1
8 -1 +1 0
9 0 -1 -1
10 0 -1 +1
11 0 0 0
12 +1 -1 0
13 +1 +1 0
14 -1 0 -1
15 +1 0 -1

Dispersive solid-phase microextraction

The optimized parameters of the experimental procedure involved the use of 10 mL of
aqueous CR solution (1 ppm) and 50 mg of amino-functionalized polymer as the sorbent.
The sorption process was carried out at unadjusted pH (pH = 5.5) and room temperature
for 4 min without any adjustment of the ionic strength, after which the sorbent was
separated. For the desorption, 500 pL of sodium hydroxide solution (0.2 mol/dm?) was
added, and the mixture was stirred at room temperature for 6 minutes. Following
desorption, the resulting liquid phase was analyzed by UV-Vis spectroscopy at a
wavelength of 498 nm to determine the CR concentration.

RESULTS AND DISCUSSION

The BBD was used to define the optimal parameter values of the DSPME method. By
conducting a series of 15 experiments in three replicates, three factors, adsorption time
(tass), desorption time (tses), and desorption solvent volume (Vdes), were varied at three
levels. Statistical analysis of the results was performed using Minitab. The system
response monitored was the extraction efficiency (ER, %) of the DSPME method,
calculated according to Equation 1 [23].
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ER,%= CCR,desVCR,des X1 00 1
CR,aq "CR,aq ( )

where Ccrdes (Mg/dm?3) and Ccraq (Mg/dm3) denote the concentrations of CR in the

desorption solvent and in the aqueous phase, respectively, while Vcr,aq (L) and Vcr des

(L) represent the volumes of the aqueous solution and the desorption solvent.

The BBD matrix with the actual values of the examined factors, along with the

experimentally obtained system response values (ER, %), is presented in Table 3.

Table 3. Experimental design for BBD with actual values of variables and the corresponding
system response values

RunOrder tads, min tdes, Min Vdes, UL ER, % ERt, %
1 4 4 700 69.16 59.05
2 4 6 500 75.50 76.07
3 4 6 900 36.40 45.91
4 4 4 700 45.24 59.05
5 2 2 700 46.92 51.41
6 2 4 900 30.80 27.27
7 6 4 900 29.19 24.99
8 2 6 700 61.32 56.73
9 4 2 500 70.30 61.63
10 4 2 900 28.74 29.07
11 4 4 700 61.47 59.05
12 6 2 700 34.05 39.53
13 6 6 700 69.09 65.49
14 2 4 500 52.80 57.91
15 6 4 500 52.70 57.07

In order to explain the correlation between the investigated factors and the system
response, a second-order polynomial regression model was fitted to the experimental
data, resulting in the development of the corresponding regression equation.

ER, % =-72 +12.2 tads - 7.9 des + 0.223 Vdes -214 tadstads + 0.70 tdestdes - 0.000217
VdesVdes + 1.29 tadstdes - 0.0009 tadsVdes + 0.0015 tdesVdes

The predicted values of ER, %, calculated using the developed regression equation and
marked as ER, are presented in Table 3.

Based on these results, the lowest ER of the DSPME method using the amino-
functionalized polymer as the solid phase was 28.74%, observed at a desorption solvent
volume of 900 pL, with an adsorption time of 4 minutes and a desorption time of 2
minutes. In contrast, the highest efficiency of 75.50% was achieved with a desorption
solvent volume of 500 L, an adsorption time of 4 minutes, and a desorption time of 6
minutes. The highest extraction efficiency was achieved using 500 yL of the desorption
solvent, while a notable decrease was observed at higher volumes, such as 900 L. This
reduction can be attributed to the dilution effect, where the analyte desorbed from the
sorbent is dispersed in a larger volume, resulting in lower analyte concentration in the
eluent. Consequently, the analytical signal becomes weaker, which negatively affects
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the calculated recovery values. Similar observations regarding the dilution effect have
been reported in other studies [23, 24]. A longer desorption period affords the analyte
sufficient time to be released from the sorbent and transferred into the solvent, whereas
shorter intervals often result in partial analyte retention and diminished recovery. Vortex-
assisted agitation has been shown to enhance mass transfer between the sorbent and
sample phases, thereby improving both adsorption and desorption efficiencies.
Consequently, extending the desorption time enhances analyte transfer and improves
overall extraction efficiency.

Figures 1, 2, and 3 present a three-dimensional response surface plot (a), which visually
illustrates the interdependence of experimental parameters and their combined effect on
the response, along with a contour plot (b) that provides a more detailed insight into the
influence of individual variables and their interactions on extraction efficiency.

a) b)
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tdes

ER. %

50

40

2 3 4 5
tads

Figure 1. Effect of adsorption and desorption times on DSPME extraction efficiency at constant
desorption solvent volume (700 pl) illustrated by three-dimensional response surface plot (a) and
contour plot (b)

In the three-dimensional response surface plot (Figure 1a) and the contour plot
(Figure 1b), at a constant desorption-solvent volume of 700 yL, variations in adsorption
time (x-axis) and desorption time (y-axis) are shown to affect the DSPME extraction
efficiency (ER, %). At short desorption intervals (2—4 min), recoveries remain moderate
(approximately 50-60 %) across all adsorption durations. As the desorption time extends
beyond 4 min, a marked increase in efficiency is observed: when adsorption is set to
4 min, extraction yields rise sharply, reaching their maximum at a desorption time of
6 min (> 65 %). Further prolongation of desorption or deviation from the 4 min adsorption
interval affords no additional benefit and may even slightly reduce recoveries, indicating
that equilibrium has been achieved. These results clearly identify 4 min of adsorption
combined with 6 min of desorption as the optimal conditions for maximizing DSPME
performance.
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Figure 2. Response surface and contour plots showing the effect of desorption solvent volume
and adsorption time on DSPME extraction efficiency at constant desorption time (4 min)

Figure 2 depicts a three-dimensional response surface (a) and contour plots (b) of
DSPME extraction efficiency (ER, %) as a function of desorption solvent volume (500—
900 pL, y-axis) and adsorption time (2—6 min, x-axis), with desorption time fixed at 4 min.
The highest efficiencies (ER > 60 %) are centered precisely at 500 yL and an adsorption
time of 4 min, identifying this point as the optimal operating condition. Deviations from
500 pL, either increasing the solvent volume above 500 pL or decreasing it below, result
in a steady decline in recovery, passing through the 50-60 % and 40-50 % regions down
to less than 40 % at the extremes. Similarly, adsorption times shorter or longer than 4 min
yield lower efficiencies. These results confirm that a desorption solvent volume of 500 uL
combined with a 4 min adsorption is optimal for achieving maximum DSPME
performance.

Figure 3 presents a three-dimensional response surface plot (a) and a contour plot (b)
of DSPME extraction efficiency (R, %) as a function of desorption time (2—6 min, x-axis)
and desorption solvent volume (500-900 pL, y-axis), with the adsorption time held
constant at 4 min. The darkest region (> 70 %) occurs at a desorption time of 6 min and
a solvent volume of approximately 500 L, indicating the highest extraction yield. Moving
away from this optimal point, either by decreasing the solvent volume below or
increasing it above 500 pL, or by shortening the desorption time below 6 min, leads to a
gradual decrease in efficiency, passing through the 60—70 % and 50-60 %, respectively,
contours and falling below 40 % at the extreme parameter values. These results clearly
confirm that a 6-minute desorption interval combined with a 500 yL eluent volume
represents the optimal conditions for maximizing DSPME performance.
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Figure 3. Response surface and contour plots showing the effect of desorption time and solvent
volume on DSPME extraction efficiency at constant adsorption time (4 min)

CONCLUSIONS

In the context of modern, industry-driven lifestyles, the textile sector ranks among the
fastest-growing industries and plays a pivotal role in a country’s economic development.
Simultaneously, it invariably exacerbates anthropogenic impacts on the Earth’s
biosphere by consuming vast quantities of water and generating large volumes of
colored wastewater due to the dyes and pigments employed during the dyeing process.
CR, an anionic azo dye, poses significant challenges in the dye industry owing to its
complex chemical structure. Effective treatment of industrial effluents-often
contaminated by the excessive use of CR-remains one of the most pressing and
enduring ecological concerns. Therefore, the development of efficient, rapid, and
environmentally benign analytical methods for the detection and removal of such
pollutants is of paramount importance. In this study, the DSPME procedure utilizing an
amino-functionalized glycidyl methacrylate-based polymer was successfully optimized
for the selective extraction of CR from aqueous samples. The application of BBD
enabled the identification of optimal operational parameters, specifically, 4 minutes of
adsorption, 6 minutes of desorption, and 500 uL of NaOH as the desorption agent,
yielding a high extraction recovery of over 75%. These results demonstrate that the
proposed method is not only cost-effective and straightforward but also highly suitable
for the monitoring and treatment of dye-contaminated water in environmental analysis.
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Izvod

DISPERZIVNA MIKROEKSTRAKCIJA NA AMINO-FUNKCIONALIZOVANOM
POLIMERU KAO CVRSTOJ FAZI ZA PREKONCENTRACIJU AZO BOJE I1Z
VODENIH RASTVORA

Bojana Markovi¢ ID, Tamara Tadi¢ ID, Sandra Bulatovi¢ ID, Natalija Nedi¢ ID,
Aleksandra Nastasovi¢ ID
Institut za hemiju, tehnologiju i metalurgiju, Univerzitet u Beogradu, Beograd, Srbija

Sinteticke boje se Siroko primenjuju u prehrambenoj, kozmetickoj, tekstilnoj i
farmaceutskoj industriji, a njihovo dospevanje u zivotnu sredinu predstavlja ozbiljan
ekoloSki i zdravstveni problem zbog njihove toksi¢nosti i hemijske postojanosti. Medu
njima, azo boje ¢ine najzastupljeniju klasu i narocito su Stetne usled svoje toksicne i
perzistentne prirode. Dodatno, povezane su sa ozbiljnim zdravstvenim problemima, koji
mogu zahvatiti bubrege, jetru, mozak i respiratorni sistem. Stoga je kvantifikacija i
uklanjanje azo boja iz razli€itih medijuma od kljuéne vaznosti. U ovom radu ispituje se
prekoncentracija i odredivanje azo boje Kongo crveno (CR) kao model supstance u
vodenim rastvorima. U tu svrhu primenjena je disperzivha mikroekstrakcija na &vrstoj
fazi (DSPME) za izdvajanje CR iz vodenih uzoraka pomoc¢u amino-funkcionalizovanog
polimera na bazi glicidil-metakrilata, pre merenja na UV-Vis spektrofotometru. Parametri
koji utiCu na proces ekstrakcije CR, vreme adsorpcije i desorpcije, kao i zapremina
agensa za desorpciju, optimizovani su kori8¢enjem Box-Benken dizajna (BBD).
Optimizovani uslovi obuhvatali su 10 mL vodenog rastvora CR, 50 mg amino-
funkcionalizovanog polimera i 500 pL rastvora NaOH rastvora (0,2 mol/dm?) kao agensa
za desorpciju, pri ¢emu su adsorpcija i desorpcija sprovedene na sobnoj temperaturi
tokom 4, odnosno 6 minuta. Predvideni prinos ekstrakcije CR izracunat pomocu
polinomskog modela iznosio je 76,07 %, Sto je pokazalo dobru saglasnost sa
eksperimentalno dobijenim rezultatom od 75,50 %. Dobijeni rezultati potvrduju da je
predloZzena DSPME procedura jednostavna i brza metoda sa znacajnim potencijalom za
odredivanje azo boja u vodenim rastvorima.

Kljuéne redi: glicidil metakrilat, dietilentriamin, Kongo crveno, Box-Behnken dizajn,
DSPME
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Waste paints and other expired or unused coatings can be recycled before disposal.
This is important because it reduces the volume of landfill waste and allows a certain
amount of components to be reused. This contributes not only to waste reduction but
also to improved environmental sustainability, while significant economic savings are
realized.

This paper presents the design of a paint recycling device that works on the principle of
distillation. In contrast to classical distillers, which work on the principle of distillation with
a heat exchanger condenser, the proposed system consists of a main tank and a
distillation column. The advantages of this device are that fractions with similar
evaporation temperatures can be separated more easily.

A mathematical model based on thermodynamic and process parameters was
developed to predict the behavior of the distillation process for different solvents. Based
on the real parameters of the process, such as working pressure, composition, and flow
rate of the feed mixture, evaporation temperature, etc., the time, composition, quality,
and quantity required for the separation of each component were calculated, which
represents the economic justification of this process. Three solvents with different
compositions were tested using adjustable parameters of the distillation process, and
the results provided insights into the distillation behavior, the characteristics of the
recycled mixture, and the quality and yield of the recovered products.
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INTRODUCTION

Paints and various coatings are used in almost every household as an integral part of
regular maintenance. They are also commonly found in everyday applications and
across multiple industries, including construction, automotive, shipbuilding, catering,
marketing, and others [1,2].

Paints and other organic solvent-based agents that have reached their expiry date,
suffered wear and tear, have damaged packaging, or are otherwise no longer usable
should be recycled and reused instead of being disposed of directly in landfills or
incinerators. These materials can be considered liquid waste containing small amounts
(up to maximum of 10%) of non-volatile impurities [3].

Assessing the feasibility of recycling chemical solvents involves calculations based on
the type, quantity, and composition of the organic solvent. The results indicate which
component can be recovered and how much the volume of solid waste deposited is
reduced [2,4].

Waste and unused stocks of paints and other organic solvents pose a significant
environmental challenge both locally and globally, as they are classified as hazardous
waste [5]. As a result, many waste management organizations are actively working to
address this issue. A global trend in recent years has been to encourage consumers to
accurately calculate the amount of paint needed for work, thereby minimizing leftover
quantities. Effective paint waste disposal is crucial and involves efforts to recycle and
minimize the quantity of waste that requires treatment. Additionally, appropriate systems
for the disposal of paint waste in landfills should be made available, depending largely
on the quantity or volume of waste generated [1].

Paints often contain chemicals such as solvents and heavy metals that can contaminate
soil and groundwater, posing risks to both the environment and human health. Recycling
unused paint reduces these negative impacts and lowers the costs associated with
hazardous waste disposal [4-6].

Several paint recycling associations have been established in Australia, primarily
initiated by the paint industry and transporters, covering approximately 95% of all
building and decorative paints sold in the country [7]. In addition to ensuring the
responsible disposal of paint waste, these organizations are also committed to
researching new methods for repurposing or replacing unused paint materials [3]. In the
United States, numerous non-profit organizations have been created to represent paint
manufacturers in the planning and management of paint recycling programs [8]. Since
2009, one of these organizations has set up 1,765 paint collection points, most of which
are located in grocery shops and supermarkets. Their goal is to ensure that as much
leftover paint as possible is either recycled or otherwise put to beneficial use [9].

In Canada, the paint and coatings industry operates the world's most extensive post-
consumer paint recycling program, with activity in each province. In 2017, 28 million
kilograms of used paint were collected and recycled enough to repaint approximately
560,000 average-sized houses [10]. Unused or leftover paint remains an important target
of waste management efforts, as it constitutes a significant amount (volume) of
household hazardous waste. The associated management costs are high, but there is
great potential for waste reduction (volume), refreshment, recycling, and reuse [1,2].
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In Serbia, legislation requires all users to store used paints, varnishes, and solvents in
appropriately organized facilities that meet fire safety regulations. Several organizations
in Serbia are responsible for the packaging, transport, and further treatment of this type
of waste. These organizations ensure that such waste is properly stored, transported,
and finally disposed of by incineration in accredited facilities abroad. Certain financial
resources must be allocated for this service, which largely depends on the quantity
(volume) of hazardous waste. If some of the used paints were recycled and reused, the
amount of waste sent for incineration and the disposal costs could be significantly
reduced [5,11,12].

A semi-batch incineration plant is commonly used for the recycling of paints and organic
solvents [3,13]. The design of this plant consists of a conical stainless steel distillation
vessel (boiler) equipped with a heating jacket. The solvent is rapidly heated via a double
jacket transfer. The setup is based on a chemical solvent recycling device consisting of
a main tank with a mixer heated by a jacket and a column with trays used for a more
selective separation of the components.

To evaluate the efficiency of solvent recovery, a mathematical model was developed
based on simulations of a distiller with a tray column. This model can be used to optimize
the separation/purification of organic solvents under environmentally friendly process
conditions. The model takes into account all the parameters of the real process, the input
data related to the organic solvent being recycled, providing optimized parameters as
final information. Recovery rates ranging from 95% to 99.9% can be achieved,
depending on the composition of the solvent mixture [2,4,5].

The distillation process

The distillation process is described using a developed mathematical model.

A schematic representation of the paint recycling device is shown in Figure 1. The device
consists of a main vessel with a stirrer, heated by hot oil or steam via a jacket, and
connected to a column with trays and a condenser. The process operates in a semi-
batch mode, where the feed mixture is continuously introduced into the system as long
as a constant liquid level is maintained in the vessel. The condensed volatile
components are collected in a receiving tank. The advantage of the proposed device
compared to a classical distillation unit with a standard heat exchanger (condenser) lies
in its ability to achieve a higher purity of the recovered components. Based on the
described technological process for the treatment of organic solvents using a specially
designed device, a mathematical model was developed to simulate the operation of the
unit with various organic solvents [4,5].

The feed mixture is heated under continuous stirring. Separation occurs due to
differences in boiling temperatures of the components, with the aid of a distillation
column to enhance selectivity. The collected data is used for process simulation and
optimisation [2].

The components of the system are labeled in Figure 1 as follows: 1 - solvent collecting
tank, 2 - distillation column, 3 - residue collecting tank, P1 - batch pump, V1 - inlet valve,
V2 - outlet valve, HE - heat exchanger, LS - level indicator, Tl - temperature indicator,
S1-S8 — flow indicators for process streams.
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Figure 1. Schematic diagram of the paint recycling system

At the beginning of the process, the distillation apparatus (2) is charged with a recycled
solvent-insert mixture (S1). Valve V2 is closed, and the unit is filled by activating pump
P1 and opening valve V1. Filling stops once the liquid reaches the LS level sensor. The
pump P1 and valve V1 are then deactivated. The operating pressure is set by turning on
the vacuum pump. Once the system is fully charged, the distillation begins [12].

The mixer is started, and heating is activated. The temperature of the heating oil should
be maintained between 30 and 60 °C above the boiling temperature of the solvent to
achieve sufficient driving force for the vaporization. During the distillation process, a
recycled mixture is constantly fed in. As the mixture evaporates, it is condensed by a
coolant flowing through the condenser. The distillation continues until the temperature
of the mixture in the main vessel reaches approximately 10 °C above the boiling point of
the pure solvent. The condensed vapor (stream S8) is collected in vessel 1 [12,13].
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The distillation process is terminated by closing the valve V1 on the feed line of the
solvent S2, by switching off the heater, by switching off the vacuum pump, and the
system is allowed to cool to ambient temperature. The valve for the condenser's cooling
fluid is also closed.

The non-volatile residue (the sludge) is discharged through valve V2 into the collection
container 3 and then packed and sent for disposal by authorized personnel. It should be
noted that in real industrial settings, the plant cleaning stage is very important, and
begins half an hour after distillation, allowing the residue to cool and preventing
unwanted vapor emissions. Before discharging, it is essential to check that atmospheric
pressure has been established and the vacuum has been completely released [5,13].
The distiller with mixer is heated by the oil jacket, while the gas phases obtained in the
column are routed to the condenser. The volatile components are condensed and
collected in the distillate vessel. The recycling solvent mixture is continuously heated
and mixed, and the components are separated due to the different evaporation
temperatures. The vacuum pump establishes the desired working pressure [13].

The distillation process can be divided into eight separate, consecutive parts:

1) Charging the system with inert gas,

2) Introducing the mixture for the process of distillation,

3) Establishing a vacuum in the system and starting the gas phase cooling system,
4) Heating the recycling mixture to the boiling point,

5) Distillation process,

6) Cooling of the mixture,

7) Compression of the system to atmospheric pressure by introducing inert gas,

8) Discharging the residue into storage containers [4,12].

All these separate processes are interconnected and form a complete recycling process.

1) Charging the system with inert gas. This process is very important to increase the
safety of the distillation process, as organic solvents are flammable. Nitrogen is used as
an inert gas [4].

2) After charging the system with inert gas, the recycling mixture is introduced up to the
maximum fill level.

3) Decompression of the system and establishment of a cooling system. The operating
pressure is built up by switching on the vacuum pump. The operating conditions for the
condensation of the vapor phase are established by draining cooling water via the
condenser. After building up the vacuum, the cooling system is switched on [13].

4) The recycling mixture is heated to a boiling point above the jacket with warm oil. The
duration of the process depends on the composition of the batch to be recycled and is
determined by the following equations, where all variables are defined in the
Nomenclature:
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Mdh(T,P,x)

=0 (1)

dt
Q=UA(T, -T) 2)
Q = moil : cP,oil (T;)il,inlet - T;)il,outlet ) (3)
h=h(T,P,x) (4)

Depending on the composition of the feed mixture, the enthalpy of the batch is
determined using the thermodynamic models of Peng-Robinson or the NRTL [2,5].

5) After reaching the boiling temperature, the solvent evaporates and condenses in the
condenser and flows off into the collecting tank. A fresh mixture is continuously fed into
the vessel, ensuring that the mixture volume is constant. This is achieved by a negative
feedback control system (Figure 1) [4].

The distillation process is described by the following system of differential-algebraic
equations [2,4]:

dﬂ:mi _mo (5)
dt
dZS = 1m;x, (6)
a, =mx —my (7)
dt - Mty oyu
fi_ljszhi _mohu +Q (8)
Q=UA(T,-T) (9)
Q = moil : cP,oil (T(')il,inlet - Z:)il,outlet) (10)
K, =K(P,T,x,y) (1)
h,=h(P,T,x,) (12)
h,=h(P,T,y,) (13)
h =h(P,T,x) (14)
p=p(x,P,T) (15)
E=M-h (16)
M =p(x,P,T)-V (17)
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The heating oil temperature is maintained at 30-60 °C above the solvent boiling point.
During the distillation process, a mixture for recycling is continuously introduced.
Distillation continues until the temperature of the mixture in the main vessel reaches a
value 10-20 °C above the boiling point of the pure solvent. The distillation process is
completed by closing the valve on the feed line for the solvent that is recycled in the
distiller, whereupon the heaters and the vacuum pump are switched off [12].

6) The mixture is cooled via the oil jacket system until the ambient temperature is
reached. Finally, the valve for the liquid supply to the condenser is closed. The duration
of the cooling process depends on the properties of the residue and is determined by
the following equations [5,13]:

dh (T, P,x)
M———==-0 (18)
dt
0=UA(T-T,) (19)
Q = moil : cP,oil (T:)il,inlet - Z;)il,outlet ) (20)
h=h(T,P,x) (21)

7) The system is compressed to atmospheric pressure by introducing inert gas [4].

8) Emptying the residue into the disposal container. The sludge that remains at the
bottom of the distiller vessel is emptied into the collection container via a valve and then
packaged by the responsible parties and made available for transport. It should be noted
that in the real system, the cleaning stage of the plant is very important, which in practice
begins half an hour after distillation in order to cool the precipitate and prevent unwanted
evaporation. Before starting emptying, it is necessary to check that atmospheric
pressure has been established, i.e., that the vacuum in the system has been completely
released [4,13].

Based on the described technological process of treating organic solvents, data were
obtained for simulation and process optimization. Using appropriate mathematical
models, experimental measurements were analyzed and calculations for organic solvent
recovery were carried out. Based on the input and output data, an algorithm was
developed to optimize the recycling of the individual organic solvent components and
simultaneously minimize the volume of the waste sludge. In order to dispose of the waste
sludge as economically as possible and to reuse the recycled components, a
mathematical model was developed to provide insight into the justification of the
recycling process for various organic solvents in advance [2,4,5].
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RESULTS AND DISCUSSION

The distillation tests performed on three different solvent mixtures (Solvents 1-3) under
reduced pressure (0.5 bar) revealed clear trends in terms of solvent behavior,
separation efficiency, and potential for recycling or safe disposal. During the distillation
process, the level in vessel 2 is kept constant using two parameters: the control of
valve 1 and the temperature control in vessel 2. Despite the differences in composition,
the distillation system showed comparable thermal and dynamic profiles,
demonstrating the effectiveness of the method used for the recovery of solvents in
paint recycling and treatment units. The parameters of the distillation process are listed
in Table 1.

Table 1: Parameters of the distillation process

Distillation process parameters

Solvent 1 Solvent 2 Solvent 3
Boiling temperature at 0.5 bar, [°C] 70 40.5 79.3
Heating fluid operating temperature, 115 95.5 124.3
[°C]
Solvent temperature at which the 80 57 89.3

distillation process is interrupted, [°C]

For all three solvents, a progressive increase in temperature and a corresponding
decrease in solvent concentration in vessel 2 were observed as distillation progressed.
This is due to the gradual removal of more volatile components and the concentration of
suspended solids and higher-boiling fractions.

Solvent 1 was recycled in a distillation system, and the results of the calculations are
shown in Table 2. Solvent 1 is a complex mixture with the following composition: 26-48%
toluene, 10-23% acetone, 13-26% ethyl acetate, 10-24% methyl acetate, 3-9%
methanol, 3-9% THF, 3-11% ethanol, 1-2% cyclohexane, 1-2% propanol, 1-3% butanol
and 1-3% butyl acetate with a wide boiling range, which has a steady vapor flow of about
47-55 kg/h after the initial heating phase and stabilizes after about 10 hours. The working
temperature increased from 49-70 °C during distillation, with the solvent mass fraction
decreasing from 94 to 34%. The suspended solids content gradually increased from 6
to 66%, indicating a concentration effect typical of multi-component distillation systems.
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Table 2. The results of the calculation for Solvent 1

Time Working Working Vapor Mass Mass Amount  Amount Quantity Amount

temperature  pressure flow fraction fraction of of liquid of of liquid of steam
in the in the from of suspended flow in steam in the in the

vessel vessel the solvent material the in the receiving  receiving

vessel vessel vessel vessel vessel
(h] [kg/h]  [mass%] [mass%] [kg/h] [kg] [kg] [kg]
[°’C] [bar]

0.00 20.00 1.01 0.00 0.94 0.06 0.00 0.31 0.00 0.00
1.25 49.04 0.50 51.93 0.94 0.06 124.61 0.13 2.09 0.00
2.51 54.68 0.50 55.05 0.90 0.10 113.96 0.14 73.79 0.00
3.76 59.08 0.50 52.28 0.86 0.14 112.32 0.15 140.89 0.00
5.02 62.02 0.50 50.38 0.83 0.17 110.92 0.15 205.10 0.00
6.27 63.78 0.50 49.21 0.79 0.21 109.76 0.15 267.44 0.00
7.53 64.78 0.50 48.51 0.76 0.24 108.77 0.15 328.66 0.00
8.78 65.37 0.50 48.08 0.72 0.28 107.90 0.15 389.20 0.00
10.04 65.73 0.50 47.48 0.69 0.31 107.12 0.15 449.29. 0.00
11.29 66.00 0.50 47.54 0.65 0.35 106.40 0.15 509.06 0.00
12.54 66.25 0.50 47.29 0.62 0.38 105.73. 0.15 568.53 0.00
13.80 66.510 0.50 47.01 0.58 0.42 105.11 0.15 627.67 0.00
15.05 66.82 0.50 46.68 0.55 0.45 104.53 0.15 686.42 0.00
16.31 67.16 0.50 46.27 0.51 0.49 104.00 0.15 744.71 0.00
17.56 67.65 0.50 45.76 0.47 0.53 103.51 0.15 802.41 0.00
18.82 68.20 0.50 45.14 0.44 0.56 103.07 0.15 859.41 0.00
20.07 68.88 0.50 44.37 0.41 0.59 102.67 0.15 915.53 0.00
21.32 69.71 0.50 43.45 0.37 0.63 102.33 0.15 970.58 0.00
22.58 70.70 0.50 42.33 0.34 0.66 102.03 0.15 1024.35 0.00

Solvent 2 was tested in a distiller, and the calculation results are shown in Table 3.
Solvent 2 is a mixture with the following composition: 70-80% methyl acetate, 10-13%
xylene, 7-10% methanol, 3-5% 2-butoxyethanol. The mixture with a narrower boiling
range dominated by methyl acetate, showed higher initial vapor flow peaks due to its
lower boiling point (40.5 °C at 0.5 bar). The limited amount of liquid transferred to the
receiver can be attributed to azeotropic composition, increased solvent losses due to
high volatility, or lower separation performance at lower operating temperatures.
Nevertheless, the mass fraction of suspended material increased steadily from 10 % to
57 %, indicating successful separation and partial purification.
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Table 3. The results of the calculation for Solvent 2

Time Working Working Vapor Mass Mass Amount  Amount Quantity Amount
temperature  pressure flow fraction fraction of of liquid of of liquid of steam
in the in the from of suspended flow in steam in the in the
vessel vessel the solvent material the in the receiving receiving
vessel vessel vessel vessel vessel
[h] lkg/h]  [mass%]  [mass%] lka/h] [kg] [ka] [ka]
[°C] [bar]
0.00 20.00 1.01 0.00 0.90 0.10 0.00 0.31 0.000 0.31
1.05 30.09 0.50 1.03 0.90 0.10 131.37 0.12 103.52 0.12
2.10 40.50 0.50 55.23 0.86 0.14 120.13 0.15 103.67 0.15
3.15 43.00 0.50 53.00 0.81 0.19 117.74 0.15 103.85 0.15
4.20 46.12 0.50 49.83 0.76 0.24 115.49 0.15 104.05 0.15
5.25 49.88 0.50 45.67 0.71 0.29 113.36 0.15 104.29 0.15
6.30 54.34 0.50 40.61 0.67 0.33 111.41 0.15 104.58 0.15
7.35 59.37 0.50 34.99 0.63 0.37 109.68 0.15 104.96 0.15
8.40 64.61 0.50 29.38 0.59 0.41 108.22 0.15 105.46 0.15
9.46 69.53 0.50 24.39 0.57 0.43 107.04 0.15 106.13 0.15
10.51 73.66 0.50 20.40 0.54 0.46 106.13 0.15 107.04 0.15
11.56 76.86 0.50 17.43 0.52 0.48 105.46 0.15 108.22 0.15
12.61 79.23 0.50 15.27 0.50 0.50 104.96 0.15 109.68 0.15
13.66 80.99 0.50 13.67 0.49 0.51 104.58 0.15 111.41 0.15
14.71 82.32 0.50 12.45 0.47 0.53 104.29 0.15 113.36 0.15
15.76 83.38 0.50 11.47 0.46 0.54 104.05 0.15 115.49 0.15
16.81 84.25 0.50 10.65 0.45 0.55 103.85 0.15 117.74 0.15
17.86 85.00 0.50 9.94 0.44 0.56 103.67 0.15 120.13 0.15
18.91 85.67 0.50 9.29 0.43 0.57 103.52 0.15 131.37 0.15

Solvent 3 was tested in a paint recycling device, and the calculation results are shown
in Table 4. Solvent 3 is a mixture with the following composition: 70-80 % toluene, 20-
30 % ethyl acetate, which requires a higher temperature of the heating oil to reach its
boiling range (79.3 °C at 0.5 bar). The vapor flow rate reached about 47 kg/h after 2.5
h. This solvent mixture showed a more gradual and efficient increase in the receiving
vessel content (up to 410 kg), indicating good distillation performance and significant
solvent recovery potential. The mass fraction of suspended material increased from 10
to 51%, which is consistent with trends observed for other solvents.
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Table 4. The results of the calculation for Solvent 3

Time Working Working Vapor Mass Mass Amount  Amount Quantity Amount
temperature  pressure flow fraction fraction of of liquid of of liquid of steam
in the vessel in the from of suspended flow in steam in the in the

vessel the solvent material the in the receiving receiving
vessel vessel vessel vessel vessel
(h] [°C] [kg/n]  [mass%]  [mass %] [ka] [ka] [kl
[bar] [kg/h]

0.00 20.00 1.01 0.00 0.90 0.10 0.00 0.31 0.00 0.00

0.67 22.97 0.67 0.39 0.90 0.10 126.21 0.12 0.00 0.22

1.33 36.39 0.50 0.06 0.90 0.10 124.90 0.09 0.00 0.29

2.00 65.10 0.50 0.51 0.90 0.10 124.71 0.13 0.09 0.36

2.67 80.69 0.50 47.40 0.89 0.11 110.11 0.19 14.68 0.40

3.34 82.90 0.50 46.09 0.86 0.14 109.02 0.19 45.36 0.40

4.00 84.30 0.50 44.75 0.83 0.17 107.92 0.19 75.61 0.40

4.67 85.16 0.50 43.89 0.80 0.20 107.02 0.19 105.11 0.40

5.34 85.71 0.50 43.32 0.77 0.23 106.22 0.19 134.15 0.40

6.00 86.10 0.50 42.92 0.75 0.25 105.50 0.19 162.89 0.40

6.67 86.40 0.50 42.59 0.72 0.28 104.84 0.19 191.39 0.40

7.34 86.66 0.50 42.27 0.69 0.31 104.22 0.19 219.68 0.40

8.00 86.93 0.50 41.95 0.66 0.34 103.64 0.19 247.75 0.40

8.67 87.20 0.50 41.60 0.63 0.37 103.09 0.19 275.60 0.40

9.34 87.51 0.50 41.21 0.60 0.40 102.57 0.19 303.21 0.40

10.01 87.85 0.50 40.77 0.58 0.42 102.09 0.19 330.53 0.40

10.67 88.23 0.50 40.27 0.55 0.45 101.63 0.19 357.54 0.40

11.34 86.67 0.50 39.70 0.52 0.48 101.22 0.19 384.19 0.40

12.01 89.17 0.50 39.06 0.49 0.51 100.83 0.19 410.43 0.40

Of the three mixtures studied, Solvent 1 provided the highest recovery of the liquid phase
in the receiving vessel, indicating its favorable separation profile despite its complex
composition. Its ability to achieve more than 1000 kg of recovered solvent within 22.5
hours emphasizes its recyclability and economic benefit in an industrial environment.
The disadvantage lies in its relatively high content of residual suspended solids, which
may require post-treatment. Solvent 2 does have a high initial vapor release, possibly
due to the formation of an azeotrope or a lower volatilization threshold at the operating
pressure. Nevertheless, the lower boiling point offers an energy-saving advantage that
reduces heating time and costs. Solvent 3 exhibited the most balanced distillation
dynamics, with a constant increase in recovered solvent and a controlled accumulation
of suspended solids. Its moderate recovery rate, combined with a stable vapor flow and
temperature control, could make it optimal for continuous recycling processes with
minimal risk of fouling.

Operation at a reduced pressure of 0.5 bar proved to be effective in all three
experiments, as it improved distillation by lowering the boiling points and minimized the
risks of thermal degradation. The gradual increase of the solid phase fraction in the
residual vessel indicates efficient phase separation, which is crucial for reducing the
volume of hazardous waste. The relatively low mass fractions of suspended solids (51—
66%) at the end of the process confirm that the majority of volatile organics were
successfully removed, contributing to safer handling and reduced environmental impact.
Overall, the data obtained demonstrate the suitability of low-pressure distillation for the
treatment and reuse of solvent waste from paint recycling processes. Each type of
solvent has unique advantages depending on its composition, boiling behavior, and
energy requirements, which can be exploited for specific industrial applications.
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CONCLUSION

The worldwide problem of pollution of soil, water, and air is considerably aggravated by
the improper disposal of paints that are no longer used for various reasons. To protect
the environment and to to achieve economic savings on the disposal and incineration of
hazardous waste resulting from the use of products from the paint industry, a device for
recycling paints and other organic solvents has been developed. The technology for
recycling waste mixtures presented in this paper is based on a distillation process. The
advantage of this device compared to conventional devices of this type is that it contains
a distillation column that enables more efficient distillation of a specific solvent from a
mixture of recyclable solvents. In addition to the device, a mathematical model based on
technical and technological as well as thermodynamic principles was developed which
provides useful information on the distillation process, the recycled mixture, and the
quality and quantity of the products obtained, which meet the requirements and needs
of users. Further research should focus on the design of larger paint recycling plants,
with emphasis on techno-economic analysis, planning, and application.
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Nomenclature

M — mass of mixture in a distiller (kg)

Ms — mass of dry matter in the distiller (kg)

M: — mass of solvent r in the distiller (kg)

h — specific enthalpy of the mixture in the distiller (kJ/kg)
hi — specific enthalpy of the inlet mixture (kJ/kg)

ho — specific enthalpy of the outlet mixture (kJ/kg)

Q — heat transferred to the system (kW)

T — temperature in the distiller (°C)

P — pressure in distiller (bar)

X —mass fraction of components in mixture

t — time (h)

U — heat transfer coefficient of heating fluid and mixture in distiller unit (kJ-m-2-s-1- °C-1)
A — heat transfer area (m?)

1,., — average temperature of oil (°C)
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m,_, —mass flow of oil (kg/s)
Cp ,; — heat capacity of oil (kJ/kg/°C)
T, T

oil jinlet > * oil ,outlet

— inlet and outlet temperature of oil from the thermal jacket

n'al. — inlet mass flow of feed in distiller unit (kg/s)
m,, — outlet mass flow of feed in the distiller unit (kg/s)

X —mass fraction of solvent r in feed

I
u
S

x, — mass fraction of dry matter in feed

u

”

», — mass fraction of solvent r in gas phase
P — density of mixture in distiller unit (kg/m3)

V — volume of distiller unit (m3)
E — energy of mixture in distiller unit (kJ)
Kr — equilibrium constant gas-liquid for the solvent r
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Izvod

RECIKLAZA | PONOVNA UPOTREBA ORGANSKIH RASTVARACA I1Z OTPADNH
BOJA

Jovana lli¢ Paji¢' ID, Jasna Stajié-Trosi¢! ID, Mirko Stijepovié? ID, Srdjan Perisié?
ID, Vladimir Stijepovié¢' ID, Aleksandar Gruji¢ ' ID
' Institut za hemiju, tehnologiju i metalurgiju, Institut od nacionalnog znac¢aja Republike
Srbije, Univerzitet u Beogradu, Beograd, Srbija
2 Tehnolosko-metalurski fakultet, Univerzitet u Beogradu, Beograd, Srbija
3 Inovacioni centar Tehnolosko-metalurSkog fakulteta, Univerzitet u Beogradu,
Beograd, Srbija

Otpadne boje i drugi premazi koji su ostali neiskori§¢eni ili kojima je istekao rok trajanja,
mogu se reciklirati pre odlaganja. Ovo je vazno jer se tako smanjuje zapremina otpada
koji se odlaze na deponiju, a i omoguéava se ponovna upotreba odredene koli€ine
recikliranih komponenti. Na ovaj nacin se doprinosi ne samo smanjenju otpada, vec i
poboljSanju ekoloske odrzivosti, uz ostvarenje znacajnih ekonomskih usteda.

U ovom radu je predstavljen uredaj za reciklazu boja koji radi na principu destilacije. Za
razliku od klasiénih destilatora, koji rade na principu destilacije sa kondenzatorom,
predlozeni sistem se sastoji od glavnog suda sa destilacionom kolonom. Prednost ovog
uredaja je Sto se frakcije sa sli€nim temperaturama isparavanja mogu lakSe razdvoijiti.
Razvijen je matematic¢ki model zasnovan na termodinamickim principima i procesnim
parametrima, kako bi se predvidelo ponaSanje procesa destilacije za razli€ite rastvarace.
Na osnovu stvarnih parametara procesa, kao $to su radni pritisak, sastav i brzina protoka
napojne smese, temperatura isparavanja itd., proraunavaju se vreme, sastav, kvalitet i
koli¢ina za svaku od dobijenih komponenti, $to predstavlja ekonomsku opravdanost
ovog procesa. Tri rastvaraa sa razliCitim sastavima su testirana koriSéenjem podesivih
parametara procesa destilacije, a rezultati daju uvid u tok procesa destilacije,
karakteristike reciklirane smese, i kvalitet i prinos recikliranih proizvoda.

Klju¢ne redi: boje, reciklaza, destilacija, matematicko modelovanje, optimizacija
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Thermophysiological comfort, which is crucial for the overall satisfaction of the wearer,
depends largely on effective heat and moisture regulation. Cotton-polyester blends offer
a balanced solution due to the hydrophilic and hydrophobic properties of the respective
fibers, improving moisture absorption and the ability to dry quickly. However, the
conventional alkaline pretreatment with NaOH is ecologically questionable. In this study,
an environmentally friendly alternative by enzymatic pretreatment of 50/50 cotton-
polyester fabric with pectinase and esterase enzymes was investigated. The effects on
water adsorption were evaluated using vertical wicking (AATCC TM 197-2022), and the
subsequent adsorption of fluorescent whitening agents (FWAs), Uvitex® BHT and
Uvitex® NFW, was analyzed at three concentrations (1%, 2%, and 10% owf). The results
showed that both enzymes improved the adsorption properties, with esterase and its
combination with pectinase significantly increasing the whiteness of the fabric due to the
higher uptake of Uvitex BHT. The optimal whiteness was achieved with 2% Uvitex BHT,
while higher concentrations were required for comparable results with Uvitex NFW. The
study shows that enzymatic pretreatment is a sustainable method to improve both
sorption and optical properties of cotton-polyester fabrics.

Keywords: cotton-polyester blend, pectinase, esterase, FWA, degree of whiteness.
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INTRODUCTION

Thermophysiological comfort, which includes heat and moisture regulation, has a major
influence on wearer comfort. Adsorption properties maintain thermal balance and
dryness, especially under conditions of high physical activity or thermal stress, where
the accumulation of sweat can lead to discomfort, skin irritation, or even thermal fatigue.
Textiles facilitate moisture transfer from the skin to the environment mainly by two
mechanisms: liquid transfer (by wetting and wicking) and vapor transfer (by diffusion and
evaporation). The effectiveness of these processes depends on the fiber type
(hydrophilic vs. hydrophobic), yarn structure, fabric construction, and surface treatment.
Common blends such as cotton-polyester blended fabric, which account for over 15 %
of global textile production, combine the best properties of both fibres. Cotton contributes
to wearer comfort due to its hydroxyl groups, which improve hydrophilicity, wettability,
and antistatic properties, while polyester offers strength and durability as well as easy
care, crease resistance, dimensional stability, and quick drying. In order to improve the
wearing comfort of garments, especially blends with a higher polyester content, the
inherent hydrophobic properties of polyester need to be modified to improve moisture
absorption and the adsorption of textile auxiliaries. Various surface modification
processes are available for cotton-polyester blended fabrics, usually targeting the
polyester fibers in the blend, including plasma treatment, alkaline processing, chitosan
functionalization, and enzymatic pre-treatment. Given the environmental concerns
associated with chemical treatments, enzymatic pre-treatments are increasingly
favoured as an environmentally friendly alternative [1-71].

Enzymes from the hydrolase group are mainly used in the textile industry, e.g., a-
amylases in desizing, pectinases in scouring. Various enzymes, such as lipase,
esterase, and cutinase, can be used for the pretreatment of polyester materials. Both
esterase and lipase perform surface hydrolysis, and the cleavage of the polymer chains
leads to an increase in the number of terminal hydroxyl (-OH) and carboxyl (-COOH)
groups. Lipases and some esterases are able to hydrolyse the waxes of cotton fibres as
well. When used under optimal conditions, esterase and lipase can improve the
hydrophilicity of polyester fibers, facilitate further textile finishing processes, and at the
same time maintain good mechanical properties. Pectinases are a heterogeneous group
of related enzymes that hydrolyse pectin substances of plant origin in scouring and
retting processes [6-9].

To achieve a high degree of whiteness, textiles must be treated with fluorescent
whitening agents (FWAs). The effect of FWAs is based on fluorescence; molecules
absorb ultraviolet light (300-400 nm) and emit it as visible light, usually in the blue range
of the spectrum (400-500 nm), which neutralises the yellow tint of the fabric and creates
the impression of a high degree of whiteness. Due to the cotton and polyester content in
the blend, different FWAs must be used depending on the chemical composition of the
fabric. FWAs for cotton fabrics are mainly stilbene derivatives, mostly diaminostilbene
derivatives, which differ in the substituents and the number of sulphonate groups.
Distyrylbiphenyl derivatives and triazolylstilbene derivatives can also be used for
cellulose, but also for blended fabrics with cellulose. In polyester fabrics, FWAs are
usually benzoxazole derivatives that have no affinity to cellulose. In addition to the
degree of whiteness of the fabric, FWAs also contribute to UV protection [10-13].
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Since most of the studies on surface modification of cotton-polyester blended fabrics
were aimed at the polyester fibers in the blend, the enzymatic pretreatment of cotton-
polyester blended fabrics in this work was aimed at both cotton and polyester, so that
two commercially available enzymes — pectinase for the cotton and esterase for the
polyester - and their mixture were used. The influence of the enzyme treatment on the
adsorption of water and fluorescent whitening agents (FWAs) was determined before
and after the enzymatic pretreatment.

MATERIALS AND METHODS

A 50/50 cotton-polyester blend fabric produced by Cateks d.o.o. was used in this
research. The fabric was woven in a basket weave (Panama) 2/2, having a mass per
unit area of 170 g/m2.

The enzymatic pre-treatment of cotton-polyester blended fabric was carried out with two
commercially available enzymes — pectinase (Biosol PRO, CHT-Bezema) and esterase
(Texazym PES, Inotex), and their mixture. The pretreatment was carried out with 2 %
owf (over weight of fabric) of each enzyme (or 1% Beisol PRO + 1% Texazym PES) by
the exhaustion method at 60°C for 1 h in the drum of Polycolor Turbomat P4502 (Mathis)
atLR 1:10.

Since the influence of enzymatic pre-treatment of cotton-polyester blended fabric on the
adsorption of fluorescent whitening agents (FWAs) was investigated, fabrics were
treated with two different FWAs for cellulosic fibers and their blends by Huntsman,
Uvitex® brand: Uvitex BHT (C.I. Fluorescent Brightener 113) - diamino stilbene
disulphonic acid derivative, and Uvitex NFW (C.l. Fluorescent Brightener 351) - distyryl
biphenyl derivative. FWAs were used in a wide concentration range: 1, 2, and 10% owf
by batch-wise method having LR 1:30 at 80°C for 30 min in stainless-steel bowls
(Linitest, Hanau). After treatment, fabrics were air-dried.

Labels and treatments are listed in Table 1.

Table 1. Pre-treatments and Labels

Label Treatment
N Cotton-polyester blend — start fabric
T Fabric pre-treated with commercial lipase Texazym (2% owf)
BP Fabric pre-treated with commercial pectinase Beisol PRO (2% owf)
BPT Fabric pre-treated with commercial lipase and pectinase
... BHT ... Treatment with Uvitex BHT
..._NFW_... Treatment with Uvitex NFW
._conc. Concentration of FWA -1, 2, 10% owf

The changes in water adsorption of the fabric were determined according to AATCC TM
197-2022 Vertical wicking of textiles, Option B - length direction. The wicking rate was
calculated for the short and long periods according to:

w=12 (1)

t
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where: W is wicking rate [mm/s], d is wicking distance [mm], and t is wicking time [s].
The short-period rate was calculated from the distance measured in 2 min, and long-
period rate from the distance in 10 min.

The adsorption of fluorescent whitening agent was monitored through spectral
characteristics and whiteness of the fabrics. Spectral remission (R [%]) was measured
using a remission spectrophotometer Spectraflash SF 300 (Datacolor). The whiteness
degree of fabrics (Wcie) according to 1SO 105-J02:1997 Textiles — Tests for colour
fastness — Part JO2: Instrumental assessment of relative whiteness, Tint value (TV), Tint
Deviation (TD), and their coloristic meanings according to Griesser [14] were calculated
automatically.

RESULTS AND DISCUSSION

The influence of the enzymatic pretreatment of cotton-polyester blended fabrics on the
adsorption properties was investigated. For this purpose, the enzymatic pretreatment of
cotton-polyester blended fabrics with two commercially available enzymes — pectinase
for the cotton and esterase for the polyester - and their mixture was carried out. The
adsorption of water and fluorescent whitening agents (FWAs) was determined before
and after the enzymatic pretreatment.

The water adsorption of the cotton-polyester blend fabric was determined according to
AATCC TM 197-2022. This test method evaluates the vertical wicking rate of fabrics, i.e.
the ability of a fabric to transport liquid upwards along its surface due to its capillary
forces [3,15]. The distance a liquid travels up a vertically oriented fabric sample over a
given time was measured, and the vertical wicking rate was calculated for a short (2 min)
and a long (10 min) time using equation (1). The results are summarized in Table 2.

Table 2. Vertical wicking rate of polyester/cotton blend fabric before and after enzyme
pretreatment

Option B Short period (t = 2 min) Long period (t = 10 min)
Sample d[mm] W [mm/s] d[mm] W [mm/s]
N 45.0 0.375 100.0 0.167
T 59.0 0.492 118.5 0.198
BP 58.5 0.488 120.0 0.200
BPT 55.0 0.458 121.0 0.202

The results of the vertical wicking rate of the cotton-polyester blended fabrics, shown in
Table 2, demonstrate the changes in water absorbency after enzymatic pretreatment. It
can be seen that the start cotton-polyester blend fabric reaches 45 mm in 2 minutes with
a wicking rate of 0.37 mm/s, while this distance is >55 mm after the enzyme
pretreatment. Cotton fibers have polar binding sites for water molecules; they can absorb
large quantities of liquid and therefore have a high absorption rate. Polyester fibers, on
the other hand, have a high crystallinity, so they do not adsorb water, but have better
capillary transport of liquid upwards. Blended together, both fibers show their effect,
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while the enzyme pretreatment changes this ability. The polyester component
hydrolyzed with esterase increases the wicking rate to 0.49 mm/s, and a longer distance
has been achieved. This is due to the surface changes on the fibers, which also enable
better absorption in the polyester component, as the water binds to the new chemical
groups formed during pretreatment. The results of the FWA adsorption confirm these
findings.

For the research of FWA adsorption, fabrics were treated with two different FWAs from
Huntsman brand Uvitex®: Uvitex BHT, a stilbene derivative with high affinity to cotton (2
sulfonate groups), and Uvitex NFW, a distyrylbiphenyl derivative in three concentrations:
1, 2, and 10 % owf. The spectral remission of cotton-polyester blended fabrics before
and after FWA treatment was measured, and the coloristic parameters were
automatically calculated. The spectral remission results are shown in Figures 1 and 2,
and the whiteness degree (Wcig), the maximum of remission (Rmax) at a certain
wavelength (Amax), Tint value (TV), Tint deviation (TD), and its coloristic meaning are
listed in Tables 3-6.
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Figure 1. Spectral remission of cotton-polyester blended fabrics after enzyme pre-treatment and
FWA treatment with Uvitex BHT
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Figure 2. Spectral remission of cotton-polyester blended fabrics after enzyme pre-treatment and
FWA treatment with Uvitex NFW

Table 3. Whiteness degree (Wcie) of cotton-polyester blended fabrics before and after FWA
treatment, maximum of remission (Rmax) at a certain wavelength (Amax), Tint value (TV, Tint
deviation (TD), and its coloristic meaning

Fabric Wecie Rmax [):1 ":1"] Tv. 71D Coloristic meaning
N 78.9 84.88 700 0.6 R1 Trace reddzgg;:n the white
NBHT_1 1360 11585 440 -1 Rp  raceredderiteninewnite

N_BHT_2 140.3 118.61 440 0.1

N_BHT 10 1332 11926 440 12 @1  lracegreenerthan the white

scale
N.NFW_1 1237 10573 440 08 Rt  aceredderihanthewnite
N.NFW_2 1286 10897 440 09 Ri  aceredderihanthewnite

N_NFW_10 142 5 121.61 440 12 G1 Trace greener than the white

scale
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Table 4. Whiteness degree (Wcie) of pretreated cotton-polyester blended fabrics with Texazym
PES, and after FWA treatment, maximum of remission (Rmax) at a certain wavelength (Amax), Tint
value (TV, Tint deviation (TD), and its coloristic meaning

Fabric Wcee Rmax Amax[nm] TV TD Coloristic meaning
T 786  84.64 700 06 R receredderihanine whie
TBHT_1 1368 11392 440  -07 R1  |1aceredderthanthe white
- - scale
TBHT 2 1396 11606 440  -04
T BHT 10 1366  119.81 440 06 Gi Iracegreenerihanine whie
TANFW_1 1276 10858 440 1.1 Rq  [receredderthanine whie
TANFW2 1380 11575 440 08 Rq  receredderthanine whie
T_NFW_10 1435 12167 440 1 @1  Iracegreener than the white

scale

Table 5. Whiteness degree (Wcie) of pretreated cotton-polyester blended fabrics with Beisol
PRO, and after FWA treatment, maximum of remission (Rmax) at a certain wavelength (Amax), Tint
value (TV, Tint deviation (TD), and its coloristic meaning

Fabric Wcee Rmax  Amax[nm] TV D Coloristic meaning
BP 78.6 84.96 700 -0.5 Ri1 Trace redder than the white scale
BP_BHT_1 131.9 110.98 440 -1.1 R1 Trace redder than the white scale
BP_BHT_2 138.6 116.23 440 -0.5
BP_BHT_10 137.8 120.08 440 0.4
BP_NFW_1 129.0 108.61 440 -09 R1 Trace redder than the white scale
BP_NFW_2 138.4 115.73 440 -0.8 R1 Trace redder than the white scale
BP_NFW_10 144.7 122.84 440 1.2 G1  Trace greener than the white scale

Table 6. Whiteness degree (Wcig) of pretreated cotton-polyester blended fabrics with a mixture of
Texazym PES and Beisol PRO, and after FWA treatment, maximum of remission (Rmax) at a
certain wavelength (Amax), Tint value (TV, Tint deviation (TD), and its coloristic meaning

Fabric Wcee Rmax Amax[nm] TV D Coloristic meaning
BPT 79.2 85.04 700 -0.6 R1 Trace redder than the white scale
BPT BHT 1 142.5 119.84 440 -0.6 R1 Trace redder than the white scale
BPT_BHT_2 141.1 119.28 440 -0.5
BPT BHT 10 138.6 121.11 440 0.6 G1 Trace greener than the white scale
BPT_NFW_1 125.0 106.51 440 -1.3 R1 Trace redder than the white scale
BPT_NFW_2 1394 116.28 440 -0.8 R1 Trace redder than the white scale
BPT NFW 10 139.0 118.68 440 1.6 G2 Slightly greener than the white scale
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The results shown in Table 3 indicate that the untreated cotton-polyester fabric has a
remission at 700 nm and a whiteness of 78.9, and is a trace redder than the white scale.
The enzyme pretreatment (Tables 4-6) does not change the whiteness. When both
enzymes are applied, the whiteness is slightly higher, 79.2, but the fabric is still a trace
redder than the white scale.

Regardless of the chemical composition of the FWA used and its affinity, treatment with
the lowest concentration of Uvitex BHT and Uvitex NFW, 1 % owf, results in a
significantly higher degree of whiteness (Wcie>120) due to fluorescence emission at 440
nm.

From the spectral remission results shown in Figure 1 and Tables 3-6, it can be seen
that the highest degree of whiteness and excellent brightness was achieved at a
concentration of 2 % Uvitex BHT. All fabrics, regardless of the pretreatment, achieve the
desired degree of whiteness with no appreciable deviation in tint from the white scale. It
also shows that a concentration of 1 % is sufficient to achieve excellent whiteness,
especially for the cotton-polyester fabric pretreated with both enzymes.

The spectral remission curves (Figure 1) show that the remission at Amax = 440 nm for
the fabrics treated with Uvitex BHT increases with the increase in the concentration. At
the highest concentration of 10 % owf Uvitex BHT, the remission values are the highest
(Rn_BHT_10= 119.26 %, Rt _BHT_10 = 119.81 %, Rep_sHT_10 = 120.08 %, Rept_sHT_10 = 121.11
%), but the whiteness is lower. The reason for the lower whiteness is the quenching of
the fluorescence phenomenon by the FWA concentration [11]. The peak of the curve for
a concentration of 10 % is slightly shifted from 440 nm, and this shift to higher
wavelengths is characteristic of quenching. Layering of FWA molecules in high
concentration prevents excitation of molecules in all layers, and therefore, there is no
fluorescence that directly affects the reduction of whiteness. Additionally, FWA molecules
at high concentrations build dimers that do not have the ability to fluoresce. This layering
of FWA led to a change in tint; the tint is a trace greener than the white scale.
Pretreatment with enzymes, esterase, and/or pectinase, individually or in combination,
increases the whiteness of the fabric. The reason for this improved whiteness is the
higher adsorption of Uvitex BHT. If both enzymes are used in the pretreatment, a higher
number of active groups is available, so that a higher FWA adsorption is achieved, as it
is a stilbene derivative with a high affinity to cotton cellulose.

In fabrics treated with Uvitex NFW, the spectral remissions also increase with increasing
concentration (Figure 2). In contrast to Uvitex BHT, the degree of whiteness achieved
with 1% Uvitex NFW is lower. The reason for this is the lower affinity to cellulose, since
Uvitex NFW is a distyrylbiphenyl derivative but also has an affinity to polyester, so that
with increasing concentration, the affinity is better and the adsorption is higher.
Therefore, the highest remission and the highest degree of whiteness are achieved with
10 % Uvitex NFW. However, the degree of whiteness achieved with 10 % Uvitex NFW
shows a green tinting.

Pretreatment with the enzymes increases the adsorption of Uvitex NFW. When the
combination of enzymes, esterase and pectinase, was used in the pretreatment,
quenching was observed in fabrics. Due to the highest adsorption, Uvitex NFW was
layered, and the whiteness is lower, while the fabric itself has the color of FWA. The tint
deviation confirms this finding, as the fabric is slightly greener than the white scale.
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CONCLUSION

As the conventional alkaline pretreatment with NaOH is ecologically questionable, an
environmentally friendly alternative by enzymatic pretreatment of cotton-polyester fabric
was investigated. Enzymatic pretreatment with esterase and/or pectinase, individually or
in combination, increases the adsorption of cotton-polyester blended fabrics. The
wicking effect is faster and the fabrics achieve a higher degree of whiteness after FWA
treatment. However, the adsorption of Uvitex BHT and Uvitex NFW is different due to
the affinity to cotton. The adsorption of Uvitex BHT is higher, resulting in a higher degree
of whiteness of the fabric, especially if it has been pretreated with esterase and its
mixture with pectinase. 2% Uvitex BHT is sufficient for the highest degree of whiteness,
while a higher concentration is required for Uvitex NFW. The study shows that enzymatic
pretreatment is a sustainable method to improve both sorption and optical properties of
cotton-polyester fabrics.
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Izvod

UTICAJ ENZIMSKE PREDOBRADE NA ADSORPCIJU TKANINE OD MESAVINE
PAMUKA | POLIESTRA

Anita Tarbuk ID, Lea Botteri ID, Stefana Begovi¢ ID
Katedra za tekstilnu hemiju i ekologiju, Univerzitet u Zagrebu, Tekstilno-tehnoloski
fakultet, Zagreb, Hrvatska

U ovom radu je ispitan uticaj enzimske predobrade obrade tkanine od mesavine pamuka
i poliestra na adsorpciju fluorescentnih sredstava za izbeljivanje (FWA). U tu svrhu,
izvedena je enzimska predobrada tkanine od me8avine pamuka i poliestra (50%/50%)
sa dva komercijalno dostupna enzima — pektinazom za pamuénu komponentu i
esterazom za poliestarsku komponentu, i njenom smeSom. Promene u adsorpciji vode
tkanine odredene su vertikalnim upijanjem (AATCC TM 197-2022). Za adsorpciju FWA,
u zavisnosti od hemijskog sastava tkanine, koriS¢ena su dva razli¢ita FWA od Huntsman-
a, marke Uvitex®: Uvitex BHT, derivat stilbena sa visokim afinitetom prema pamuku (2
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sulfonatne grupe) i Uvitex NFW, derivat distirilbifenila. FWA su primenjene u ftri
koncentracije: 1, 2 i 10%, u odnosu na masu tkanine. Spektralna remisija pre i posle
obrade sa FWA merena je pomocu remisionog spektrofotometra Spectraflash SF 300,
Datacolor. Stepen beline je izracunat prema ISO 105-J02:1997, a odstupanja nijanse i
njihovih koloristi¢kih parametara odredena su prema Griseru. lako esteraza i pektinaza
deluju na razlicite komponente tkanine, obe doprinose povec¢anoj adsorpciji mesavine
pamuka i poliestra. Sto se ti¢e adsorpcije FWA, postoji razlika izmedu adsorpcije Uvitex
BHT i Uvitex NFW. Adsorpcija Uvitex BHT je veca, $to rezultira ve¢om belinom tkanine,
posebno ako je prethodno obradena esterazom i njenom mesavinom sa pektinazom.
2% owf Uvitex BHT je dovoljno za najvec¢u belinu, dok je za Uvitex NFW potrebna vecéa
koncentracija.

Kljuéne reci: meSavina pamuka i poliestra, pektinaza, esteraza, FWA, stepen beline.
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APPLICATION OF IN-SITU HYDROTHERMAL SYNTHESIS FOR THE
FUNCTIONALISATION OF COTTON/POLYESTER FABRIC WITH THE INCLUSION
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Textiles are often used as a medium for the application of active substances through
various processes to achieve antimicrobial and wellness properties for medical and
cosmetic purposes. The unique structure of [B-cyclodextrins, which enables the
formation of inclusion complexes, has led to significant commercial applications in
areas such as pharmaceuticals, cosmetics, and the textile industry. A key advantage of
B-cyclodextrins is their environmental friendliness — they are biodegradable, non-toxic,
and do not pollute wastewater systems. This study investigated the formation of
inclusion complexes between B-cyclodextrin and tea tree essential oil and their binding
to cotton/polyester fabrics by in situ hydrothermal synthesis. Part of the treated fabrics
was subjected to a care procedure according to ISO 6330:2012, using the 6330 6N
programme and the standard ECE detergent (WFK 88030) to evaluate the durability of
the treatment. Changes at the physico-chemical level before and after washing were
analysed using FTIR-ATR spectroscopy, while absorption and antimicrobial properties
were tested on untreated, treated, and washed treated fabrics, taking into account their
intended use in hospital environments. The results indicate effective binding of the (-
cyclodextrin tea tree oil inclusion complex to the cotton/polyester fabric by in situ
hydrothermal synthesis, with the treatment being remarkably durable after laundering.
These results emphasise the potential for further research to develop functional, high-
performance advanced textiles for use in medical fields.

Keywords: cotton/polyester fabrics, inclusion complexes between (-cyclodextrin and
tea tree essential oil, in situ hydrothermal synthesis
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INTRODUCTION

The textile industry is currently undergoing a significant transformation towards
sustainability and improved functionality. There is a growing demand for high-
performance textile materials that go beyond the basic function of clothing and offer
additional benefits to the end user. Functional textiles represent an intersection of
textile technology, chemistry, and biotechnology, with a focus on solutions that improve
the interaction between textiles and human skin. Of particular interest are
cosmetotextiles — textile products with integrated cosmetic effects, such as skin
moisturisation, soothing, or antibacterial protection [1, 2]. In this context, essential oils
play an important role due to their bioactive properties, although their application is
often challenged by their volatility and sensitivity to environmental conditions [3]. Tea
tree essential oil (Melaleuca alternifolia) is known for its strong antibacterial, antiviral,
and antifungal effects [4,5]. Due to their high volatility and susceptibility to external
influences, essential oils require special protection and controlled release methods.
One of the most effective approaches is the formation of inclusion complexes with
cyclodextrins, especially B-cyclodextrin [6]. This cyclic oligosaccharide has a
hydrophilic outer surface and a hydrophobic inner cavity, which makes it an ideal
carrier for volatile, hydrophobic molecules such as essential oils. The inclusion
complex increases stability, prolongs the bioactive effect, and enables the controlled
release of active ingredients. In combination with textile substrates — especially
cotton/polyester blends — innovative materials with a wide range of functional
properties can be developed. Textiles treated in this way can have antibacterial,
deodorising, UV-protective, and anti-inflammatory effects [5].

This study focuses on the application of in-situ hydrothermal synthesis as an
environmentally friendly method for the functionalisation of textiles [6]. This process
involves the direct formation of the B-cyclodextrin/tea tree oil inclusion complex on the
textile surface under elevated temperature and pressure. The binding of B—-
cyclodextrin to cotton/polyester fabric, primarily to the cellulose component in the given
blend, can be achieved through the application of polycarboxylic acids as crosslinking
agents. The most extensively studied is 1,2,3,4-1,2,3,4-butanetetracarboxylic acid
(BTCA), which demonstrates durable binding of the f—f3-cyclodextrin inclusion complex
primarily with cellulose in cotton/polyester blends, mainly due to the reactivity of its
functional groups. The process is based on a two-step esterification, where in the first
step a cyclic anhydride is formed, followed by a reaction with the hydroxyl groups of
cotton and/or cyclodextrin in the second step. In this way, ester bonds are formed,
ensuring the durability of the treatment even after multiple washing cycles [7].
Hydrothermal synthesis reduces the need for organic solvents and minimises the
environmental impact. At the same time, it ensures high reproducibility of the treatment
and permanent functionalisation of the textiles. The use of B-cyclodextrin also supports
sustainability, as it is a non-toxic and biodegradable compound [6, 7, 8].

Incorporation into an inclusion complex makes the tea tree oil more stable and
resistant to external influences, which prolongs its functional activity [5]. The
application of such functional textiles is particularly important in the fields of medicine,
sports, and protective textiles. It also enables the development of everyday clothing
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with added value for the wearer. Cotton-polyester fabrics have proven to be a suitable
substrate due to their balanced ratio between natural and synthetic properties, and the
possibility of fixing the inclusion complex to the fibres further expands the application
potential [9]. The use of cross-linking agents ensures long-lasting functionality, even
after several care cycles. This technology paves the way for the development of
textiles that not only protect the skin, but also actively contribute to health and the
comfort of the wearer. The combination of in-situ synthesis, natural bioactive
compounds, and cyclodextrins provides a sustainable basis for a new generation of
intelligent textile materials.

MATERIAL AND METHODS

For the research presented in this paper, the following fabrics were used:
cotton/polyester (50%/50%) in satin weave with a weft density of 26 threads cm™, and
cotton/polyester (50%/50%) in plain weave with a weft density of 20 threads cm™. The
description of the samples and their designations are provided in Table 1.

Table 1. Specification and labeling of samples

Sample Label
Cotton/polyester blend in plain weave, untreated sample P PES P
Cotton/polyester blend in plain weave, treated with 3-cyclodextrin— P_PES_P BCD_TT
tea tree essential oil at 70 °C in a bath

Cotton/polyester blend in plain weave, treated with -cyclodextrin— P_PES P BCD TT W
tea tree essential oil at 70 °C in a bath, and washed sample after

treatment

Cotton/polyester blend in satin weave, untreated sample P PES_A
Cotton/polyester blend in satin weave, treated with 3-cyclodextrin— P_PES_A BCD_TT
tea tree essential oil at 70 °C in a bath

Cotton/polyester blend in satin weave, treated with -cyclodextrin— P_PES A BCD TT W
tea tree essential oil at 70 °C in a bath, and washed sample after

treatment

The inclusion complex of B-cyclodextrin (CycloLab R&D Ltd.) with tea tree essential oil
(Sigma Aldrich) was prepared by applying mechanical force using a Retsch MM 400
vibrating mill, with 50% essential oil added in proportion to the mass of 3-cyclodextrin.
The mechanical-chemical synthesis was carried out at a frequency of 25 Hz for 10
minutes. Subsequently, the (3-cyclodextrin-tea tree oil inclusion complex was heated in
a microwave oven at a power of 80 W for 3 minutes to promote the reaction and
further dry the complex itself [10]. The prepared B-cyclodextrin inclusion complexes
with tea tree essential oil were used to functionalise the above substances by an
impregnation process with a padding effect of approximately 100%, followed by in situ
synthesis in a bath with the following composition:

70 g/L 1,2,3,4-butanetetracarboxylic acid (BTCA) (Sigma Aldrich)

65 g/L sodium hypophosphite monohydrate (SHP) (Sigma Aldrich)

1 g/L Felosan RG-N (nonionic wetting agent) (Bezema)

50% B-cyclodextrin—tea tree essential oil complex relative to the fabric weight

YV VYV

72



To ensure the binding of the inclusion complexes to the cotton/polyester fabrics,
1,2,3,4-butanetetracarboxylic acid (BTCA) was added to the bath, with sodium
hypophosphite monohydrate (SHP) serving as the catalyst.

The impregnated samples, together with the bath, were placed in a Teflon-covered
container and kept in a drying oven at 70 °C for 20 hours. The bath pH prior to oven
treatment was 3.0, while after the reaction in the oven, the pH decreased to 2.76.

Upon completion of the reaction, the samples were removed and padded using a
laboratory padder (Benz, TKF 15/M350 + LFV/2 350R). The samples were then air-
dried. Thermocondensation of the samples was performed in a laboratory oven (Benz,
TKF 15/M350 + LFV/2 350R) at 180 °C for 90 seconds.

A portion of the treated and thermocondensed samples was subjected to washing.
Washing was carried out in an industrial washing machine (Wascator, Electrolux) in
accordance with 1SO 6330:2012 standard, program 6330 6N, using ECE standard
detergent without optical brighteners but with phosphates (WFK 88030) at 75 °C for 80
minutes. The washing process was performed to evaluate the durability of the
treatment. After washing, the samples were air-dried.

Physico-chemical changes in cotton samples were investigated using Fourier
transform infrared spectroscopy in the attenuated total reflectance technique (FTIR-
ATR) (Perkin Elmer, Spectrum 100 software). Four scans with a resolution of 4 cm-!
between 4000 cm™' and 380 cm™' were performed for each sample, and the spectra
obtained were processed using the Spectrum 100 software package, Perkin Elmer.
The moisture transfer capability of untreated and treated samples was evaluated
according to the AATCC TM 195 — 2017 method. Moisture absorption is an essential
property of textile materials, as it significantly influences the thermo-physiological
comfort of clothing during wear. In general, cotton fiber is considered a hygroscopic
and hydrophilic fiber. The equilibrium moisture content (regain) of cotton is
approximately 8.5%, indicating its high moisture absorption capacity. Due to these
properties, cotton fiber is less prone to static electricity accumulation, which further
contributes to the comfort of garments made from cotton [11]. To evaluate the moisture
transfer behavior of both untreated and treated samples, tests were conducted using a
Moisture Management Tester (MMT, ATLAS). Untreated and treated fabric samples
were cut to dimensions of 6 x 6 cm and conditioned for 24 hours at 21 £ 1°C and 65 %
2% relative humidity. During testing, the textile specimen was placed flat between two
horizontal, concentric sensors (upper and lower). A precisely defined amount of testing
solution—used to monitor changes in electrical conductivity—was dispensed at the
center of the specimen, with the face side positioned against the upper sensor. The
test solution can move in three directions: Radial spreading on the face side, Vertical
penetration through the fabric, and Radial spreading on the back side. Throughout the
test, changes in the electrical resistance of the specimen were continuously recorded,
and a summary of the measured parameters was used to evaluate the fabric’s
moisture transfer capability [12]. A single test cycle lasts 2 minutes and provides data
on the following parameters: overall moisture management capacity (OMMC), wetting
time, wetting speed, maximum wetted radius, absorption rate, and the accumulated
one-way transport index [13].

The antimicrobial efficacy of the samples before treatment, after treatment, and
following the washing cycle was evaluated in accordance with the AATCC 147 method,

73



with modifications recommended by experts. The samples were prepared under sterile
conditions and subjected to testing. Each sample, in triplicate, was exposed to the
action of the bacteria Staphylococcus aureus and Escherichia coli at concentrations of
108-108 bacteria/mL of nutrient agar (Colony Forming Units, CFU/mL), as well as the
fungus Candida albicans. The ftreatment effectiveness was assessed using a
qualitative method based on the formation of an inhibition zone, i.e., an area in which
the antimicrobial agent from the tested substrate eliminated microorganisms present
on the nutrient agar [14]. Achieving inhibition according to this method represents a
highly stringent requirement imposed on treated textile materials.

RESULTS AND DISCUSSION

The results obtained from the Fourier Transform Infrared Spectroscopy with Attenuated
Total Reflectance (FTIR-ATR) are presented in Figures 1 to 4.

In Figures 1 and 2, the spectral bands of tea tree essential oil and -cyclodextrin are
shown separately, with labeled peaks to facilitate identification of changes in specific
wavelength ranges of the treated and untreated samples.
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Figure 1. Spectral curve of tea tree essential oil recorded by FTIR-ATR.
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The pronounced peaks observed at 2960 cm™, 2915 cm™, and 2871 cm™ correspond
to C—H stretching vibrations. The strongly expressed peak at 1018 cm™ indicates C—C,
C-OH, and C-H ring vibrations. The peaks at 886 cm™ and 793 cm™ suggest the

presence of terpinen-4-ol [15].
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Figure 2. Spectral curve of 3-cyclodextrin (BCD) recorded by FTIR-ATR.

The peak at 3289 cm™ is attributed to the accumulation of water molecules within the
hydrophilic cavities of the cyclodextrin molecule. The peak at 2925 cm™ is associated
with C—H and O-H stretching vibrations of cyclodextrin. The peak at 1018 cm™
corresponds to C—H and C-O-C stretching vibrations, while the peak at 1645 cm™
arises from O—H stretching of adsorbed water [16].
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Figure 3. Spectral curves of the untreated (P_PES_P), treated (P_PES_P_BCD_TT), and
treated washed sample (P_PES_P_BCD_TT_W) of the cotton/polyester fabric in plain weave.

In all the samples of cotton-polyester blends analysed, both in satin and plain weave, a
sharp peak is observed at 1711 cm™ (Figures 3 and 4), which is caused by vibrations
within the ester groups present in the polyester. Furthermore, in the treated samples
subjected to FTIR-ATR analysis, a peak appears in the wavenumber range of 1560 —
1590 cm™, indicating the presence of carboxyl groups originating from 1,2,3,4-
butanetetracarboxylic acid. This acid mediates the cross-linking of the f-
cyclodextrin/tea tree essential oil inclusion complex with cellulose during in situ
synthesis. In addition, distinct peaks at 555 cm™, 554 cm™, 558 cm™, and 557 cm-'
are visible in all treated and washed samples, which can be attributed to bending and
out-of-plane vibrations between aromatic rings within C-C bonds as well as C-H
bending in the monoterpene structure of y-terpinene [7, 15]. It is important to note that
even after the washing cycle (samples P_PES P BCD TT W, Figure 3, and
P_PES_A BCD_TT_W, Figure 4), the spectral profiles of the treated samples remain
unchanged. In particular, the peak at 1509 cm™ and 1575 cm™ s clearly
distinguishable in the washed samples (P_PES P BCD TT W, Figure 3,
P_PES_A BCD_TT_W, Figure 4), which confirms that no structural changes occurred
after washing, indicating stable crosslinking.
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Figure 4. Spectral curves of the untreated (P_PES_A), treated (P_PES_A_BCD_TT), and
treated washed sample (P_PES_A_BCD_TT_W) of the cotton/polyester fabric in satin weave.

Table 2 presents the moisture management properties of the samples P_PES P,
P_PES_A, P_PES_P_BCD_TT, and P_PES_A_BCD_TT, measured using a Moisture
Management Tester (MMT). The untreated plain weave sample (P_PES_P) exhibits a
longer wetting time on the top surface compared to the same sample in satin weave
(P_PES_A). This can be attributed to the lower number of interlacing points and the
smoother surface of the satin weave, which facilitates faster liquid spreading, i.e.,
surface wicking. Consequently, the wetting time on the bottom surface of the untreated
satin weave sample (P_PES_A) is shorter (2.3713 s) compared to the plain weave
sample (P_PES_P, 5.616 s). The top-surface absorption rate and moisture spreading
speed are also higher in the satin weave sample (P_PES_A), resulting in a larger top-
surface wetting radius compared to the plain weave sample (P_PES_P). Conversely,
the bottom-surface absorption rate is slightly higher in the plain weave sample
(P_PES_P). This is likely due to the weave structure: plain weave has more interlacing
points, allowing for easier capillary liquid transport, whereas satin weave, with fewer
interlacing points, has larger capillary spaces that trap more air. Furthermore, the satin
weave fabric sample exhibits a slightly higher Accumulative One-Way Transport Index
(%), while its Overall Moisture Management Capacity (OMMC) is slightly lower
compared to the plain weave sample. Interestingly, the results presented in Table 2
show that both treated samples (P_PES_P_BCD TT and P_PES A BCD_TT)
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demonstrate identical values across all measured parameters. This suggests a
significant effect of the inclusion complexes of B-cyclodextrin and tea tree oil on fabric
hydrophilicity and moisture management. Such findings are particularly important
considering the potential application of these newly developed samples in hospital
environments [7, 17, 18].

Table 2. Moisture management properties of untreated samples in plain weave and satin weave
(P_PES_P, P_PES_A) and of the same samples after finishing (P_PES_P_BCD_TT,

P PES_A_BCD_TT)

P PES P | PPES A P_PES_P_BCD-TT P_PES_A_BCD-TT
Wetting Time — Top Surface 5.9593 2.278 2.9328 2.9328
(s)
Absorption Rate — Top 70.6766 83.6562 56.0425 56.0425
Surface (%/s)
Wetted Radius — Top Surface 20 30 225 22.5
(mm)
Spreading Speed - Top 3.8088 7.9669 5.4599 5.4599
Surface (mm/s)
Wetting Time — Bottom 5.616 2.3713 3.0422 3.0422
Surface (s)
Absorption Rate — Bottom 75.2511 74.2551 58.7217 58.7217
Surface (%/s)
Wetted Radius — Bottom 20 30 22.5 22.5
Surface (mm)
Spreading Speed — Bottom 4.7181 7.5601 5.416 5.416
Surface (mm/s)
Accumulative One-Way 95.9004 96.34 111.7374 111.7374
Transport Index (%)
Overall Moisture Management 0.5828 0.4332 0.565 0.565
Capacity (OMMC)

Table 3. Antimicrobial efficacy of untreated samples (P_PES_P, P_PES_A), the same samples
after finishing (P_PES_P_BCD_TT, P_PES_A BCD_TT), and after the washing cycle
(P_PES P BCD TT W,P PES A BCD TT W).

Label S. aureus Escherichia coli Candida albicans
P _PES P - - -

P PES P BCD TT +/- +/- + (2 mm)

P PES P BCD TT W +/- +/- +/-

P PES A - - -

P PES A BCD TT +/- +/- + (1. mm)

P PES A BCD TT W | +/- +/- +/-

- No antimicrobial efficacy

+/- Antimicrobial efficacy visible on the fabric; no presence of bacteria or fungi beneath it, but
no inhibition zone developed

+ High antimicrobial protection, visible inhibition zone

The results shown in Table 3 confirm the antimicrobial activity of all treated and
washed samples against both Gram-positive and Gram-negative bacteria, as well as
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excellent antifungal activity against Candida albicans. The treated sample
P_PES P _BCD_TT exhibited an inhibition zone of 2 mm, while a slightly smaller zone
of 1 mm was observed in the sample P_PES_A BCD_TT. After the washing cycle, the
samples retained their antimicrobial activity against all tested microbial strains.

CONCLUSION

The effectiveness of the binding of the inclusion complex of B-cyclodextrin and tea tree
essential oil to polyester cotton fabric in plain and satin weave and the wash durability
of the treatment were confirmed by the results of Fourier transform infrared
spectroscopy with attenuated total reflectance (FTIR-ATR). Changes in the spectral
bands of the treated and washed treated samples were observed, as evidenced by the
appearance of new peaks and variations in the intensity of existing peaks compared to
the untreated sample.

The results of the moisture management tests show that the treated samples in plain
and satin weave (P_PES_P_BCD-TT, P_PES_A BCD-TT) belong to the category of
materials with excellent moisture management properties. They are characterized by
rapid wetting, rapid absorption, a large liquid spreading area on both the front and back
of the fabric, rapid wicking on the back of the fabric, and an excellent ability to transport
liquid in one direction. From these results, it can be concluded that the treated samples
have hydrophilic and hygroscopic properties.

The antimicrobial analysis, carried out according to the AATCC 147 standard, showed
good antimicrobial efficacy of all treated and washed samples against the Gram-
positive bacterium S. aureus, the Gram-negative bacterium E. coli, and the fungus C.
albicans, without the development of an inhibition zone. However, samples
P_PES_P_BCD-TT and P_PES_A_BCD-TT showed an inhibitory effect against C.
albicans, indicating a high antimicrobial protection of the fabrics treated with the B-
cyclodextrin-tea tree oil inclusion complex.

All these properties of the treated and laundered polyester—cotton fabrics in plain and
satin weave indicate their potential applicability in hospital environments.
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Izvod

PRIMENA IN-SITU HIDROTERMALNE SINTEZE ZA FUNKCIONALIZACIJU
TKANINE PAMUK/POLIESTAR INKLUZIVNIM KOMPLEKSOM BETA-
CIKLODEKSTRINA | ETARSKOG ULjA CAJEVCA

Sandra Flinéec Grgac ID, Franka Zuvela Bos$njak ID, Ana Paléi¢ ID, Tanja Krivec
Sveuciliste u Zagrebu, Tekstilno-tehnoloski fakultet, Zagreb, Hrvatska

Tekstilni materijali se Cesto koriste kao nosaci aktivnih supstanci kroz razliCite
postupke radi postizanja antimikrobnih i wellness svojstava za medicinsku i kozmetic¢ku
primenu. Jedinstvena struktura B-ciklodekstrina, koja omogucéava formiranje inkluzivnih
kompleksa, dovela je do znaCajne komercijalne primene u farmaceutskoj, kozmetickoj i
tekstilnoj industriji. Kljuéna prednost -ciklodekstrina je njihova ekoloSka prihvatljivost
— biorazgradivi su, netoksi¢ni i ne zagaduju sisteme otpadnih voda. U ovom radu
ispitivano je formiranje inkluzivnih kompleksa izmedu B-ciklodekstrina i etarskog ulja
Cajevca, kao i njihovo vezivanje za tkanine pamuk/poliestar metodom in-situ
hidrotermalne sinteze. Deo obradenog materijala podvrgnut je postupku odrzavanja u
skladu sa standardom ISO 6330:2012, koriste¢i program 6N i standardni ECE
deterdZent (WFK 88030), radi procene trajnosti obrade. Promene na fiziCko-hemijskom
nivou pre i posle pranja analizirane su primenom FTIR-ATR spektroskopije, dok su
apsorpciona i antimikrobna svojstva ispitivana na neobradenom, obradenom i opranom
obradenom materijalu, uzimajuéi u obzir njihovu mogucéu primenu u bolnic¢kom
okruzenju. Rezultati pokazuju efikasno vezivanje inkluzivnin kompleksa -
ciklodekstrin—etarsko ulje Cajevca za tkaninu pamuk/poliestar primenom in-situ
hidrotermalne sinteze, pri ¢emu obrada zadrzava visoku trajnost i posle pranja.
Dobijeni rezultati naglasavaju potencijal za dalja istrazivanja u razvoju funkcionalnih,
visoko performansnih naprednih tekstila za medicinsku upotrebu.

Kljuéne redi: tkanina pamuk/poliestar, inkluzivni kompleksi 3-ciklodekstrin—etarsko ulje
Cajevca, in-situ hidrotermalna sinteza
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EFFICIENCY OF COTTON FABRIC DESIZING USING DIFFERENT METHODS

Suzana Dordevi¢’ ID, Sandra Stojanovi¢ ID, Sladana Anti¢ 1D
Academy of Applied Studies Southern Serbia, Department of Technology and Art
Studies Leskovac, Leskovac, Serbia

Desizing of cotton fabric is a vital step in textile wet processing, directly influencing
subsequent treatment and overall fabric performance. This study evaluates the
effectiveness of hydrochloric acid, ammonium persulfate, and thermostable amylase
asdesizing methods.. The performance of each method was assessed through key
parameters: change in fabric mass, water penetration time, water absorption capacity,
breaking strength, elongation at break, and air permeability. The results indicate distinct
differences in the action mechanisms and effects of the desizing agents. Hydrochloric
acid and ammonium persulfate demonstrated rapid sizing material removal, but also
caused a noticeable reduction in mechanical properties and air permeability, which is
attributed to their oxidative and acidic properties. In contrast, enzymatic desizing using
thermostable amylase ensured effective removal of size material while maintaining fabric
strength, elongation, and permeability characteristics. These findings support the
potential of enzymatic desizing as a more fabric-friendly and sustainable alternative to
conventional chemical methods, particularly for plain weave cotton substrates.

Keywords: cotton fabric, desizing, amylase, hydrochloric acid, ammonium persulfate.

INTRODUCTION

Desizing is the process of removing sizing materials (such as starch, CMC, or PVA)
applied to cotton yarn (warp) prior to weaving process. This step is essential for
improving fabric absorbency and preparing it for subsequent wet processing like
scouring, bleaching, dyeing, or printing [1,2].

Common Desizing Methods include [3,4]:
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Enzymatic Desizing - Uses amylase enzymes to hydrolyze starch-based sizing
agents, making them water-soluble and easy to rinse.

Acid Desizing - Employs dilute acids (usually sulfuric or hydrochloric) to
hydrolyze the starch.

Oxidative Desizing - Utilizes oxidizing agents like hydrogen peroxide to break
down sizing material.

Rot Steeping - Involves soaking fabric in water at moderate temperatures for
extended periods, allowing microorganisms to degrade the starch - a slow and
less common method today.

The changes in cotton fabric after desizing are as follows [5,6]:

1.

Improved Absorbency - Starch removal opens up the cotton fibers. It facilitates
better penetration of water, dyes, and chemicals, and is essential for even
scouring, bleaching, and dyeing.

Surface Cleanliness - Sizing residue (e.g., starch, waxes, PVA) is eliminated.
The fabric becomes cleaner and more hydrophilic. There is reduction in spotting,
uneven dyeing, or print defects.

Softer Hand Feel - Desizing removes stiff sizing layers. Fabric becomes more
flexible and pliable. This is especially noticeable after starch removal.

Slight Loss in Weight - Weight loss (typically 2-5%) is observed due to the
removal of size material. This is useful for monitoring desizing efficiency.
Improved Uniformity in Downstream Processes - More consistent results in
scouring, bleaching, and dye uptake are observed. This is critical for achieving
level dyeing and bright shades.

Increased Porosity and Capillarity -Capillary action (wicking) is enhanced, which
is important for functional finishes. This is especially relevant for technical
textiles, sportswear, and medical fabrics.

Minimal Effect on Mechanical Strength (If properly done) - Enzymatic desizing
is gentle and preserves fabric tensile strength. Acid or oxidative desizing can
cause fiber degradation if misused.

Change in Surface Chemistry - Fabric surface becomes more reactive (by
exposing hydroxyl groups on cellulose). This enhances chemical reactivity for
bleaching, finishing, and dyeing.

Different desizing processes share the same objective - to break down starch into
smaller water-soluble molecules. In the case of so-called synthetic sizing agents, warm
water rinsing is generally sufficient for their removal due to their high water solubility.
Natural sizing agents are somewhat more economical compared to synthetic ones, but
are significantly more difficult to remove [7,8].

Starch removal from greige fabric is an important process because, in subsequent wet
finishing treatments, the fabric needs to be easily and thoroughly wetted and dyed.
Desizing is characteristic for cotton greige fabrics.

This research investigates various desizing processes for optimization purpose,
including conventional chemical methods and eco-friendly enzymatic approaches using
amylase as an environmentally sustainable alternative.
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MATERIALS AND METHODS

The textile material used was a 100% greige cotton fabric with a starch-sized warp, a
plain weave, the linear density of 30 tex for both warp and weft yarns, the thread density
of 30 and 20 threads/cm for warp and weft, respectively, and the fabric mass per unit
area of 175 g/m2.
Recipe (per 100 dm? of sizing solution) for industrial sizing cotton warp (Karl Mayer
Sizing Machine):

e Natural starch (corn): 5 kg.

e Soft water: up to 100 dm?3 (for solution preparation).

¢ Softening agent (Lurol-LA, Goulston Technologies): 0.2 kg.

e Antiseptic (sodium benzoate): 0.05 kg (to prevent fermentation).

Work procedure

The experimental laboratory work consisted of desizing cotton fabric using different
methods. The treatments were carried out according to the procedures and formulations
given in Table 1. After desizing, the fabric was thoroughly rinsed with warm and cold
water, followed by air drying. All tests were conducted without conditioning the samples
to standard moisture and temperature.

Table 1. Methods of Desizing of Cotton Fabric

Method
designation Formulation for each method
(abbreviations)

HCl Hydrochloric acid 2 g/dm?, Avocet WET-N 1 g/dm3, 1:20, 50 °C, 30 min;
neutralize with sodium bicarbonate 1 g/dm?3
Ammonium persulfate 3 g/dm3, sodium carbonate 1,5 g/dm3, Avocet

APS WET-OX 1 g/dm3, 1:20, 80 °C, 30 min; mild neutralization with acetic
acid 0.5%

AMY Termamyl Ultra 300L, 2 g/dm?, Avocet WET-N 1 g/dm?3, pH 7, 1:20, 70

°C, 45 min; remove fabric, rinse thoroughly with warm water

Testing methods are as follows:
o Degree of desizing (based on mass changes).
Water penetration absorption (SRPS F.S2.042:1985).
Water absorption capacity (SRPS F.S52.041:1985).
Breaking strength and elongation (SRPS EN ISO 13934-1:2015).
Air permeability (SRPS EN ISO 9237:2010).

RESULTS AND DISCUSSION

Desizing of cotton fabric with warp yarns sized using a natural starch-based sizing agent
was carried out using three methods, slightly modified from those commonly used in the
industry. Each of these methods utilizes either conventional synthetic chemicals or
natural-origin alternatives [7].
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The desizing mechanism consists of converting water-insoluble amylose (linear a-1,4-
linked glucose) and amylopectin (branched a-1,4 and a-1,6-linked glucose) into water-
soluble products such as dextrin, maltose, or glucose.

Hydrochloric acid breaks down starch molecules (a polysaccharide) into smaller, soluble
sugars through acid-catalyzed hydrolysis of the glycosidic bonds (a-1,4 and ao-1,6
linkages) [9-11]:

HCI
(C6H1oo5)n+nH20 — nCGH1206 (glucose) (1)

The reaction mechanism (1) with this acid is as follows:
1. Protonation: The glycosidic oxygen in the starch is protonated by H* from HCI.
2. Bond Cleavage: The protonated bond is cleaved, resulting in the formation of
smaller dextrins and eventually glucose.
3. Solubilization: These products are water-soluble and can be rinsed.

Ammonium persulfate is a strong oxidizing agent. When dissolved in water and heated,
it decomposes to form sulfate radicals (SOs-) and peroxodisulfate ions (S20s2"), which
attack and break down the polysaccharide (starch) chains.
The key reactions are as follows [12,13]:

1. Decomposition (2,3):

(NH4),S,05—2NH;+S,03 2)
SZO§'+H20—>SO4’+OH'+OH' (upon heating or catalysis) (3)

2. Radical Attack: The sulfate radicals (SO4) or hydroxyl radicals (OH) attack the
C-C bonds and glycosidic linkages in starch molecules, resulting in
fragmentation into lower molecular weight compounds like dextrins, aldehydes,
and organic acids (4).

(CoH100s)n* o2t —Shorter dextrins—Carboxylic acids+CO, (4)

3. Solubilization: These oxidation products are water-soluble and easily removed
by rinsing.

Amylases are hydrolase enzymes that cleave the a-1,4-glycosidic bonds in starch. They
act specifically on starch, without affecting cellulose (cotton fibers).

a-amylase randomly cleaves internal bonds, producing dextrins and maltose, while (3-
amylase cleaves from non-reducing ends, releasing maltose units [14-16] (5):
(CeH100s)n (starch) + H2O — dextrins + maltose + glucose (5)

The step-by-step mechanism is as follows:
1. Enzyme Binding: Amylase binds to the starch layer on the fabric surface.
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2. Hydrolysis: It cleaves the a-1,4 bonds, reducing starch into water-soluble
fragments (produces dextrins and oligosaccharides) (6).

a-Amylase

(C6H1005)n _— DeXtrinSHMaltose(C-IzH22011)—>G|iCOSQ(C6H1206) (6)
3. Desorption: The solubilized sugars (maltose, glucose) are rinsed with water.

The first noticeable effect after various treatments in the desizing process of cotton fabric
is the loss of mass due to starch degradation.

Mass loss refers to the reduction in dry weight of the fabric after desizing compared to
its initial dry weight. It primarily reflects the removal of the sizing agents (e.g., starch)
applied during weaving. However, with certain chemicals, it can also include loss of
cellulose - which is undesirable.

Figure 1 presents the results of mass loss of cotton fabric samples depending on the
active agent type, i.e., the desizing method employed. Desizing using thermostable
amylase (AMY method) demonstrates optimal performance, achieving the highest starch
removal efficiency of 7.5%.

The hydrochloric acid method (HCI method) gives relatively high mass loss, but may
involve cellulose degradation with sizing material removal. Ammonium persulfate
desizing (APS method) has a moderate weight loss, mainly due to starch oxidation, and
there is also some fabric degradation. AMY gives the greatest controlled mass loss,
effectively targeting starch, while preserving cellulose.

Mass loss is a reliable quantitative marker, but should always be interpreted alongside
fabric integrity and performance in further processing.

Monitoring mass loss during desizing helps ensure the removal of sizing agents without
damaging the fabric. Enzymatic desizing (AMY method) is the most controlled and
sustainable method, while acid or oxidative agents require careful process control to
avoid excessive loss.
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Figure 1. Mass loss of cotton fabric according to the applied desizing method
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As a result of the removal of starch-based sizing agents from the fibers, an improvement
in sorption properties occurs, along with enhanced surface appearance and hand feel.
This is confirmed by fabric properties such as water penetration and absorption. The test
results of these properties are presented in Figures 2 and 3.

Moisture absorption (or wetting ability) is a vital indicator of how well cotton fabric
absorbs moisture - a property closely linked to desizing efficiency. After desizing cotton
fabric using hydrochloric acid, ammonium persulfate, or thermostable amylase, moisture
absorption performance reveals the extent of starch (hydrophobic sizing agent) removal
and surface energy modification.

All specimens tested in the warp-direction exibited superior performance in this regard,
which can be attributed to the higher thread density in the warp direction and
consequently greater number of capillary pathways. The moisture absorption
performance follows this descending order of desizing methods: AMY > APS > HCI >
Greige sample. The AMY method demonstrates approximately ten times greater
moisture absorption than the greige sample in both yarn directions.

Rapid moisture absorption after desizing confirms effective starch removal.
Thermostable amylase offers the most uniform and safe improvement in moisture
absorbency. Monitoring moisture absorption is a quick and practical method to assess
desizing efficiency.
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Figure 2. Moisture absorption — capillarity through cotton fabrics according to the applied
desizing method

Water absorption is a critical parameter for evaluating the hydrophilicity of cotton fabric
after desizing. It reflects how effectively the starch sizing agents have been removed
from the fabric surface, allowing the cotton’s natural water-absorbing properties to be
restored. When desizing is carried out using HCI, APS, or AMY, each method influences
water absorption differently, depending on its mechanism and impact on fiber integrity.

o O
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It can thus be concluded that all treatments yielded improved values for this parameter
compared to the untreated sample. The best result was recorded with the AMY desizing
method, which was approximately 4 times higher compared to the greige sample. The
next closest result was observed in APY method, which was about 3 times higher in
comparison to the greige sample.

The improvement of these sorption characteristics clearly indicates the success of the
applied desizing methods, as they achieve a more open fabric structure accessible to
the liquid medium. Cotton fibers and the fabric itself have an increased capacity to hold
water on the surface and partially within the volumetric layers. This inherently means an
enhancement of comfort and hygiene properties during practical use.

Thermostable amylase leads to the highest and most uniform water absorption, ideal for
eco-friendly, high-quality processing. HCI can boost water absorption but at the risk of
damaging fibers. APS offers a balance but must be optimized to prevent over-oxidation.

Greige sample |G 22
o
APS I 60
Hol I ¢

0 20 40 60 80 100

Water absorption, %

Processing method

Figure 3. Water absorption of cotton fabric as a function of the applied desizing method

When discussing parameters that define the quality of a textile product, resistance to
stress and deformation is particularly important, especially when expressed through
breaking strength and elongation.

Breaking strength is a key parameter in evaluating the mechanical integrity of cotton
fabric after desizing. When desizing is done using HCI, APS, or AMY, each agent affects
the fabric differently — this is reflected in changes to the fabric’s breaking strength.
Elongation at break measures the extent to which a fabric can stretch before it breaks,
and it is a crucial indicator of its flexibility and toughness. In the context of desizing cotton
fabric, the choice of desizing agents can significantly impact elongation at break due to
their varying effects on fiber integrity.

Figures 4 and 5 show the recorded results of these properties after desizing using
different methods. All treatments resulted in lower values of breaking strength and
elongation in both warp and weft directions. The greatest decrease in strength was
observed with the HCI method, while the smallest decrease was recorded with the AMY
method.
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In the worst cases, the strength reduction (in the warp direction) amounted to around
19% compared to the value of the greige sample, which should not be a cause for
concern. The presence of surfactants during desizing, in addition to improved wettability,
contributed to reduced fiber surface damage by protecting the cotton fabric from
excessive degradation. On the other hand, it is assumed that the presence of these
substances in the desizing solution enables more uniform starch removal, thus allowing
more favorable load distribution during tensile testing. The results for elongation at break
closely followed the trend of breaking strength, showing a maximum reduction of up to
25%, regardless of the yarn direction. The enzyme Amylase (AMY) caused almost no
damage to the fibers, as the results for these mechanical parameters di not significantly
deviate from those of the greige sample.

Thermostable amylase is superior for preserving mechanical properties of cotton fabrics.
Hydrochloric acid, though effective in removing starch, risks significant fiber damage,
while ammonium persulfate offers a balance, but must be carefully controlled.
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Figure 4. Breaking strength of cotton fabric according to the applied desizing method
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Figure 5. Elongation at break of cotton fabric according to the applied desizing method

Air permeability refers to the ability of air to pass through a fabric and is an important
property for assessing breathability, comfort, and structure. During the desizing of the
cotton fabric using hydrochloric acid, ammonium persulfate, or thermostable amylase,
removal of starch and changes in fiber structure influence air permeability in different
ways.

Air permeability of a textile product intended for clothing or other applications is a crucial
indicator of the comfort and quality of fabrics. The discrete structure of fibrous
constructions determines their porosity, which depends on the degree of compactness,
i.e. density.

Figure 6 shows the results of air permeability testing of the fabric according to the
desizing method. All treatments showed higher values for this parameter compared to
the greige sample. This was expected, as air permeability is a measure of the total
volume of free space between fibers, and since the fabric samples became 'freer' from
starch after desizing, there was more void space available for air circulation.

The AMY method provided the highest air permeability values (100 cm?®/cm?/'s, compared
to 30 cm3®cm?/s for the greige sample), confirming the assumption that the fabric had
been freed from starch, thus opening up pathways for unobstructed ventilation. This is
of particular importance, especially if such fabric is intended for clothing production.
Thermostable amylase ensures clean starch removal and preserves weave structure,
leading to high and consistent air permeability. Hydrochloric acid may increase
permeability but risks structural inconsistency due to cellulose degradation. Ammonium
persulfate offers a balanced improvement in permeability with moderate process impact.
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Figure 6. Air permeability of cotton fabric according to the applied desizing method

CONCLUSION

In the process of desizing of cotton fabric, starch undergoes hydrolysis and breaks down
into lower molecular weight fractions that are water-soluble and can be easily removed
from the fibers.

The study demonstrated that all three desizing methods—hydrochloric acid (HCI),
ammonium persulfate (APS), and thermostable amylase (AMY)-effectively removed
starch from cotton fabric. However, significant differences were observed in terms of
fiber integrity, environmental impact, and post-desizing fabric performance. The
enzymatic method using thermostable amylase proved to be the most effective and
sustainable, achieving the highest desizing efficiency (up to 7.5% weight loss) with
minimal damage to fiber structure. This method also resulted in superior improvements
in sorption characteristics (water penetration and absorption), tensile strength retention,
and air permeability, making it the most suitable for modern eco-friendly textile
processing. In contrast, the acid-based method, while effective, caused notable fiber
degradation and strength loss. APS showed intermediate performance, offering a
balance between effectiveness and fiber preservation.

For sustainable textile processing, thermostable amylase is optimal when starch removal
efficiency and fiber integrity are prioritized. APS may serve as a compromise for mixed
sizing agents, whereas HCI should be limited to cost-driven applications accepting
strength compromises. Future work should explore enzyme immobilization to enhance
reusability.
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Izvod

EFIKASNOST ODSKROBLJAVANJA PAMUCNE TKANINE PRIMENOM
RAZLICITIH POSTUPAKA

Suzana Pordevi¢ ID, Sandra Stojanovi¢ ID, Sladana Anti¢ ID
Akademija strukovnih studija Juzna Srbija, Odsek za tehnoloSko-umetnicke studije
Leskovac, Srbija

Odskrobljavanje pamucnih tkanina predstavlja klju¢nu fazu u procesu mokre obrade
tekstila, koja direktno utiCe na kasnije obrade i ukupne performanse tkanine. Ovo
istrazivanje istrazuje efikasnost tri metode odskrobljavanja, koje za aktivne agense
imaju: hlorovodoni¢nu kiselinu, amonijum-persulfat i termostabilnu amilazu. Efikasnost
svake metode ocenjen je na osnovu sledeéih parametara: promena mase tkanine,
penetracija vode, kapacitet apsorpcije vode, €vrsto¢a na kidanje, izduzenje pri kidanju i
propustljivost vazduha. Rezultati daju jasne razlike u mehanizmima delovanja i efektima
primenljivih sredstava za odskrobljavanja. Hlorovodoni€na kiselina i amonijum-persulfat
su pokazali brzo uklanjanje sredstva za skrobljenje, ali su takode izazvali primetno
smanjenje mehanickih svojstava i propustljivosti vazduha, 8to se pripisuje njihovom
oksidacionom i kiselom dejstvu. Nasuprot tome, enzimsko odskrobljavanja upotrebom
termostabilne amilaze omogudilo je efikasno uklanjanje sredstva za skrobljenje uz
oCuvanje Cvrstoce, elastiénosti i propustljivosti tkanine. Ovi nalazi ukazuju na potencijal
enzimskog odskrobljavanja kao prikladnije i ekoloski prihvatljivije alternative u odnosu
na konvencionalne hemijske metode, narocito za supstrat koji ¢ini pamucna tkanina u
platno prepletaju.

Kljuéne reci: pamucna tkanina, odskrobljavanje, amilaza, hlorovodoni¢na kiselina,
amonijum-persulfat.
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SIZING OF COTTON YARN WITH A COPOLYMER OF ACRYLAMIDE AND
ACRYLIC ACID
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The aim of this study is the development of a new sizing agent for cotton warp yarn
based on a copolymer of acrylamide and acrylic acid. Traditional sizing agents for warp
yarns have the following limitations: environmental concerns, cost and resource
intensity, recycling and recovery issues, performance limitations, health and safety risks.
The research focuses on the application of different concentrations of the copolymer as
a sizing agent for cotton yarn, as well as the sizing process itself. It was found that a
decrease in solution concentration causes a drop in viscosity, while an increase in
temperature reduces the viscosity of the copolymer solution. The activation energy of
flow (7.9-20.7 kJ/mol) for sizing was also monitored for different copolymer
concentrations. Higher concentrations of copolymer sizing agents, as well as certain
viscosities, allow for greater add-on percentages on cotton yarn (4—12%). The deposited
copolymer causes shrinkage (from 0.4 to 1.5%) and changes in yarn fineness (from 2 to
12%), while the breaking strength increases after sizing (up to 19%) as well as elongation
at break (up to 22%). The efficiency of sizing the cotton warp using the acrylamide-acrylic
copolymer depends on the rheology of the sizing solution. The use of acrylamide and
acrylic acid copolymers as a sizing agent for cotton yarns offers several advantages over
traditional sizing agents: improved film-forming and adhesion, enhanced yarn strength
and abrasion resistance, excellent water solubility and ease of removal, environmentally
friendly, thermal and chemical stability, consistent quality and performance.

Keywords: copolymer, rheology, sizing, cotton yarn.
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INTRODUCTION

The use of high-speed looms alone does not guarantee the success of a weaving mill,
which is measured by the quality of the woven fabrics and the weaving costs. Based on
economic indicators, it has been proven that the significance of downtime is directly
related to productivity. Therefore, the efficiency of high-performance weaving systems
depends on the possibility of reducing downtime. This can be indirectly achieved by
improving the quality of warp preparation for weaving, where the sizing phase plays a key
role [1-3].

Warp sizing involves applying a protective adhesive coating (sizing agent) to warp yarns
(the lengthwise yarns in a fabric) before weaving. This improves their strength, abrasion
resistance, and reduces breakage during weaving [4].

The quality of sized warps, considering the dynamic stresses on the warp threads during
weaving, must keep pace with the quality and speed of high-productivity looms. The
complexity of the sizing process is reflected in numerous parameters related to the
properties of the sizing paste, the characteristics of the yarns used, and the features of
the sizing machine, which always represents a significant field of research aimed at
obtaining the highest quality sized warps [5-7].

The efficiency of sizing directly depends on the adhesion between the applied sizing
agent and the warp yarn or the ability to form a film. All of this is determined by the
rheological properties of the sizing paste, the physicochemical properties of the yarn, as
well as the technological parameters of the sizing machine. Additionally, there is always
an essential requirement that the sizing agent can be easily removed from the greige
fabric after weaving [8—10].

Synthetic polymers or copolymers are often used as sizing agents or thickener agents
due to their properties: water solubility, film-forming ability, viscosity control, and
adhesive properties [11].

For example, the advantages of a copolymer of acrylamide and acrylic acid would be as
follows [12-14]:

e Water Solubility: These copolymers are highly water-soluble, making
preparation and application straightforward. They can be easily removed from
the yarn after weaving, facilitating desizing and reducing environmental impact.

e Abrasion Resistance: Yarns sized with acrylamide-acrylic acid copolymers
exhibit excellent abrasion resistance, which is crucial for minimizing yarn
breakage during weaving.

o Adaptability: The properties of acrylate-based sizing agents can be tailored by
adjusting the polymer composition, molecular weight, and solution conditions,
allowing customization for different yarn types and weaving requirements.

This study aims to correlate the results obtained from measuring the rheological
characteristics of the copolymer solutions with those of the sized yarn, in order to achieve
a more economical and efficient application of the new polymer preparation in the sizing
process of cotton yarn. By optimizing the rheology of the acrylamide-acrylic acid
copolymer, manufacturers can balance viscosity, film strength, and application
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characteristics to improve cotton warp sizing efficiency. A copolymer with moderate
viscosity, good shear-thinning behavior, and elastic yet tough film-forming properties is
likely to perform best.

MATERIAL AND METHODS

In the experiment, a single-thread yarn (100% cotton) with a fineness of 28 tex was used
as the substrate, while the chemicals included a previously prepared solution of a
copolymer of acrylamide and acrylic acid.
This copolymer, with a molar mass of 113,000 g/mol, was a ready-made agent,
previously prepared for various purposes.
Rheological measurements of the polymer sizing agent were carried out using a
rotational viscometer Visco Basic Plus (Fungilab S.A. Spain).
Based on preliminary research, this copolymer solution behaves like a Newtonian fluid;
the viscosity remains constant and does not depend on the rate or intensity of mixing,
i.e. the rate of deformation.
The activation energy (Ea) is usually extracted from the Arrhenius equation using
temperature-dependent viscosity data [15]:

n= A.eEa/RT (1)
Where:
71 - dynamic viscosity (Pa-s).
Ea - activation energy (J/mol).
R - gas constant (8.314 J/mol-K).
T - absolute temperature (K).
A - pre-exponential factor.

Plotting In(n) vs. 1/T gives a straight line with slope Ea/R, from which Ea is calculated.
Pure copolymer of acrylamide and acrylic acid, at various concentrations, served as the
polymer sizing agent. The concentrations of the sizing agent ranged from 2 to 8%.
Sizing of the cotton yarns was performed by padding (bath ratio 1:10) at room
temperature (22 °C), followed by drying, also at room temperature.

Size Pick-up (%) is the percentage increase in weight of a yarn after applying a sizing
agent, relative to its original dry weight [16]:

Dry weight after sizing-Dry weight before sizing x100

Size Pick-up (%) = Dry weight before sizing (2)

The following parameters were tested: viscosity (SRPS ISO 6388), size pick-up, yarn
shrinkage (ISO 18066), yarn fineness (SRPS EN ISO 2060), breaking strength, and
elongation (SRPS EN ISO 13934-1).

RESULTS AND DISCUSSION

The rheology (flow behavior) of acrylamide-acrylic acid copolymer solutions significantly
affects their performance as sizing agents for cotton warp yarns. Key rheological
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parameters such as viscosity are influenced by both the concentration of the polymer
solution and temperature. Lower polymer concentration and higher temperatures both
reduce the viscosity of the sizing solution. This change in viscosity directly impacts the
ability of the sizing agent to penetrate and coat the cotton yarns effectively.

Changes in the rheological parameters of the copolymer sizing agent with varying
concentration and temperature of the copolymer solution are shown in Figure 1.
According to the results, it is noticeable that the viscosity decreases with a reduction in
the concentration of the polymer sizing agents. The influence of the polymer solution
temperature on viscosity is also evident, changing according to the Arrhenius equation.
As expected, the viscosity of the polymer solution decreases with increasing temperature
at the same concentration.

Viscosity values up to a concentration of 4% differ only slightly. For concentrations of
5% and higher, viscosity increases significantly and decreases more steeply with rising
temperature. At a concentration of about 5 copolymer, the following occurs. Enough
polymer chains are present to form a dense, partially crosslinked network, leading to
increased intertwining and potential hydrogen bonding between acrylamide (—CONH,)
and acrylic acid (-COOH) units. Furthermore, the denser network structure resists
molecular motion, increasing the energy barrier (activation energy) required for
processes such as diffusion, swelling, or reaction. In contrast, below 5% copolymer
concentration, the network is too loose or dilute, with fewer interactions between chains.
Molecular mobility is higher, so the activation energy is lower. Above 5% copolymer
concentration, the system may become too compact or saturated, reducing further
structural development. Additional polymer chains may not significantly increase
interactions, or may even create phase separation or saturation of the gel, reducing the
energy requirements for movement. On the other hand, acrylic acid increases
hydrophilicity, while acrylamide provides flexibility and the potential for hydrogen
bonding. At 5% copolymer concentration, the equilibrium of these components likely
results in maximum resistance to swelling, requiring more energy to activate diffusion or
reaction processes (e.g., ion transport, hydrogel deswelling). When it comes to
electrostatic and hydrogen bonding, acrylic acid provides carboxyl groups that can
ionize, while acrylamide provides polar amide groups. At a copolymer concentration of
5%, the system can reach a maximum interaction density (e.g., hydrogen bonding, ion
pairing), increasing viscosity or diffusion barriers, which again increases the activation
energy. Also, in many copolymer-based systems, there is a critical concentration at
which the system transitions from a sol to a gel or exhibits maximum resistance to
external influences (e.g., diffusion, reaction). This gelatinization threshold often
corresponds to the maximum activation energy, as the system is most physically
constrained at that point.

The viscosity of acrylamide and acrylic acid copolymer solutions decreases as the
solution temperature increases. This inverse relationship is a typical behavior for
polymer solutions, including poly(acrylic acid-co-acrylamide), and is attributed to
increased thermal motion of polymer chains at higher temperatures, which reduces
intermolecular interactions and facilitates easier flow. Additionally, the complex ionic and
nonionic hydrophilic groups in these copolymers mean that temperature effects can also
influence molecular conformation and aggregation, further impacting viscosity [14].
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Figure 1. Dependence of the viscosity of the polymer sizing agent on temperature

Figure 2 shows the plot of Ln(n) versus 1/T. Based on the curves, the activation energy
of flow of the copolymer solution and the pre-exponential factor were determined. The
coefficient of determination for the curves ranges from 0.970 to 0.995.

The activation energy of flow reflects how sensitive a fluid’s viscosity is to changes in
temperature. Ea for aqueous solutions of poly(acrylamide-co-acrylic acid) reflects how
sensitive the viscosity is to temperature changes. It is a key rheological parameter,
especially important for various industrial applications, but also for sizing yarn [17, 18].
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Figure 2. Viscosity of the polymer sizing agent as a function of temperature
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According to Table 1, the activation energy has the highest value at a concentration of
5%, amounting to 20.72 kJ/mol, while the lowest value (7.86 kJ/mol) was recorded at a
concentration of 3%.

Higher temperatures reduce the activation energy barrier for polymer chain movement,
resulting in lower viscosity and easier flow.

Activation energy values for acrylamide-acrylic acid copolymer flow depend on the
copolymer composition, molecular weight, and solution conditions (such as pH and ionic
strength), but the general trend is that increasing temperature lowers the effective energy
barrier for flow.

The copolymer's ionic nature (due to acrylic acid units) means that temperature effects
may be more pronounced compared to non-ionic polymers, as increased thermal energy
can help overcome electrostatic interactions that hinder chain mobility [18].

The activation energy for the sizing process decreases with lower polymer concentration,
indicating that less energy is required for the sizing agent to interact with the yarn at
lower concentrations. However, this may also reduce the effectiveness of the size layer.

Table 1. Kinetic parameters of polymeric sizing agent at different concentrations
Pre-exponential factor

Concentration of sizing agent (%) Activation energy (kJ/mol) (x10° kJ/mol)
8 13.89 2.55
7 12.49 3.62
6 14.53 1.53
5 20.72 0.09
4 14.22 0.54
3 7.86 3.34
2 13.43 0.24

Table 2 presents the values of parameters indicating the effect of treatment with the
polymer sizing agent: mass change, length change, and fineness change.

The copolymer’s rheology affects how well it spreads and adheres to cotton. Optimal
viscosity ensures sufficient hydrogen bonding between the -OH groups of cotton and the
-COOH/-CONH, groups of PAM-co-PAA, as well as uniform coverage without excessive
add-on. The groups in the copolymer are very polar and capable of forming multiple
hydrogen bonds, while the hydroxyl groups are hydrophilic and readily form hydrogen
bonds. The interaction between PAM-co-PAA and cellulose yarn (usually cotton) in yarn
sizing involves a mix of physical adsorption, hydrogen bonding, and potentially ionic
interactions, but not covalent bonds under standard conditions. Furthermore,
electrostatic interactions are possible if PAA is ionized (-COQO~) and reacts with cationic
impurities or additives on the yarn. There are also van der Waals forces due to non-
specific physical adsorption, as well as mechanical anchoring, when the copolymer
physically entangles itself in the microfibrils/surface pores of the fibers.

Higher viscosity (from higher polymer concentration) allows for greater deposition of the
sizing agent on the yarn (Size Pick-up), improving the bonding between the polymer and
cotton fibers. This enhances the protective film formed on the yarn surface, leading to
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better abrasion resistance and reduced yarn hairiness during weaving. As temperature
increases, the viscosity of the polymer solution decreases, which can affect the
uniformity and amount of size pick-up on the yarn. Optimal temperature and
concentration conditions must be maintained to ensure efficient sizing.

The numerical values of the fineness (%) of yarn - a measure of the yarn's mass per unit
length (tex) - increase after sizing, as the yarn absorbs the sizing material. This apparent
change is due to an increase in weight and sometimes a slight swelling effect. The
increase is proportional to size pick-up, since the size film adds mass to the yarn. Higher
copolymer concentrations result in heavier coatings, thus increasing the yarn’s linear
density. This change affects weaving performance and must be controlled to prevent
issues like stiffness or poor fabric handle.

When yarn is treated with a sizing solution that includes 2% to 8% copolymer of
acrylamide and acrylic acid, its length can slightly decrease because of moisture
absorption, tension relaxation, shrinkage from drying, or film formation on the surface.
As the copolymer concentration increases, the yarn tends to shrink more. This is
because higher copolymer levels form a thicker film that tightens the yarn, causing a
slight reduction in length during drying. Additionally, the ionic nature of acrylic acid leads
to increased moisture absorption, which contributes to temporary swelling followed by
shrinkage.

Table 2. The influence of sizing on the change of certain yarn properties

Concentration of Size Pick-up Change in yarn length Change in yarn fineness
sizing agent (%) (%) (shrinkage) (%) (deterioration) (%)

8 12 1.5 12

7 11 1.2 10

6 9 1.2 8

5 8 0.9 6

4 7 0.8 4

3 6 0.5 3

2 4 04 2

Table 3 presents the values of the mechanical properties of cotton yarn after sizing with
the new sizing agent, a copolymer of acrylamide and acrylic acid. Generally, the
treatments of the yarn with copolymer sizing agents at higher concentrations, and thus
higher viscosities, result in increased breaking strength. Exceptions are largely
influenced by the kinetic flexibility of the macromolecules, i.e., the distribution of polymer
macromolecules along the fibers on the surface and inside the yarn. With a decrease in
the viscosity of the polymer sizing agents, the ability to bind to the yarn fibers also
decreases, and at concentrations of 4% or lower, the treatments cannot meet the
required standards for these parameters.

In essence, sizing cotton yarn with a copolymer of acrylamide and acrylic acid improves
its breaking strength and elongation due to the film-forming and lubricating properties of
the polymer. The increase is generally proportional to the concentration of the copolymer
up to an optimal point (around 7%), beyond which gains may plateau or slightly decline
due to excess stiffness or brittleness.

Breaking strength increases due to fiber bonding and reduced hairiness, which leads to
better force distribution. At the same time, elongation improves because of smoother
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fiber interaction and the flexibility provided by the copolymer. However, if the
concentration of the sizing agent is further increased (>8%), it could result in a decrease
in yield or even slight declines if the yarn becomes too stiff or brittle.

Table 3. Breaking strength and elongation of sized yarn

Concentration of sizing agent (%) Breaking Strength (N) Elongation (%)
- 4.7 11.0
8 54 13.5
7 5.6 12.0
6 5.4 12.8
5 5.2 12.3
4 51 12.0
3 5.0 12.0
2 4.9 11.8

A precisely defined viscosity of the solution, along with a precisely defined activation
energy of flow, is necessary so that during the impregnation of the yarn-that is, practically
during the polymer flow-adequate stresses (tangential, normal) develop as a function of
the shear rate. This ultimately leads to the most favorable arrangement and distribution
of the polymer sizing agent molecules inside and on the surface of the yarn, as well as
binding to the fiber surface.

The viscosity of the polymer sizing agent at a concentration of 7% and an activation
energy of 12.49 kJ/mol results in the most favorable sizing outcomes, i.e., it will ensure
the most suitable add-on of the sizing agent, breaking strength, and elongation.

CONCLUSION

In production conditions, inappropriate add-ons of sizing material are very often applied
for warp sizing, with these amounts determined based on empirical indicators.
Insufficient add-on of sizing material on the warp leads to an increased number of warp
yarn breaks due to its inadequate strength and higher hairiness. Conversely, if excessive
amounts of sizing material are applied to the warp, the stiffness of the yarn increases,
which is unfavorable for the weaving process and results in unnecessary consumption
of sizing agents.

By careful selection of the procedure, i.e., the active agent, as well as optimal selection
of the temperature-time regime based on rheological indicators, it is possible to achieve
an appropriate bath composition and treatment method aimed at obtaining uniform sizing
and subsequent desizing.

The efficiency of cotton warp sizing using acrylamide-acrylic acid copolymer agents is
highly dependent on the rheological properties of the sizing solution. Proper adjustment
of concentration and temperature optimizes viscosity, which in turn enhances
penetration, bonding, and the protective qualities of the size layer. These factors
collectively lead to improved weaving performance and easier removal of the sizing
agent in subsequent processing steps.

The positive environmental aspects of using this copolymer in starching cotton yarn are
as follows: water solubility and low volatility, potential for biodegradation, and application
in environmental protection technologies (wastewater treatment, soil moisture retention
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in agriculture, or in slow-release fertilizers or agrochemical carriers). Environmental
concerns regarding the use of copolymers include: the toxicity of the monomer
acrylamide, persistence, or potential microplastics. To mitigate environmental concerns,
researchers are exploring: bio-based monomers (e.g., itaconic acid instead of acrylic
acid), blending with biodegradable polymers such as starch, cellulose, or chitosan, and
there are also green synthesis methods.
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Izvod

SKROBLJENJE PAMUCNE PREDE KOPOLIMEROM OD AKRIL AMIDA |
AKRILNE KISELINE

Suzana Dordevié¢! ID, Anita Tarbuk?ID, Nikola Stojanovié® D, Tihana Dekanié¢? D,
Dragan Dordevié* ID
'Akademija strukovnih studija Juzna Srbija, Odsek za tehnoloSko-umetnicke studije
Leskovac, Srbija
2Univerzitet u Zagrebu, Tekstilno-tehnoloski fakultet, Zagreb, Hrvatska
3Visoka skola za komunikacije, Beograd
4Univerzitet u NiSu, Tehnoloski fakultet, Leskovac, Srbija

Cilj ovog rada je formiranje novog sredstva za skroblijenje pamuéne osnove od
kopolimera akrilamida i akrilne kiseline. Tradicionalna sredstva za skrobljenje osnove
imaju sledeca ogranicenja: ekoloSke problemi, troSkovi i intenzitet kori§¢enja resursa,
probleme sa reciklazom i ponovnom upotrebom, ograni¢enja u performansama,
zdravstveni i bezbednosni rizici. Istrazivanje se bavi primenom razli€itih koncentracija
kopolimera, kao agensa za skrobljenje pamucCne prede, kao i samim procesom
skrobljenja. Utvrdeno je da smanjenje koncentracije rastvora uslovljava pad viskoziteta
dok sa rastom temperature opada viskozitet rastvora kopolimera. Praéena je i energija
aktivacije teCenja sredstva (7,9-20,7 kdJ/mol) za skrobljenje za razlicite koncentracije
kopolimera. Vec¢a koncentracija kopolimernih sredstava za skrobljenje kao i odredeni
viskozitet dozvoljavaju viSe nanosa na pamucnoj predi (4-12%). Odredene vrednosti
viskoziteta, odnosno energije aktivacije te€enja, uzrokuju odgovarajuce ponaSanje
polimernih molekula u rastvoru a onda vecu ili manju sposobnost vezivanja za pamucnu
predu. Deponovani kopolimer uzrokuje skupljanje (od 0,4 do 1,5%) i promenu finoCe
prede (od 2 do 12%), dok jaCina na kidanje raste posle skrobljenja (maksimalno za 19%)
kao i izduZzenje do kidanja (maksimalno za 22%). Efikasnost skrobljenja pamucne
osnove upotrebom akrilamid-akrilnog kopolimera zavisi od reologije rastvora za
skrobljenje. Upotreba kopolimera akrilamida i akrilne kiseline kao sredstva za skrobljenje
pamucne prede pruza viSe prednosti u odnosu na tradicionalna sredstva za skrobljenje:
poboljSano formiranje filma i adhezije, pove¢ana &vrstoéa prede i otpornost na habanje,
odliéna rastvorljivost u vodi i lako uklanjanje, ekoloSka prihvatljivost, termi¢ka i hemijska
stabilnost, kao i konzistentan kvalitet i performanse.

Kljuéne redi: kopolimer, reologija, skrobljenje, pamucna preda.
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COLOURABILITY AND FASTNESS OF COLOURED POLYESTER KNITTED
FABRIC AFTER PRETREATMENT
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The effects of pretreatment on the dyeing efficiency of polyester knitted fabric using a
yellow disperse dye were investigated in this study. The raw fabric was pretreated with
an alkaline solution (calcium hydroxide) and pure higher alcohols (1-pentanol and 1-
octanol), while dyeing was carried out in the presence of an environmentally friendly
carrier (caffeine). The results showed that pretreatment improved dye uptake during the
dyeing process. Significant weight loss was observed after treatment with 1-octanol
(8.2%), resulting in the greatest fabric swelling (thickness increase). Shrinkage was
uniform across all samples, averaging around 3%. The tensile strength of the pretreated
fabric was slightly reduced, particularly in the sample treated with alkali. The CIELab
colour system parameters showed more intense colouring in all samples; for example,
the sample modified with 1-octanol exhibited the darkest shade. The sample pretreated
with 1-octanol was the darkest, as confirmed by the highest difference in lightness (AL
= -18.23). In addition, its high chroma (C = 32.47) and hue angle (H = 86.23) contribute
to a pronounced yellow colouration with good brilliance. These CIELab parameters,
along with the subjective evaluation of colour levelness, confirm the significant
colouration and the effectiveness of this modification in achieving intense and uniform
dyeing. Caffeine proved to be an effective, non-toxic carrier, enabling better dyeing
results than procedures without a carrier or those using a conventional carrier. The
colour fastness of the pretreated polyester knitted fabrics to light, washing, rubbing,
seawater, and water drops was found to be satisfactory and acceptable.

Keywords: polyester, pretreatment, dyeing, CIELab, colour fastness.
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INTRODUCTION

Polyester (PES) is one of the most widely used synthetic polymers in the textile industry,
thanks to its high mechanical strength, durability, affordable cost, and excellent
performance in everyday use. Its chemical structure is based on repeating units of
terephthalic acid and ethylene glycol, resulting in fibers with high crystallinity and good
resistance to abrasion, wrinkling, and photoaging. Polyester fibers are also characterized
by low moisture absorption, making them suitable for use in outdoor clothing, sports
equipment, technical textiles, and furniture [1,2].

However, the very low moisture absorption, as well as the hydrophobic nature and
smooth surface of the fibers, present a challenge when dyeing, as they reduce the affinity
for dyes. Disperse dyes, which are the most commonly used for dyeing PES materials,
require specific conditions for successful fixation in the fibers. Therefore, dyeing
polyester is significantly more demanding compared to natural fibers such as cotton or
wool [3,4].

There is a continuous effort to improve the performance properties of existing PES fibers
through physical and chemical modifications. Today, polyester fibers with sufficient
hydrophilicity and enhanced dyeability are being developed. The wetting and absorption
of liquids, including dyes, are fundamentally important in many industrial processes,
influencing both the conventional and functional properties of fibrous materials [5].
Alkaline hydrolysis of polyester fabrics is one of the possible methods for modifying
polyester in order to enhance its comfort and wearability. Fabrics treated with alkali
exhibit improved aesthetic appearance and drape, a softer handle (touch), and greater
comfort, with properties similar to silk. In addition to these primary effects, treated
materials show reduced pilling tendency, increased resistance to soiling, and improved
hydrophilicity. At the same time, alkaline treatment effectively removes oligomers by
breaking them down into water-soluble molecules [6,7].

Standard dyeing procedures for polyester require the application of high operating
temperatures (above 120 °C) and specific auxiliary agents, carriers, which enhance the
dye’s penetration into the fibers. Unfortunately, many of these carriers harm the
environment due to their toxicity and long-term biodegradability. Therefore, current
research is focused on developing alternative technological approaches that would
enable high-quality dyeing at lower temperatures, while reducing the use of harmful
chemicals [8,9].

Chemical surface modification of polyester fibers through alkaline hydrolysis using a
calcium hydroxide (Ca(OH),) solution in the presence of 1-pentanol and 1-octanol
represents a promising method for increasing hydrophilicity and creating microporous
structures on the fiber surface. These changes enable better diffusion of dispersed dyes,
which can contribute to improved dyeing performance.

The dyeing process was carried out using an environmentally friendly carrier, caffeine,
at a temperature of 95 °C for 60 minutes, in an Original Hanau Linitest (Hanau, Germany)
apparatus. This study aims to investigate the effect of chemical surface modification of
PES knit fabric and the use of caffeine as a natural carrier on the physical properties of
the fabric and the quality of dyeing with disperse dyes. This research contributes to the
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development of sustainable and environmentally friendly technologies in the textile
industry, with the potential to reduce negative environmental impacts.

MATERIALS AND METHODS

In this experiment, 100% polyester knit fabric (PET - polyethylene terephthalate) with a
surface mass of 135 g/m? was used. The pretreatment of the PES knit was carried out
through three procedures. The first procedure involved chemical modification in a
calcium hydroxide solution (40 g/dm?) in water at 40 °C, with a bath ratio of 1:60, for 60
minutes. This was followed by rinsing with distilled water, neutralization with formic acid
(2 g/dm?), washing with Sarabid DLO, a non-ionic surfactant based on a combination of
specific oxyethylates (2 g/dm?3, 20 minutes at 60 °C), a second rinse, and drying at room
temperature.

The second and third procedures were performed using pure alcohols: 1-pentanol and
1-octanol, under the same conditions (40 °C, 1:60, 60 minutes), followed by drying, non-
ionic surfactant washing, rinsing, and drying. The abbreviated labels for these
procedures are: Ca(OH),—H,O, 1-pentanol, and 1-octanol.

The knit fabric was then dyed with the disperse dye C.I. Disperse Yellow 54 in the
presence of a natural carrier — caffeine (1% relative to the weight of the fabric) at a
temperature of 95 °C for 60 minutes, in an Original Hanau Linitest (Hanau, Germany)
apparatus.

The physical and mechanical properties of the samples were evaluated by measuring
weight loss, thickness, shrinkage, and bursting strength. Dyeing performance was
assessed using CIELab parameters.

The change in mass (Am, %) of textile samples was expressed as a percentage relative
to the mass of the control (unmodified) sample and was calculated based on the
difference in mass before and after treatment:

Am =TT 100 (1)

mo

where m; is the mass of the sample after treatment (g), and m, is the mass of the
unmodified sample (g).

Thickness was measured using a device called a thickness gauge. The apparatus
consists of two parallel metal plates, between which the material is placed. The pressure
of the upper plate on the tested product depends on the type of textile material. If not
specified by the standard, a pressure of 50 cN/cm? is applied for all textile materials. The
thickness of the knitted fabric was measured in accordance with the SRPS EN ISO
5084:2013 standard. Five measurements were carried out, and the mean value was
calculated.

Dimensional stability was determined in line with SRPS EN ISO 5077:2010. According
to the new procedure, the standards SRPS EN ISO 3759:2012 and SRPS EN ISO
6330:2022 are used together. On the test sample, markings were made in three places
in both length and width, and the mean value of the three results was calculated.

107



Bursting strength of the knit fabric was measured according to SRPS F.S2.022:2017.
This standard determines the resistance of textiles to rupture under the pressure of a
steel ball and applies to all textile products regardless of composition, structure, or
shape. Bursting strength is expressed as the maximum force (daN) causing the fabric to
rupture. Five measurements were carried out, and the mean value was calculated.
Colour fastness to light was determined according to SRPS EN ISO 105-B02:2015.
Testing was carried out on a Xenotest “Hanau” apparatus, Germany, No. 507 S-2253,
using blue wool reference fabrics (ratings 1-8) supplied by SDC Enterprises Limited,
United Kingdom. A total of three samples were tested. The exposure time to light was
72 hours. A xenon arc lamp simulating sunlight was used. After exposure, the light-
exposed and covered parts of the samples, as well as the reference blue wool fabrics,
were compared. Evaluation was performed using the grey scale, with values calculated
from spectrophotometric remission measurements on a Spectraflash 300, Datacolor
instrument under D65, A, and F8B2 illumination, 8° geometry.

Colour fastness to rubbing was tested in accordance with SRPS EN ISO 12947-4:2008.
The samples were rubbed with dry and wet white fabric for 1,000 cycles, using the
specified load according to the standard. Three tests were carried out. The change in
appearance and colour transfer were assessed using the grey scale, with values
obtained from spectrophotometric remission measurements under the same instrument
and illumination conditions as above.

Colour fastness to washing was tested according to SRPS EN ISO 105-C06:2016.
Testing was conducted on a Linitest apparatus, in a water bath heated to 40 + 2 °C. One
sample was tested, prepared as a sandwich with adjacent fabrics sized 10 x 5 cm, and
three ratings were given, sewn together with white accompanying fabrics — cotton on
one side and wool on the other. Detergent type 2705 SDC Sodium Perborate
Tetrahydrate was used at a concentration of 5 g/dm3, with a liquor ratio of 50:1. Samples
were placed in hermetically sealed metal containers and subjected to 30 minutes of
mechanical agitation, then rinsed and dried. Evaluation of colour transfer was made
using the grey scale based on spectrophotometric remission measurements
(Spectraflash 300, Datacolor, D65/A/F8B2 illumination, 8° geometry).

Colour fastness to seawater was determined according to SRPS EN ISO 105-E02:2013.
One sample was tested, prepared as a sandwich with adjacent fabrics sized 10 x 5 cm,
and three ratings were given. The sample was immersed in a sodium chloride solution
of defined concentration for the duration specified in the standard, then dried. Grey scale
evaluation was performed based on spectrophotometric measurements as described
above.

Colour fastness to water was assessed according to SRPS EN ISO 105-E01:2014. One
sample was tested, prepared as a sandwich with adjacent fabrics sized 10 x 5 cm, and
three ratings were given. The assessment of colour fastness to water, based on
resistance to fading and colour transfer in contact with water and other textiles.
Evaluation was performed using the spectrophotometric remission data as above.
Colour fastness to water spotting was evaluated according to SRPS EN ISO 105-
E16:2013. One sample was tested, prepared as a sandwich with adjacent fabrics sized
10 x 5 cm, and three ratings were given, possibly two. Water droplets were applied to
the fabric surface for the exposure period specified in the standard. After drying, the
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colour change was evaluated using the grey scale, calculated from spectrophotometric
remission measurements on the same instrument and illumination conditions.

RESULTS AND DISCUSSION

Table 1 presents the results of testing changes in weight loss, thickness, shrinkage, and
bursting strength of the PES knit fabric after prior chemical treatment. The first noticeable
effect of polyester modification was the weight loss (ranging from 3.8% to 8.2%,
depending on the pretreatment), caused by changes in the surface morphology of the
PES fibers due to the action of various chemicals. In the case of the alcohol 1-octanol
solution, the weight loss was more pronounced compared to other solutions, which may
be attributed to the specific action of higher alcohols involved in polyester hydrolysis and
their potential influence on the degradation of the fiber surface layer.

The applied modification led to a significant reduction in fabric thickness, resulting from
mass loss due to delamination and peeling of the fiber surface layer. The thickness of
the knit fabric showed a direct correlation with weight changes, indicating the impact of
chemical treatment on the structural characteristics of the textile. A slight change in
thickness was observed due to modification, with the sample treated with Ca(OH),—H,O
showing a mild decrease in thickness compared to the untreated sample. In contrast,
the samples modified with 1-pentanol and 1-octanol showed a slight increase in
thickness. Weight loss indicates the removal of material from the fiber surfaces, but this
removal loosens the structure, increases porosity, and allows the fibers to swell and
relax, leading to increased thickness. These variations suggest localized structural
changes in the fibers occurring during chemical treatment. The most pronounced
increase in thickness was recorded in the samples treated with pure alcohols, with all
values of this parameter being higher compared to the unmodified sample.

Although more significant changes might have been expected, they were mitigated by
the shrinkage of the material that occurred during the warm treatments in a relaxed state
(at 40 °C), which contributed to compensating for potentially more drastic variations in
thickness.

Table 1. Selected physical properties of PES knitted fabric after pretreatment

Weight Thickness Shrinkage (%) Bursting
Pretreatment Code | o (o) (mm) Warp  Weft _ Strength (daN)
- - 0.95 - - 58
Ca(OH)2-H20 5.0 0.91 3 3 53
1-Pentanol 3.8 0.98 3 3.5 55
1-Oktanol 8.2 1.02 3 3.5 55

Dimensional stability of textile materials is a key requirement, with the goal of minimizing
shrinkage during and after processing. Although it is almost inevitable for the material to
undergo dimensional changes, such changes must be as small and consistent as
possible. Yarn tension during production has a significant influence on subsequent
relaxation and, consequently, on dimensional changes.

Dimensional stability is a crucial property of textiles, with the aim of minimizing size
alterations. In this case, material shrinkage is the result of fiber relaxation, knit structure,
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and the thermodynamic instability of PES fibers during wet and thermal treatment. The
greatest shrinkage (3.5%) was recorded with solvent treatments, while the alkaline
treatment caused the least (3%). All applied treatments reduced the bursting strength of
the PES knit fabric, with the most significant reduction observed after alkaline treatment
and the smallest after treatment with alcohols.

The results of CIELab parameters quantify the dyeing outcomes of PES knit fabric
following different pretreatments and a single dyeing method — dyeing with the eco-
carrier caffeine, at a temperature of 95 °C for 60 minutes. In addition to quantitative
results, it is important to emphasize that qualitative, subjective evaluation (e.g., regarding
dye levelness or uniformity) significantly contributes to the overall impression of the
effectiveness of new solutions and dyeing procedures for polyester. All dyed samples
exhibited uniform colouration with acceptable levelness, as confirmed by subjective
assessment.

Table 2 presents the CIELab parameters for PES knitted fabrics dyed with disperse
yellow dye, following prior modification with different agents (calcium hydroxide, 1-
pentanol, and 1-octanol), along with data for the uncoloured reference sample. The
lightness component (L*) is lower in all dyed samples compared to the undyed sample,
indicating a darker appearance after dyeing.

Differences are also evident in the colour coordinates (a*and b*), as well as in hue angle
(H) and chroma (C*). The a* values for the samples modified with calcium hydroxide and
1-octanol are significantly lower than those of the sample modified with 1-pentanol, while
their b* values are much higher, resulting in a more intense yellow hue. These variations
in hue (H) are also the most pronounced, likely due to the influence of caffeine as an
eco-carrier on the dye uptake and shade development in the PES knit, both with and
without ultrasound assistance.

Table 2. CIELab system parameters for yellow dyed PES knitted fabric
Undyed PES knit fabric

_Light sources L* a* b* c* H
D65 94.10 -1.06 5.57 5.67 100.75
A 94.36 0.37 5.54 5.56 86.17
FB2 94.31 -0.79 6.24 6.29 97.22

Modified with Ca(OH)2-H20 and dyed with DY54 + caffeine

_Light sources L a b c H
D65 78.67 6.72 37.10 37.71 79.74
A 81.47 12.00 40.01 41.78 73.30
FB2 80.69 4.12 41.57 41.78 84.33

Modified with 1-pentanol and dyed with DY54 + caffeine

_Light sources L a b c H
D65 77.56 22.20 6.10 23.02 15.36
A 80.55 21.33 12.31 24.63 29.98
FB2 79.37 16.14 8.33 18.16 27.30

Modified with 1-octanol and dyed with DY54 + caffeine

_Light sources L a b C H
D65 75.87 2.13 32.40 32.47 86.23
A 77.95 7.42 34.06 34.86 77.71
FB2 77.40 0.99 36.24 36.25 88.43
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Among the samples, the one modified with 1-octanol exhibited the lowest lightness (L*
= 75.87 under D65 illumination), confirming it as the darkest. The colour coordinates (a*
= 2.13, b* = 32.40), combined with a hue angle (H = 86.23) and chroma (C* = 32.47),
confirm a strong yellow tone with high brilliance and good saturation, indicating a
significant distance from the neutral grey axis.

Table 3 quantitatively presents the colour differences between the uncoloured PES knit
reference sample and the dyed samples modified with different agents and dyed using
disperse yellow dye. These differences, expressed as delta values (4), were measured
under various illumination conditions. The uncoloured, unmodified sample was used as
the reference point for comparison with all dyed and modified variants.

As expected, all dyed samples show elevated total colour difference (AE) values,
regardless of the modification method. The sample modified with calcium hydroxide and
dyed with the eco-carrier caffeine displays the highest AE value, while the sample
modified with 1-pentanol shows the lowest.

The lightness difference (AL) is negative in all cases, indicating that all dyed samples
are darker than the uncoloured reference. Under D65 illumination, AL values range from
—15.43 to —18.23 for the respective treatments: calcium hydroxide, 1-pentanol, and 1-
octanol.

The chroma (AC) and hue (AH) values provide additional insight into the tone and
brilliance of the dyed samples. A positive AC reflects increased saturation, while AH
describes tonal shifts between dyeing processes. The positive Aa values across all
samples suggest an increased presence of red tones, whereas the positive Ab values
confirm enhanced yellow tones and a reduction in blue hues.

Table 3. Colour differences of PES knit fabric (uncoloured/yellow-dyed sample)
Modified with Ca(OH),-H,O and dyed with DY54 + caffeine

Light sources AE AL Aa Ab AC AH
D65 35.95 -15.43 7.78 31.53 32.04 5.30
A 38.60 -12.89 11.63 34.47 36.22 3.40
F02 38.18 -13.62 4.91 35.33 35.49 3.57
Modified with 1-pentanol and dyed with DY54 + caffeine
Light sources AE AL Aa Ab AC AH
D65 28.55 -16.54 23.26 0.53 17.35 15.50
A 26.00 -13.81 20.96 6.77 19.07 11.02
F02 22.68 -14.94 16.93 2.09 11.87 12.25
Modified with 1-octanol and dyed with DY54 + caffeine
Light sources AE AL Aa Ab AC AH
D65 32.59 -18.23 3.19 26.83 26.80 3.43
A 33.65 -16.41 7.05 28.52 29.30 2.15
F02 34.48 -16.91 1.78 30.00 29.96 2.36

The colour fastness of PES knit fabric was tested on all modified samples that underwent
an identical dyeing procedure using the eco-carrier caffeine at 95 °C for 60 minutes. Light
fastness refers to the resistance of the dyed textile to the effects of daylight. Evaluation
was conducted according to the relevant standard by comparing the degree of fading
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(colour loss) between the tested textile and a standard, using a rating scale from 1 (very
poor fastness) to 5 (very good fastness).

The best light fastness result for the yellow dye (Table 4) was achieved by the sample
modified with 1-octanol, which received the maximum rating of 5. Slightly lower ratings
of 4-5 were observed for the PES knit samples modified with Ca(OH),—H,O and 1-
pentanol, indicating very good but slightly less consistent resistance to light exposure.
In addition to light fastness, abrasion fastness was also evaluated for all dyed PES knit
samples. This property indicates the resistance of the textile surface to mechanical wear
during use, which is particularly important for clothing and technical textiles. The
assessment was carried out using a standardised method, and the results are presented
using a grading scale, where higher values indicate better abrasion resistance.

As shown in Table 4, the sample modified with 1-octanol again demonstrated the best
performance, achieving a rating of 4, which suggests good resistance to wear. The
samples modified with Ca(OH),—H,O and 1-pentanol showed slightly lower abrasion
fastness ratings of 3—4, indicating moderate to good resistance to mechanical stress.
These results suggest that the type of modification agent can influence not only the
colour properties but also the durability of the dyed fabric.

Table 4. Light fastness and abrasion fastness results of yellow-dyed PES knit fabric

Procedure designation Light fastness Abrasion fastness
Ca(OH)2-H20 4-5 3-4
1-Pentanol 4-5 3-4
1-Octanol 5 4

Colour fastness to washing was tested according to the prescribed standard by
monitoring the transfer of colour from the dyed test specimen to adjacent white fabrics.
Evaluation was carried out using the appropriate grey scales, such as the AATCC Gray
Scale for Staining.

As shown in Table 5, all modified PES samples exhibited very good washing fastness,
with ratings ranging from 4-5 to 5. The colour transfer to white polyester fabric
consistently achieved the highest rating (5), while slightly lower or equal values were
observed for white cotton fabric, indicating better fastness to polyester. These high
ratings confirm the durability of the dyeing process for both tested colours.

Table 5. Colour fastness results of yellow-dyed PES knit fabric to washing (40 °C)

Procedure Colour change of  Colour transfer to white Colour transfer to
designation the test specimen polyester fabric white cotton fabric
Ca(OH)2-H20 4-5 5 4-5
1-Pentanol 4-5 5 4-5
1-Octanol 4-5 5 5

Colour fastness to seawater refers to the resistance of textile dyes to the effects of salty
seawater. To assess changes in colouration, a grey scale is used, along with a grey
scale for evaluating colour transfer to white fabrics (both white polyester and white
cotton). In the context of colour transfer to white fabric, a rating of 5 means no staining
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occurred (i.e., no colour transfer), while a rating of 1 indicates significant staining and
noticeable colour transfer.

The highest seawater fastness was observed in the samples modified with calcium
hydroxide and 1-octanol, as shown in Table 6. Although there are differences between
the samples, the ratings are generally close, mostly differing by half a point to one
point. Colour transfer to white cotton fabric received better ratings compared to the
transfer to white polyester fabric.

Table 6. Results of the colour fastness of yellow-dyed PES knitted fabric to seawater

Procedure Change in colour Colour transfer to Colour transfer to

designation of the sample white polyester fabric white cotton fabric
Ca(OH)2-H20 4-5 5 4-5
1-Pentanol 4 4 4-5
1-Octanol 4-5 5 4-5

Colour fastness to water refers to the resistance of a textile’s colouration to the effects
of water exposure. Testing was conducted according to the standard procedure,
following a similar method used for assessing colour fastness to seawater.

For the modified samples, colour fastness values ranged from 4 to 5. The best results
(Table 7) were predominantly observed in the sample modified with 1-octanol, followed
by the sample modified with Ca(OH),—H,O, and lastly by the one modified with 1-
pentanol.

Table 7. Results of the colour fastness of yellow-dyed PES knit to water

Procedure Change in colour of Colour transfer to Colour transfer to
designation the test solution white fabric white cotton fabric
Ca(OH)2-H20 5 4-5 4-5
1-Pentanol 4 4-5 4
1-Octanol 4-5 5 5

Testing of colour fastness to water droplets was conducted according to the relevant
standard, with evaluation performed after drying at room temperature. The colour
change was assessed using a gray scale. This test measures the resistance of the
textile’s colouration to the impact of water droplets and is rated on a scale from 1
(significant change) to 5 (no visible change).

The obtained results (Table 8) show that the highest fastness to water droplets was
recorded for the samples modified with Ca(OH),—H,O and 1-octanol, followed by the
sample modified with 1-pentanol, which received slightly lower ratings (4-5).

Table 8. Results of the Colour Fastness of Yellow-Dyed PES Knitted Fabric to Water Droplets

Procedure Colour change 2 minutes after Colour change after drying
designation wetting the specimen
Ca(OH)2-H20 2-3 4-5
1-Pentanol 2 4
1-Octanol 2-3 5
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CONCLUSION

The results of this study showed that the chemical modification of PES knitted fabric
using calcium hydroxide solution, as well as aliphatic alcohols (1-pentanol and 1-
octanol), in combination with the environmentally friendly carrier caffeine, significantly
affected the efficiency of the dyeing process with disperse dyes.

The best dyeing performance was achieved on the sample treated with Ca(OH), and
dyed with the addition of caffeine, as confirmed by the high values of total colour
difference (AE = 38.60), colour saturation (C = 41.78), and pronounced hue (b = 41.57).
This combination provided uniform colouration, good light fastness, and minimal
dimensional changes in the material. The samples treated with alcohols showed more
pronounced physical changes, particularly in thickness and mass loss, indicating a
greater degree of surface modification. The use of caffeine as a natural carrier proved
to be an effective and sustainable alternative to conventional toxic auxiliaries, allowing
a reduction in dyeing temperature without compromising dyeing quality. In addition, the
modified samples demonstrated satisfactory colour fastness properties, including
resistance to washing, light, seawater, abrasion, and water droplets, which are essential
for practical textile applications.

This study confirms that the combination of chemical modification and environmentally
friendly additives can achieve satisfactory results in dyeing synthetic materials while
preserving the environment and reducing energy consumption. Further research is
recommended to evaluate the stability of these procedures under industrial conditions
and to explore their application to various types of synthetic textiles.
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BOJIVOST | POSTOJASNOST OBOJENJA POLIESTARSKE PLETENINE POSLE
PRETHODNE PRIPREME
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Dragan Dordevié® ID
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U ovom radu je istrazen uticaj prethodne pripreme poliestarske pletenine na efikasnost
bojenja zutom disperznom bojom. Priprema sirove pletenine je uradena rastvorom
alkalije (kalcijum-hidroksid), i €istim viS§im alkoholima (1-pentanol i 1-oktanol), dok je
bojenje izvedeno u prisustvu ekoloski pogodnog kerijera (kofein). Rezultati pokazuju da
je prethodna priprema dovela do poboljSanja prijema boje tokom bojenja. Kao rezultat
prethodne pripreme, zna€ajan gubitak mase zabelezen je kod obrade sa 1-oktanolom
(8,2%), Sto je dovelo do najveceg bubrenja tkanine (poveéanje debljine). Skupljanje je
bilo ujednaceno kod svih uzoraka, u proseku oko 3%. Otpornost na pucanje prethodno
obradene pletenine je neSto slabija, posebno kod obrade alkalijom. Vrednosti
parametara CIELab sistema pokazuju intenzivnije nijanse obojenja kod svih uzoraka,
npr. uzorak posle modifikacije sa 1-oktanolom je najtamnije obojen. Uzorak prethodno
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tretiran 1-oktanolom je najtamniji, $to potvrduje najveca zabeleZena razlika u svetlini (AL
= -18,23). Pored toga, njegova visoka zasi¢enost boje (C = 32,47) i vrednost nijanse (H
= 86,23) doprinose izrazenoj zutoj boji sa visokom briljantno$¢u. Ovi CIELab parametri,
zajedno sa subjektivnom procenom ujednacenosti boje, potvrduju znacajno bojenje i
efikasnost ove modifikacije u postizanju intenzivnog i ujednacenog bojenja. Kofein se
pokazao kao efikasan, netoksi¢an nosac¢, omogucavajuci bolje rezultate bojenja nego
postupci bez nosaca ili oni sa konvencionalnim nosatem. Postojanost boje prethodno
tretiranih poliesterskih pletenih tkanina na svetlost, pranje, trljanje, morsku vodu i kapi
vode ocenjena je kao zadovoljavajuca i prihvatljiva.

Kljuéne redi: poliestar, prethodna priprema, bojenje, CIELab, postojanost boje.
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MECHANISTIC INSIGHTS INTO THE CHEMISORPTION OF INDUSTRIAL DYES ON
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The discharge of azo dyes from industrial effluents poses serious environmental and
health risks due to their persistence and resistance to biodegradation. Hydroxyl-
functionalized Ti;C,(OH), MXenes have emerged as promising adsorbents due to their
large surface area, hydrophilicity, and versatile surface chemistry. In this study, we
employed Monte Carlo and molecular dynamics simulations to investigate the adsorption
behavior of four industrial dyes—Congo Red (CR), Methylene Blue (MB), Direct Black 1
(DBK), and Direct Blue 38 (DBu)—on Ti;C,(OH), MXene surfaces.

Monte Carlo adsorption locator results showed that CR exhibited the most favorable
static adsorption energy (—182.346 kcal/mol), followed by DBu (—46.576 kcal/mol), DBk
(-23.994 kcal/mol), and MB (—16.35 kcal/mol). Notably, the deformation energy of CR
was —151.353 kcal/mol, indicating strong chemisorption due to significant molecular
reorganization. Molecular dynamics simulations in aqueous media further validated
these trends, with DBu showing the highest dynamic adsorption energy (-1676.365
kcal/mol), followed by DBk (—1348.604 kcal/mol), CR (—1157.238 kcal/mol), and MB (-
895.651 kcal/mol). The binding energies reflected a similar order, confirming that strong
-1 stacking, hydrogen bonding, and surface-induced reorientation were dominant
interaction mechanisms.

These findings provide molecular-level insight into the structure—function relationship
governing dye—MXene adsorption and highlight Tiz;C,(OH), MXene as an effective
material for selective and sustainable dye removal in wastewater treatment.

Keywords: Azo dyes, Ti;C, MXene, Adsorption energy, Chemisorption, Molecular
dynamics, Wastewater remediation.
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INTRODUCTION

The rampant discharge of synthetic dyes from textile and allied industries poses a
serious environmental threat due to their toxicity, persistence, and non-biodegradability.
Among various pollutants, azo dyes represent a major class of contaminants that
severely degrade water quality and disrupt aquatic ecosystems [1]. The direct discharge
of untreated or inadequately treated dye-laden effluents into water bodies leads to
reduced light penetration, altered photosynthetic activity, and exerts significant toxicity
on aquatic organisms and human health. As traditional wastewater treatment methods
often fall short in removing these complex organic molecules effectively, the search for
advanced adsorbent materials has become imperative [2].

Adsorption has been widely recognized as one of the most effective techniques for dye
removal due to its simplicity, low operational cost, and ability to target a wide range of
pollutants without generating secondary waste [3]. However, the success of this method
largely depends on the nature of the adsorbent material. Traditional adsorbents such as
activated carbon, clays, and zeolites, while effective to some extent, often face
limitations such as low selectivity, poor regeneration capability, and high production
costs. These shortcomings have spurred the search for next-generation adsorbent
materials with superior performance characteristics [4,5].

Recently, MXenes, a family of two-dimensional transition metal carbides and nitrides,
have attracted immense attention as novel nanomaterials for environmental remediation
applications. Owing to their exceptional surface area, hydrophilic nature, layered
structure, and tunable surface chemistry, MXenes exhibit strong potential for the
adsorption and removal of various pollutants, including dyes, from aqueous
environments [6]. Particularly, TisCz-based MXenes, functionalized with surface
hydroxyl, oxygen, or fluorine groups, offer reactive sites capable of engaging in strong
electrostatic, hydrogen bonding, and 1—T interactions with organic pollutants. Their
lamellar structure and exposed functional groups make them promising candidates for
the selective and high-capacity adsorption of dye molecules [7,8].

Despite encouraging experimental findings, a fundamental understanding of the
molecular-level interactions between MXenes and complex dye molecules remains
limited. To bridge this knowledge gap, computational modeling techniques provide an
invaluable tool. By simulating the adsorption process under controlled conditions,
computational methods can offer detailed insights into adsorption energies, binding
configurations, charge distributions, and the influence of molecular structure on
adsorption efficiency [9,10].

In this study, we conduct a theoretical investigation of the interaction mechanisms
between TizC20H)2 MXene and four representative industrial azo dyes: Congo Red (CR),
Methylene Blue (MB), Direct Black 1 (DBk), and Direct Blue 38 (DBu). These dyes were
selected based on their widespread industrial usage and varying structural, electronic,
and functional characteristics. By using Monte Carlo-based adsorption locator
simulations and molecular dynamics (MD) modeling, we analyze key parameters such
as adsorption energy, deformation energy, and binding configurations to evaluate the
strength and spontaneity of dye adsorption on the MXene surface. Additionally, solvent
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effects are considered through the inclusion of water molecules in the simulation box to
mimic realistic aqueous conditions.

The results not only provide comparative insights into the adsorption potential of various
dye molecules but also reveal the role of functional groups, molecular geometry, and
electronic structure in determining adsorption efficiency. This study contributes to the
rational design and optimization of MXene-based materials for sustainable wastewater
treatment technologies.

COMPUTATIONAL METHOD

To investigate the adsorption behavior of industrial azo dyes on the TizC2(OH), MXene
surface, a series of computational simulations was performed using BIOVIA Materials
Studio (Versions 7.0 and 8.0) [11]. The crystal structure of TisC2 MXene (100 surface
orientation) was obtained from the Materials Project database and processed using the
Materials Studio interface. Similarly, molecular structures of the selected dyes—Congo
Red, Methylene Blue, Direct Blue 38, and Direct Black 1—were downloaded from the
Materials Explorer database and geometry-optimized using the Universal Force Field
(UFF) [12,13]. The structures of MXene (Fig. 1) and the four industrial dyes are shown
in Fig. 2. Initial geometry optimization was conducted to minimize the total energy of
each system and ensure a stable configuration. During this process, atomic positions
were iteratively adjusted until the system reached a local minimum on the potential
energy surface. Following successful optimization, a simulation box was constructed
containing the MXene (100) slab, individual dye molecules, and water molecules to
mimic aqueous environmental conditions [14].
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Figure 1. 3D structure of Ti3C2-based MXene
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Figure 2. 3D Structure of Industrial Dyes

Monte Carlo adsorption locator simulations

To investigate the adsorption characteristics of the selected azo dyes on the TisC2(OH)2
MXene surface, Monte Carlo-based adsorption locator simulations were employed using
the Adsorption Locator module in BIOVIA Materials Studio. This module systematically
searches for energetically favorable configurations by sampling various orientations and
positions of dye molecules relative to the MXene surface. Each dye—Congo Red,
Methylene Blue, Direct Blue 38, and Direct Black 1—was modeled in the presence of
the MXene (100) crystal surface, and their interaction configurations were evaluated
under periodic boundary conditions. The Universal Force Field (UFF) was applied to
optimize each structure, ensuring that both the adsorbent and adsorbate reached a
minimum energy configuration. Key energetic parameters were calculated, including
total system energy, adsorption energy (Eads), rigid adsorption energy, and deformation
energy, as well as the adsorption energy per molecule (dEadgs/dNi). These values
provided quantitative insights into the strength and spontaneity of dye adsorption. The
simulation results revealed the most stable binding configurations for each dye molecule
and allowed for a comparative analysis of their affinities towards the MXene surface.
This computational approach served as a critical foundation for understanding the
adsorption mechanism and guiding subsequent molecular dynamics studies.

Molecular dynamics simulations

To further validate the adsorption behavior and assess the dynamic stability of dye—
MXene complexes in aqueous environments, molecular dynamics (MD) simulations
were performed using the Forcite module in BIOVIA Materials Studio (Version 8.0). The
simulations were carried out under an NPT ensemble at 298 K and 1 atm pressure to
mimic standard ambient conditions. Each system included a geometry-optimized
TizC,(OH), MXene (100) slab, a selected dye molecule (Congo Red, Methylene Blue,
Direct Blue 38, or Direct Black 1), and water molecules within a periodic simulation box
measuring 18.0 A x 30.23 A x 25.08 A.
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A time step of 1.0 femtosecond (fs) was used, and each system was simulated for 300
picoseconds (ps) to allow sufficient equilibration and conformational sampling.
Berendsen thermostat and barostat were employed to regulate temperature and
pressure, respectively. Long-range electrostatic interactions were computed using the
Ewald summation method with an accuracy of 1 x 107° kcal mol™, while van der Waals
interactions were treated with the same level of precision. Qeq charge equilibration was
utilized to compute partial atomic charges dynamically throughout the simulation [15,16].
The main objective of these MD simulations was to evaluate the adsorption energy,
binding energy, and radial distribution functions (RDFs) of the dye molecules relative to
the MXene surface [9]. These metrics provided quantitative and structural insights into
the degree of physical versus chemical adsorption. RDF analysis, in particular, was used
to estimate the most probable separation distances between dye atoms and MXene
surface atoms, calculated using the following equation (1):

py(r)
- (1)

Gxy (1) =

Where:
e py(r)=local density of atoms of species Y at distance r from species X
e py = average density of species Y over the entire volume

RESULTS AND DISCUSSION

Adsorption locator studies

The adsorption behavior of the four industrial azo dyes—Methylene Blue, Congo Red,
Direct Black 1, and Direct Blue 38—on the TisC2(OH)2 MXene surface was investigated
using the Adsorption Locator module in Materials Studio. The simulation identified the
most energetically favorable dye orientations and adsorption sites on the MXene (100)
surface using ¢ vvbg a Monte Carlo algorithm. For each dye, the most stable
configuration was selected and visualized (Fig. 3-6), and the corresponding adsorption
energy parameters were recorded (Table 1). The total energy, adsorption energy (Eads),
rigid adsorption energy, and deformation energy were calculated for each dye-MXene
system, offering valuable insights into the strength and nature of interactions.
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Figure 4. Total energy Monte Carlo adsorption Locator Simulations of Congo Red (CR)

122



DBk Total Energy

180000
o 15om

120000

Energy (kcal/m
g

0000 =00L B0 100000 20000 140000 160000

Figure 5. Total energy Monte Carlo adsorption Locator Simulations of Direct Black (DBk)

DBu Total Energy

Figure 6. Total energy Monte Carlo adsorption Locator Simulations of Direct Blue (DBu)

Table 1. Adsorption Energy Parameters of Azo Dyes on TizC,(OH), MXene Surface from Monte
Carlo Adsorption Locator Simulations

Structure Total Adsorption Rigid Deformation dEad/dNi
energy energy adsorption energy
energy
MB 34.2 -16.35 -16.578 0.230 -16.348
CR 254.138 -22.346 -30.993 -23.353 -22.346
DBk 266.066 -23.994 -33.014 -23.993 -23.993
DBu 477.271 -46.576 -33.839 -46.578 -46.576

0.0
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Methylene Blue (MB)

The adsorption of Methylene Blue (MB) on Ti;C,(OH), MXene, as illustrated in Figure 3
and Table 1, revealed the weakest interaction among the four studied dyes, with an
adsorption energy of —16.35 kcal/mol. MB is a relatively small, planar cationic dye
containing a thiazine ring system and minimal polar functional groups. Its limited -
conjugation and lack of strongly electron-donating or withdrawing groups reduce its
ability to interact strongly with the MXene surface. The deformation energy for MB is the
lowest (only +0.230 kcal/mol), indicating negligible structural rearrangement upon
adsorption, which is characteristic of physisorption. This weak van der Waals forces and
possible limited hydrogen bonding explain its low affinity toward Ti;C,(OH),, confirming
that MB primarily relies on surface contact rather than strong chemical interaction
mechanisms.

Congo Red (CR)

Congo Red (CR) exhibited the most favorable adsorption parameters among all dyes,
with a highly negative adsorption energy of —182.346 kcal/mol, as shown in Figure 4 and
Table 1. CR contains two azo groups linking aromatic systems, along with two sulfonic
acid groups (—-SO3zH), which greatly enhance its hydrophilicity and ability to form
hydrogen bonds. Additionally, its large, delocalized 1-system promotes strong -1
stacking with the planar MXene layers. The deformation energy (-151.353 kcal/mol) is
notably high, indicating significant molecular rearrangement and reorientation to
optimize interaction with the surface—strong evidence of chemisorption. The combined
effect of -conjugation, polar functionalities, and structural flexibility allows CR to anchor
tightly to the hydroxylated MXene, making it the most effective dye in this adsorption
study.

Direct Black 1 (DBk)

Direct Black 1 (DBk) demonstrated intermediate adsorption strength on Ti;C,(OH),
MXene, with an adsorption energy of —23.994 kcal/mol, as shown in Figure 5. DBk
contains azo linkages and sulfonic acid groups like CR, but with a more compact and
sterically hindered molecular framework. While it does possess multiple aromatic rings,
the spatial arrangement of its functional groups may restrict optimal orientation and
surface contact, thus reducing overall interaction strength. The deformation energy (—
23.993 kcal/mol) is relatively moderate, indicating a partial chemisorptive character,
though less intense than that of CR. This suggests that DBk interacts with the MXene
surface via a combination of electrostatic interactions, hydrogen bonding, and limited 17—
m stacking, but the overall binding is weaker due to molecular bulk and orientation
constraints.

Direct Blue 38 (DBu)

Direct Blue 38 (DBu), as presented in Figure 6, displayed the second strongest
interaction with the MXene surface, following CR, with an adsorption energy of —46.576
kcal/mol. DBu is a large dye molecule containing multiple aromatic rings, sulfonic acid
groups, and azo linkages. These structural features enable strong T—1r interactions and
hydrogen bonding with the hydroxyl-terminated MXene. Interestingly, its deformation
energy (—46.578 kcal/mol) is close to the adsorption energy, indicating that DBu

124



undergoes moderate molecular adjustment to achieve a favorable adsorption
geometry—evidence of a significant chemisorption component. The enhanced
adsorption compared to DBk is attributed to better conjugation and more favorable
spatial alignment of functional groups. Thus, DBu exhibits a stable interaction profile,
supported by both molecular size and functional diversity.

Molecular Dynamics Simulation Studies

To gain deeper insight into the adsorption mechanisms of the selected azo dyes on the
TizC,(OH), MXene surface under dynamic, aqueous conditions, molecular dynamics
(MD) simulations were conducted using the Forcite module in BIOVIA Materials Studio
(Version 8.0). Each simulation system consisted of a Ti;C,(OH), (100) crystal slab, the
dye molecule, and water molecules (solvent), all confined within a periodic simulation
box measuring 18.0 A x 30.23 A x 25.08 A shown in figure 7. Before the MD run, all
components—including the dye molecules (Congo Red, Methylene Blue, Direct Black 1,
and Direct Blue 38)—were geometry-optimized using the Universal Force Field (UFF) to
ensure energy minimization and structural stability.

To complement the static adsorption analysis, molecular dynamics (MD) simulations
were employed to evaluate the stability, spontaneity, and nature of dye adsorption on
the Ti;C,(OH), MXene surface under realistic aqueous conditions. These simulations
provide dynamic insights into the interaction mechanisms by considering thermal
fluctuations, solvent effects, and molecular motion over time. By analyzing adsorption
and binding energies alongside radial distribution functions (RDF), this section
elucidates the extent of physical versus chemical adsorption for each dye and validates
the comparative adsorption trends observed in the Monte Carlo simulations.
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Figure 7. Molecular dynamic simulation of Methylene Blue (MB)-MXene-water, Congo Red
(CR)-MXene-water, Direct Black 1 (DBk) MXene-water, and Direct Blue 38 (DBu)-MXene-water.

Methylene Blue (MB)

The MD simulation results (Table 2 and Fig. 8) indicate that Methylene Blue (MB) shows
the weakest adsorption interaction with the Ti;C,(OH), MXene surface, with an
adsorption energy of —895.651 kcal/mol. This relatively lower binding energy reflects a
limited interaction potential, which aligns with MB’s molecular structure. MB is a planar,
cationic dye containing a thiazine ring but lacks extensive 1-conjugation and polar
anchoring groups like sulfonates. The radial distribution function (RDF) curve in Figure
8 suggests that MB molecules maintain a slightly larger distance from the MXene
surface, with less pronounced peaks, indicating weak electrostatic or van der Waals
forces. The planar geometry aids in some surface contact, but the absence of strong
hydrogen-bond donors/acceptors and minimal deformation upon adsorption confirms
that the dye undergoes primarily physisorption. Thus, MB's interaction is governed
mostly by weak non-covalent forces with limited chemisorptive character.
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Table 2. Adsorption and Binding Energies of Azo Dyes on TisC2(OH)2 MXene Surface from
Molecular Dynamics Simulations

Obs E sol+water Edye E total Eads Ebind
MB -26930.875 -50.564 -27877.09 -895.651 895.651
CR -26930.875 -283.582 -28371.625 -1157.238 1157.238
DBk -26930.875 -297.351 -28576.79 -1348.604 1348.604
DBu -26930.875 -500.469 -29107.669 -1676.365 1676.365
MB Forcite Analysis - RDF
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Figure 8. Radial distribution function of Methylene Blue (MB)

Congo Red (CR)

According to the data in Table 2 and Figure 9, Congo Red (CR) demonstrates a
significantly stronger interaction with the MXene surface, with an adsorption energy of —
1157.238 kcal/mol. CR contains extended 1r-systems, azo linkages, and sulfonic acid
groups (—SO3H), which facilitate both TT—11 stacking and strong hydrogen bonding with
the —OH-terminated MXene. The RDF profile in Fig. 9 exhibits sharp and high peaks
within 2.5-3.5 A, indicating a close and structured interaction between the dye and the
surface, consistent with chemisorption. The large negative deformation energy reported
in previous sections also suggests substantial molecular reorganization during binding.
This indicates that CR reorients itself dynamically in solution to maximize electrostatic
and hydrogen bonding interactions. Its high binding energy and favorable RDF pattern
reinforce that CR exhibits strong and stable adsorption, with both structural and
electronic features contributing to its robust chemisorption.
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Figure 9. Radial distribution function of Congo Red (CR)
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Direct Black 1 (DBk)

Direct Black 1 (DBk) exhibits an adsorption energy of —1348.604 kcal/mol (Table 2),
placing it between CR and DBu in adsorption strength. From a chemical perspective,
DBk features multiple aromatic rings, azo groups, and sulfonic acid functionalities, which
collectively contribute to moderate-to-strong —1 and hydrogen bonding interactions
with the Mxene surface. The RDF profile in Figure 10 reveals a pronounced peak around
3.0 A, indicating that DBk maintains a fairly close and consistent orientation relative to
the surface, supporting chemisorption. However, compared to CR, DBk’s more sterically
hindered and bulkier structure likely limits its adsorption efficiency due to less favorable
spatial alignment. Nonetheless, the strong binding energy suggests that DBk still
undergoes effective chemisorption, albeit with slightly lower flexibility or reorientation
capability than CR.

DBk Forcite Analysis - RDF

Figure 10. Radial distribution function of Direct Black 1 (DBk)
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Direct Blue 38 (DBu)

Among all studied dyes, Direct Blue 38 (DBu) demonstrates the highest adsorption
energy of —1676.365 kcal/mol (Table 2), clearly indicating the most favorable interaction
with the TizC,(OH), surface. Chemically, DBu possesses multiple conjugated aromatic
systems, sulfonic acid groups, and azo linkages, providing abundant sites for m—r
stacking, hydrogen bonding, and electrostatic interactions. Figure 11 shows an RDF
curve with highly pronounced peaks in the 2.5-3.5 A region, confirming very strong and
close-range interactions—hallmarks of dominant chemisorption. The dye’s planar
segments likely align well with the MXene layers, maximizing surface contact and
interaction energy. Moreover, the large negative deformation energy observed earlier
reinforces that DBu undergoes significant reconfiguration to adopt a stable adsorbed
state. Overall, DBu exhibits the most thermodynamically favorable and chemically
intensive interaction, making it the best-performing dye in terms of spontaneous, stable
adsorption on the MXene surface.

DBu Forcite Analysis - RDF
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Figure 11. Radial distribution function of Direct Blue 38 (DBu)

CONCLUSION

This study offers a molecular-level perspective on the chemisorption behavior of four
widely used industrial azo dyes—Congo Red, Methylene Blue, Direct Black 1, and Direct
Blue 38—on hydroxyl-functionalized Ti;C, MXene surfaces. By employing a dual
computational strategy of Monte Carlo adsorption locator simulations and molecular
dynamics under aqueous conditions, we unveil that dye—MXene interactions are
governed by a synergy of m—m stacking, hydrogen bonding, and surface-induced
molecular reorganization. Among the dyes, Congo Red and Direct Blue 38 consistently
demonstrated the most favorable energetics, not only in static conditions but also under
dynamic environments, suggesting their adsorption is both spontaneous and structurally
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adaptive—a hallmark of strong chemisorption. Notably, the deformation energy analyses
provided insight into the extent of structural adjustments dyes undergo, revealing the
importance of molecular flexibility and functional group orientation in determining
adsorption strength.

These findings extend beyond comparative adsorption metrics, offering mechanistic
insights that highlight the role of dye architecture—such as planarity, electron-donating
groups, and steric hindrance—in influencing dye—MXene affinity. The significant binding
energy profiles suggest that Ti;C,(OH), MXene is not merely a passive adsorbent but
an active participant in the dye capture process. Future directions should aim at
correlating these theoretical predictions with experimental adsorption isotherms and
kinetics, as well as exploring surface functionalization strategies to further tune
selectivity and efficiency. This work thus establishes a foundational framework for the
rational design of MXene-based adsorbents in advanced wastewater treatment
technologies.
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Izvod

MEHANIZMI HEMISORPCIJE INDUSTRIJSKIH BOJA NA POVRSINI TI;C, MXENE
ZA PRIMENU U PRECISCAVANJU OTPADNIH VODA: TEORIJSKI PRISTUP

Shahidul Islam' ID, Md. Rahamatolla? ID, Marija Kodric® ID, Sanjay Belowar' ID
' Katedra za tekstilni inzenjering, BGMEA Univerzitet mode i tehnologije (BUFT), Daka
1230, Banglades
2 Katedra za prirodne nauke, BGMEA Univerzitet mode i tehnologije (BUFT), Daka
1230, Banglades
3 Inovacioni centar Univerziteta u NiSu, Ni§, Srbija

Ispustanje azo boja iz industrijskin otpadnih voda predstavija ozbiljan ekoloski i
zdravstveni rizik zbog njihove postojanosti i otpornosti na biorazgradnju. MXeni
funkcionalizovani hidroksilnim grupama TizC,(OH), pojavili su se kao obecavajuci
adsorbensi zahvaljujuéi velikoj specificnoj povrsini, hidrofilnosti i raznovrsnoj povrsinskoj
hemiji. U ovoj studiji primenjene su Monte Karlo i simulacije molekulske dinamike za
ispitivanje adsorpcionog ponaSanja Cetiri industrijske boje — Kongo crvena (CR),
Metilen plava (MB), Direktna crna 1 (DBKk) i Direktna plava 38 (DBu) — na povrSinama
MXena Ti;C,(OH),.

Rezultati Monte Karlo lociranja adsorpcije pokazali su da CR ima najpovoljniju stati¢ku
energiju adsorpcije (—182,346 kcal/mol), zatim slede DBu (—46,576 kcal/mol), DBk (—
23,994 kcal/mol) i MB (—16,35 kcal/mol). Posebno je zna¢ajno da je energija deformacije
CR iznosila —151,353 kcal/mol, $to ukazuje na jaku hemisorpciju usled znacajne
molekulske reorganizacije. Simulacije molekulske dinamike u vodenom medijumu
dodatno su potvrdile ove trendove, pri Eemu je DBu pokazala najveéu dinami¢ku energiju
adsorpcije (—1676,365 kcal/mol), zatim DBk (-1348,604 kcal/mol), CR (-1157,238
kcal/mol) i MB (-895,651 kcal/mol). Energije vezivanja pratile su sli€an redosled,
potvrdujuéi da su T—1T interakcije, vodoni¢ne veze i povrSinski indukovana reorijentacija
dominantni mehanizmi interakcije.

Ova saznanja pruzaju uvid na molekulskom nivou u odnos izmedu strukture i funkcije
koji upravlja adsorpcijom boja na MXenima i isticu Ti;C,(OH), MXen kao efikasan
materijal za selektivno i odrzivo uklanjanje boja iz otpadnih voda.

Kljuéne reci: Azo boje, TisC, MXen, Energija adsorpcije, Hemisorpcija, Molekulska
dinamika, PreciS¢éavanje otpadnih voda.
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DYEING KINETICS OF MULTI-COMPONENT TEXTILE YARN WITH BASIC DYE

Jelena Jovic¢evi¢ Pavkovic¢* ID, Dragan Djordjevi¢ ID
University of Ni§, Faculty of Technology, Serbia

Kinetic analysis of the dyeing process of multi-component textile yarn with a basic dye
was performed in this article. The yarn consists of multiple components, specifically three
different fibers, with the highest proportion being modal, followed by cotton, and the least
being polyamide. Dyeing of the yarn was carried out using a discontinuous method, with
the appropriate initial dye concentration and different dyeing times. The aim is to
elucidate the dynamic events during the adsorption of dye molecules onto the fibers and
their diffusion into the interior. Two kinetic reaction models (Pseudo-first-order and
Avrami) and one kinetic diffusion model (Weber-Morris) were used to test the
experimental data from the dyeing process. Dyeing multi-component yarn vyields
satisfactory results, with even coloration of the yarn. The degree of dye exhaustion and
the amount of dye on the fibers increase with time, while the initial dye concentration in
the solution decreases as the dyeing process progresses. In the linear simulation of the
kinetic dyeing parameters, the Avrami reaction model proves to be efficient, while the
Weber-Morris model is found to be a very favorable diffusion equation.

Keywords: yarn, basic dye, dyeing, kinetic models.

INTRODUCTION

Textile products made from fiber blends are often found in the market, and they can be
either dyed or undyed. The dyeing of fabrics, knits, or yarns made from fiber blends can
be performed at various stages of their production. For instance, two or more different
fibers can be separately dyed and then mixed to achieve a two-tone or multicolored
effect in the final product. In many cases, dyeing blends is done in the form of fabric or

* Author address: Jelena Jovicevic, University of Nis, Faculty of Technology in Leskovac,
Bulevar oslobodenja 124, 16000 Leskovac, Serbia
e-mail address: jejchin@gmail.com
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knits. Dyeing fibers in their loose state is cheaper, but dyeing fabrics or knits is safer and
more convenient, especially if these products need to be stored and dyed according to
fashion market demands [1].
Dyeing textile materials in the form of fibers, yarns, or fabrics containing different
components can be executed in the following ways [2]:

- Dyeing all components in the same shade.

- Dyeing only one component.

- Dyeing all components in different shades.
In practice, the most common scenario is the dyeing of two-component blends, and the
most interesting form is dyeing each component with the appropriate dye in a single
bath. In this case, dyeing each type of fiber is much better controlled than when both
fibers are dyed with the same dye simultaneously. An example of an "ideal" blend for
dyeing is a blend of viscose and acetate rayon. Direct dyes, if selected correctly, do not
have much affinity for the acetate cellulose rayon, while disperse dyes, which
successfully dye acetate cellulose rayon, practically do not dye viscose rayon [3].
Dyeing blends can be carried out using the following methods [4]:

- In a single bath, by dyeing all components in the same bath with one or more

suitable dyes.
- In two or more baths, by dyeing each component in a separate bath with the
appropriate dye.

Dyeing with basic dyes operates by forming ionic bonds with the fibers, similar to the
process of dyeing with acid dyes. Basic dyes are also known as cationic dyes because
their structure allows them to dissociate in an aqueous solution, giving a colored cation
[5].
This paper presents a comprehensive set of research activities related to the kinetic
analysis of the dyeing process of multi-component yarn with a basic (cationic) dye. By
analyzing the rate and mechanism of dyeing, this research contributes to the
understanding of the sorption process of the basic dye on yarn composed of three
different fibers. The goal is to successfully perform the dyeing of multi-component yarn
in a single bath and clarify the interactions between dye and fibers.

MATERIALS AND METHODS

In the experimental part of the study, a multi-component yarn was used, consisting of
2.0% Polyamide, 38.0% Cotton, and 60.0% Modacrylic (Figure 1).

Some of the key characteristics of the yarn that should be highlighted include the
following: the average fineness is 31.6 tex, the average twist count is 200 twists per
meter, the average shrinkage value is 2.6%, and the average thickness is 290 pm.
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Figure 1. Appearance of the multi-component yarn before and after dyeing

For dyeing, a basic (cationic) dye, Basic Green 4 (Astrazon Green M) from Huntsman,
Switzerland, was used. The structure of this dye is shown in Figure 2.

Figure 2. Structure of the green basic dye used

To verify the kinetic parameters of the dyeing process, a batch (discontinuous) process
was employed. A fiber sample weighing 0.5 g was dyed in a bath with a constant volume
of 0.05 dm3. The dyeing temperature was maintained at a constant temperature of 98
°C, while the dyeing time varied from 10 to 60 minutes, and the dye concentration was
kept constant at 100 mg/dm3. In addition to the dye, sodium chloride at 20 g/dm? and
acetic acid at 1 g/dm?3 were used as additives in all cases.

To determine the dye concentration in the solution using a calibration curve, absorbance
was measured with the Varian Cary 100 UV-VIS Spectrophotometer (measurements
were taken at the absorption maximum, 590 nm).

The kinetics of the adsorption of the basic green dye on the yarn were analyzed using
the following reaction kinetic models: Pseudo-first-order and Avrami.

The kinetic data described by the Pseudo-first-order model represent the first known
equation that describes the rate of sorption based on the adsorption capacity [6]:

log(qe — ) = log(qe) — —2—¢ (1)

2,303

Where qe and qt are the adsorption capacities at equilibrium (e) and after some time (%),
respectively (mg/g), and k1 is the rate constant of the pseudo-first-order sorption (1/min).

O
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The Avrami model defines certain kinetic parameters, such as possible changes in the
sorption rate as a function of initial concentration and sorption time, as well as
determining the kinetic order of the fraction [7].

qe = e - {1 — exp[—=(K, - 1)]"4} (2)

where qt - is the adsorption capacity at time f (mg/g), Ka - is the adjusted kinetic constant
(1/min)"AVY, n, - is the constant related to the sorption mechanism.

In the research, the Weber-Morris kinetic diffusion model was used.
The Weber-Morris model, also known as the intra-particle diffusion model, is described
by the following equation [71]:

qc = k- t°° (3)

Where: kww - is the intra-particle diffusion rate constant (mg/g-min5); t - is the contact
time (min)

RESULTS AND DISCUSSION

Information about dyeing kinetics is crucial for determining the optimal operating
conditions for a full batch process. The kinetics of sorption can be represented
graphically as the uptake-exhaustion of dye over time, and this dependency is known as
the kinetic isotherm. The kinetics depend on material factors such as the adsorbent
(fibers) and adsorbate (dye), as well as experimental factors like temperature or pH. The
results confirm that higher temperatures accelerate the diffusion of dye molecules into
the fiber structure, leading to a faster attainment of apparent equilibrium. However, the
final adsorption capacity decreases with increasing temperature, which is consistent with
the exothermic nature of the adsorption process and the weaker interactions between
the dye and the fiber at elevated thermal energy [3, 4].

The diagram in Figure 3 illustrates the dependence of the amount of basic dye in the dye
bath and the amount of dye on the yarn over the dyeing time. It can be observed that,
as expected, the dye concentration in the bath decreases during the dyeing process in
all cases, while longer dyeing times result in a slightly higher amount of adsorbed dye
per unit mass of yarn. The adsorption process continues until equilibrium is reached
between the dye concentration in the solution and the dye concentration on the fiber.
Since dye molecules tend to form aggregates in the aqueous solution, mechanical
agitation breaks apart the dye aggregates in the solution and reduces the particle size
of the dye in dispersion, which is the first condition for better sorption on fibers.
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Figure 3. Change in the amount of dye in the dye bath and the amount of dye on the yarn during
dyeing

In a similar study, the dyeing of polyamide composite fabric with a cationic dye was
conducted, where the success was attributed to the electrostatic interaction between the
dye cations and the negatively charged surface of the fabric treated with nanoclay. On
the other hand, van der Waals forces can also serve as a means of bonding between
the polymer chains and dye cations. The results indicated that the optimal conditions for
dyeing polyamide fabric were as follows: pH 7 and a dyeing temperature of 85 °C. The
impact of dyeing time (5, 10, 15, 20, 30, and 60 min) on the exhaustion level revealed a
significant increase in the dye exhaustion percentage onto the polyamide fabric during
dyeing. Under optimal conditions, polyamide fiber achieved an exhaustion of 97%, which
was attributed to the swelling and expansion of the nanoclay, facilitating the penetration
and distribution of dye molecules within the fabric [8].

Figures 4 and 5 present diagrams for the dye sorption kinetics on fibers, including
experimental data points and linear kinetic reaction models: Pseudo-first-order, and
Avrami, for an initial concentration of basic green dye of 100 mg/dm3. According to the
fitting curves that match the experimental data points, the Avrami equation appeared to
be better suited for describing the kinetics of basic green dye sorption (Figure 5), with
the fitted curve of this kinetic equation closely following the experimental points. In
contrast, based on the curve in Figure 4, the Pseudo-first-order model noticeably lags
behind and makes a smaller contribution to explaining the sorption kinetics.
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Figure 5. Sorption kinetics of basic green dye according to the kinetic reaction model Avrami

To understand the mechanism that controls the entire sorption kinetics, preference is
given to kinetic diffusion models or mechanistic (theoretical) models. From a diffusion
perspective, to interpret experimental data, it is necessary to identify the steps involved
in sorption, described by external mass transfer, diffusion through the boundary layer,
and diffusion within particles [8].

Figure 6 shows a dyeing rate diagram with experimental points and the curve of the
Weber-Morris kinetic diffusion model for an initial concentration of basic dye of 100
mg/dm3. Based on the appearance of the fitting curve, this model describes the dyeing
kinetics very well. Considering that the fitting line passes through the coordinate origin,
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it can be concluded that diffusion within particles is the dominant phase controlling the
rate of sorption. Therefore, diffusion through the film or boundary layer is negligible, while
diffusion within particles is practically the only rate-controlling step for dyeing a multi-
component yarn with basic green dye.

1 % 5§ &5 & ¥ 3
t1/2(min1/2)

Figure 6. Sorption kinetics of basic green dye according to the diffusion model Weber-

Morris

Similar kinetic studies are presented in a research paper dealing with the kinetics of
adsorption and the thermodynamics of dyeing a copolyester fabric with a basic dye at
80, 90, and 100 °C. The results showed that the Pseudo-second-order model proved to
be the most favorable and could be used to effectively explain the adsorption kinetics
and predict the rate coefficient (k2) at different temperatures. It was found that the
adsorption equilibrium data were in accordance with the Langmuir isotherm with high
correlation, while the thermodynamic parameters revealed that the dye adsorption on
the fabric was a spontaneous, endothermic, and chemisorption process [6].

Table 1 provides numerous values of parameters for kinetic reaction models and the
diffusion model for the sorption of a basic dye on yarn. Based on the highest coefficient
of determination, the dominance of the Weber-Morris kinetic model is confirmed. This
model is very suitable and useful since its curve fits the experimental points excellently.
Very high statistical parameters of suitability (validity) (R?=0.993) obtained from the
Weber-Morris model for diffusion and sorption of a basic dye on a multi-component yarn
indicate that diffusion within particles is the rate-controlling step for dyeing.

The Pseudo-first-order kinetic model proved to be the weakest of the models used
(R?=0.795), meaning that the sorption rate cannot be described solely based on the
adsorption capacity, and the change in the sorption rate does not depend solely on the
initial concentration and reaction time.

The Avrami equation was used to verify specific changes in kinetic parameters during
dyeing. This model has a high coefficient of determination, R?=0.940. The data suggest
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that the dyeing process is limited to surface reaction, and the diffusion of dye molecules
is fast (na > 1). Since it is an exponential equation, na as a fractional number is
associated with possible changes in the sorption mechanism during dyeing. This model
assumes that the distribution of dye molecules on the fiber surface is homogeneous and
that sorption occurs at a constant growth rate, as the values of ns are greater than 1.
Therefore, the sorption mechanism is accompanied by multiple kinetic fractions that
change during the contact of the dye with different fibers.

Table 1. Numerous values of parameters for kinetic reaction models and diffusion model with
statistical parameters.

Analytical expression

Kinetic model Parameters Values
Pseudo-first-order kq k1 (min") 0.11
log(ge — q¢) = log(qe) — mt R? 0.795
Avrami Ka (min'1)_nAv 0.05
4 = qe - {1 — exp[—(K, - t)]™4} na 1.55
R? 0.940
Weber-Morris kwv  (mg-g-min-  0.93
@t = Mgy © GO5 25) 0.993
R2

CONCLUSION

Based on the research results, it can be concluded that yarn composed from various
types of fibers can be effectively dyed with basic green dye at the boiling temperature in
a single bath. The aim is to successfully complete the dyeing process in a single bath to
avoid the costs associated with dyeing in multiple baths, considering that each
component is dyed separately.

During the dyeing of the yarn, the amount of adsorbed dye and the degree of dye
exhaustion continuously increase over time, while the initial concentration of dye in the
solution decreases.

The Avrami model exhibited the best agreement with to the experimental data, as it
most efficiently describes the complex kinetics of dye adsorption in multicomponent
textile yarn, where the process occurs through several simultaneous mechanisms,
including rapid surface adsorption and slower intra-fiber diffusion. In comparison, the
pseudo-first-order model is overly simplified and cannot capture this complexity. Among
the kinetic diffusion models, the Weber—Morris equation is the most favorable for linearly
simulating the kinetics of fiber dyeing in multicomponent yarn. According to the Avrami
and Weber—Morris models, the distribution of dye molecules on the fiber surface is
homogeneous, sorption proceeds at a constant growth rate, and the overall sorption
mechanism is governed by intra-particle diffusion.

The results of this study suggest the feasibility of a different approach to the
simultaneous dyeing of yarn made from a mixture of fibers in a single bath, therefore
enabling greater exhaustion, cost savings, and reduced waste dye after the dyeing

process.
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Izvod
KINETIKA BOJENJA VISEKOMPONENTNE TEKSTILNE PREDE BAZNOM BOJOM

Jelena Joviéevi¢ Pavkovi¢ ID, Dragan Djordjevié¢ ID
YHuepauTeT y Huwy, TexHonowku dakynteT, JleckoBau, Cpbuja

U ovom radu izvrSena je kinetiCka analiza procesa bojenja viSekomponentne tekstilne
prede baznom bojom. Preda se sastoji od vise komponenti, konkretno od tri razli€ita
vlakna, pri ¢emu je najzastupljeniji modal, zatim pamuk, a najmanje poliamid. Bojenje
prede izvedeno je diskontinuiranom metodom, pri odgovarajucoj pocetnoj koncentraciji
boje i razliCitim vremenima bojenja. Cilj je razjaSnjenje dinamickih deSavanja tokom
adsorpcije molekula boje na vlakna i njihove difuzije u unutrasnjost. Za ispitivanje
eksperimentalnih podataka dobijenih tokom procesa bojenja koriS¢ena su dva kineti¢ka
reakciona modela (pseudo-prvog reda i Avrami) i jedan kineti¢ki model difuzije (Veber-
Moris). Bojenje viSekomponentne prede daje zadovoljavajuée rezultate, sa ujednacenim
nijansiranjem prede. Stepen iskoriS¢enja boje i koli¢ina boje na vlaknima rastu tokom
vremena, dok poc€etna koncentracija boje u rastvoru opada kako proces bojenja
napreduje. U linearnoj simulaciji parametara kinetike bojenja, Avramijev reakcioni model
se pokazao kao efikasan, dok se Veber-Morisov model istakao kao veoma pogodna
difuziona jednacina.

Klju¢ne redi: preda, bazna boja, bojenje, kineti¢ki modeli.
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DECOLORIZATION OF AQUEOUS SOLUTION OF TEXTILE DYE USING
VOLCANIC ASH-BASED ADSORBENT

Jelena Joviéevi¢ Pavkovi¢* ID, Dragan Dordevié |D
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This study investigates the potential application of modified volcanic ash as an adsorbent
for the removal of textile direct dye from wastewater. The aim of the research was to
optimize the decolorization process of model solutions using volcanic ash previously
modified through physical and chemical treatments. Various process parameters were
examined, including the pH value, initial dye concentration, contact time, temperature,
and adsorbent dosage. The highest adsorption efficiency was achieved at a pH value of
3, while maximum dye removal efficiency was reached after 60 minutes of treatment.
The maximum adsorption capacity was 7 mg/g, and the dye removal rate exceeded 82%,
positioning the modified volcanic ash as a competitive adsorbent. In conclusion, modified
volcanic ash represents a low-cost and effective material for the decolorization of
aqueous solutions of textile direct dyes, with potential application under industrial
conditions for the treatment of colored wastewater from the textile industry.

Keywords: volcanic ash, adsorption, decolorization, textile direct dye, wastewater.

INTRODUCTION

The modern textile industry is facing serious environmental challenges, among which
the problem of water pollution due to the discharge of colored effluent stands out [1,2].
During the dyeing process of textile materials, especially natural fibers such as cotton, a
large number of synthetic dyes are used, which are characterized by high chemical
stability and complex molecular structure [3].

Textile direct dyes are a type of synthetic dye that is directly applied to cellulosic fibers,
such as cotton, flax, etc. They are water-soluble and bind to the fibers mainly through
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hydrogen bonds and van der Waals forces. The main characteristics of textile direct dyes
are: good solubility in water, which allows for a simple dyeing process; a simple dyeing
procedure, usually carried out in neutral or slightly alkaline conditions; an affordable price
and ease of application make them suitable for use in small productions and for home
dyeing; lower fastness to light and washing compared to reactive or sulfur dyes, which
makes them less suitable for textiles that are frequently washed; a wide range of colors,
which enables diverse application in decoration and less demanding textile products [4].
The main ecological problems of direct dyes in waters are: low degradability — these
dyes are often of complex structure (e.g. based on azo or anthraquinone cores), which
makes them difficult to biodegrade; they decompose very slowly in nature; coloration of
water — even in small concentrations (e.g. <1 ppm), direct dyes cause strong coloration
of watercourses, which affects light penetration and disturbs photosynthesis in aquatic
ecosystems; toxicity and mutagenicity — some azo derivatives formed by dye
degradation can be toxic, carcinogenic, or mutagenic to aquatic organisms and humans;
accumulation in living organisms — direct dyes can adsorb onto sediments and enter the
food chain, accumulating in fish and other aquatic organisms [7].

Methods of removing direct dyes from wastewater: physico-chemical processes —
adsorption (e.g., activated carbon), coagulation/flocculation, membrane technologies
(e.g., nanofiltration); biological processes — aerobic and anaerobic bioreactors,
microorganisms modified for dye degradation; advanced oxidation processes -
ozonation, Fenton reaction (Fe** + H,0,), UV/H,0, or UV/O; systems [8].

The use of direct dyes without adequate wastewater treatment represents a serious
threat to the environment. The introduction of more environmentally friendly dyes (e.g.,
reactive dyes with better fixation) and efficient wastewater treatment systems is crucial
for the sustainable development of the textile industry.

Volcanic ash as an adsorbent is increasingly being investigated as an environmentally
friendly and economically acceptable material for the removal of various pollutants from
water, including dyes from textile wastewater, heavy metals, and organic compounds.
As a natural mineral waste material, it is always an interesting subject of research in the
field of adsorption, primarily because of its heterogeneous mineral structure, porosity,
and the possibility of chemical modification to increase its adsorption capacity [5,6].
Although volcanic ash is not soluble in water, its physical and chemical properties allow
it to act as a natural adsorbent in various purification and environmental protection
applications. The mode of application, in this sense, is that the ash is mixed with
wastewater or used in filter systems, and it can be activated with acid or base for greater
efficiency [9].

Advantages of using volcanic ash are [10]:

» Environmentally friendly (natural material).

» Economical compared to synthetic adsorbents.

* High efficiency for removal of cationic dyes and metals.

This paper investigates the potential of chemically modified volcanic ash as an adsorbent
for the removal of textile direct dye from model wastewater. The aim of the research is
to, through systematic experimental analysis, examine the influence of key parameters
— solution pH value, contact time between adsorbent and adsorbate, as well as initial
dye concentration — on adsorption efficiency, along with determining kinetic and
equilibrium characteristics of the process. Based on the obtained results, the potential
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application of this system in textile effluent treatment was assessed, thereby contributing
to the development of environmentally acceptable, technically feasible, and
economically sustainable solutions in the field of water protection.

MATERIALS AND METHODS

For the modification and application in the process of decolorization of model dyed
waters, waste volcanic ash collected from the foothills of the active volcano Etna, Italy,
was used. Models for wastewater, after dyeing, were prepared using the direct dye
designated as C.I. Direct Green 26. The commercial name is Solophenyl Green BLE,
from the company Huntsman, Germany. The molecular formula of the dye is
CsoH33N12NasO18S4 (Fig. 1), with a molar mass of 1,333.08 g/mol. The dye fastness
ratings are 6 for light, 4 for perspiration, and 4 for washing, according to the relevant ISO
standards.

HO
NaOOC‘OI’% H
NaOsS " i
alj N
» ha \%
H3C
SO N
NaO,S o
OCH_,

Figure 1. Structural formula of the direct green dye C.I. Direct Green 26

Preparation of the active agent from volcanic ash was carried out as follows: Collected
waste volcanic ash (precursor) was washed in hot distilled water (60 °C, 30 min), then
dried and treated with 5% sulfuric acid for 48 hours (bath ratio 1:100) at room
temperature (18-20 °C), with occasional stirring. The resulting product was rinsed with
distilled water until a neutral pH of 7 was reached. After drying (100 °C), the obtained
active agent was manually ground. The material prepared in this way was used in
experiments for the adsorption of direct green dye from aqueous solution.

In a reaction vessel (200 cm?3), the adsorbent (active agent — volcanic ash) was
suspended in a solution of direct green dye (adsorbate). The vessel was placed on a
shaker with orbital motion (125 min~) at 20 °C and kept for a defined time. The amount
of active agent was always 2 g, while the green dye solution was maintained at a
constant volume of 50 cm?® with concentrations of 10, 20, 30, 40, 50, and 60 mg-dm~2.
The treatment time, with continuous shaking, was 5, 10, 15, 30, 40, 50, and 60 minutes.
All experiments were performed at a solution pH of 3, adjusted using a diluted aqueous
solution of H,SO,.
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It was determined that the equilibrium adsorption time of the dye on the active agent was
achieved after 60 minutes, after which no significant change in adsorption was observed.
After the adsorption process was completed, the absorbance of the solution was
measured using a spectrophotometer, Varian Cary 100 UV-Vis Spectrophotometer (at
680 nm). The obtained values were used to construct a calibration curve: absorbance
vs. dye concentration, from which the unknown dye concentrations during and after
adsorption were calculated.

The efficiency of dye removal, or the degree of dye exhaustion from the solution, was
defined by the expression [7]:

(Co—Ce)V

Degree of exhaustion = (1)
Where: Co and C are the initial and final dye concentrations in the solution (mg/dm?), w
— mass of adsorbent (g), and V — volume of solution for adsorption (dm?), respectively.
The amount of dye (adsorbate) adsorbed per unit mass of adsorbent was determined by
the expression [7]:

qo = (Co=Ce)V (2)

€ w

Where: Co - is the initial adsorbate concentration (mg/dm?3), Ce - is the equilibrium
adsorbate concentration after adsorption (mg/dm?), w - is the mass of the adsorbent (g),
and V - is the volume of the adsorption solution (dm3), qe — adsorption capacity at
equilibrium (mg/g or mmol/g).

RESULTS AND DISCUSSION

To describe the process of adsorption of the direct dye onto the volcanic ash adsorbent,
it is important to emphasize that direct dyes in aqueous solution exhibit a pronounced
anionic character. In order to achieve effective adsorption, it is necessary to reduce or
eliminate the negative charge on the surface of the adsorbent, thereby enhancing its
ability to bind anionic dye molecules. In the dyeing solution, the dye can be present in
various forms—such as individual molecules, micelles, aggregates, or solid particles—
with smaller forms, like molecules and micelles, being much more easily adsorbed onto
the surface of the active agent.

During the preparation process of the adsorbent, a mass loss of 15-25% was recorded
after washing the raw ash, while the yield of the active agent after chemical modification
with acid was 60—-70%.

The analysis of the pH effect showed that the maximum efficiency of dye removal was
achieved at a pH value of 3. Under these conditions, protonation of the acidic sites on
the adsorbent occurs, making its surface positively charged and allowing strong
electrostatic binding with the anionic sulfo-groups of the dye. In neutral and alkaline
media, deprotonation of these sites takes place along with an increased presence of
OH~ ions, which reduces the number of available active sites and significantly decreases
the adsorption efficiency. These results are in agreement with earlier studies on similar

materials, which confirm the key role of pH in adsorption processes [13,14].
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The analysis of the effect of contact time (Figures 2—4) showed that the dye was
adsorbed more rapidly in the later stage of the experiment, especially after 30 minutes,
until reaching equilibrium concentration after 60 minutes. The efficiency of adsorption
depends on several factors, including solution temperature, pH value, degree of
mechanical stirring, and the diffusion rate of the dye molecules. For example, an
increase in temperature can accelerate diffusion but may simultaneously reduce the final
degree of exhaustion due to weaker binding. In the initial phase of the process, the mass
transfer rate is limited by the thickness of the boundary layer around the adsorbent
particles, while increasing the stirring speed reduces this resistance and accelerates dye
transfer. Once a critical speed is reached, further increases in stirring no longer have a
significant impact, as the process then becomes limited by the rate of diffusion of dye
molecules into the internal pores of the adsorbent.

Figure 2 shows the dependence of the amount of adsorbed dye (q:) on contact time using
2 g of adsorbent at a temperature of 20 °C. As expected, the amount of bound dye
increases with prolonged contact time.
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Figure 2. Change in the amount of direct green dye during adsorption

Figure 3 shows the degree of dye exhaustion, which increases over time and is
particularly pronounced for solutions with lower initial dye concentrations. After 30
minutes, a sharp rise in exhaustion is evident, which is explained by the onset of dye
absorption into the interior of the particles after accumulation on the surface of the
volcanic ash-based adsorbent.
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Figure 3. Change in the degree of exhaustion of direct green dye during adsorption
Figure 4 shows the change in the initial dye concentration (C,) in the solution over time,
where a clear, continuous, and monotonic decrease in dye concentration is observed
during adsorption, indicating effective and uniform dye removal.
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Figure 4. Change in the initial concentration of direct green dye during adsorption
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The investigation of the effect of the initial dye concentration (Figures 5 and 6) was
carried out in the concentration range from 10 to 60 mg/dm?. According to the results,
with an increase in the initial dye concentration, the relative degree of exhaustion
decreases in all cases, while the absolute amount of dye adsorbed per unit mass of
adsorbent (q:) increases and reaches a maximum at 60 minutes. The initial dye
concentration in the solution represents an important driving force that enables
overcoming the mass transfer resistance between the aqueous and solid phases.
Although the initial dye concentration does not significantly affect the time required to
reach equilibrium, it substantially determines the mass transfer rate, as a higher
concentration gradient ensures a more intense transport of molecules toward the
adsorbent surface.

It is important to emphasize that at first glance, dye exhaustion appears highest at lower
initial concentrations, which is an apparent effect. More detailed calculations show that
the actual amount of dye adsorbed, expressed in mg/g, is greatest at the highest initial
concentrations, while gt values are the lowest for solutions with the smallest C,.
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Figure 5. Degree of removal of direct green dye during adsorption as a function of initial dye
concentration
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In general, the results indicate that the adsorption mechanism involves multiple stages:
initial diffusion of molecules through the solution, transfer across the boundary layer,
adsorption on the surface of the adsorbent, and penetration into the internal pores. The
key contribution to dye removal comes from physicochemical interactions, including ionic
bonds, hydrogen bonds, and Van der Waals forces. When the obtained data are
compared with literature results for other natural and synthetic adsorbents [11 ], the
modified volcanic ash demonstrates competitive performance, with an adsorption
capacity of 7 mg/g and a dye removal efficiency exceeding 82% under optimal
conditions. These results confirm that natural waste materials, with appropriate chemical
modification, can provide sustainable and economically viable solutions for wastewater
treatment, contributing to environmental protection and the implementation of circular
economy principles.

CONCLUSION

The study on the application of modified volcanic ash as an adsorbent for the removal
of the direct dye C.l. Direct Green 26 from aqueous solutions showed that this natural
waste material, after chemical modification, can be effectively used for the treatment of
textile industry wastewater. The experimental results clearly demonstrated that the
adsorption process is significantly influenced by pH value, contact time, and initial dye
concentration.

The maximum adsorption capacity was 7 mg/g, while the dye removal efficiency
exceeded 82%, placing modified volcanic ash among competitive adsorbents compared
to more expensive commercial materials. Analysis of the process mechanism indicates
a complex multi-phase course, involving surface adsorption and internal diffusion, with
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dominant roles played by physicochemical interactions, including ionic bonds and
electrostatic forces.

These findings confirm that modified volcanic ash represents a sustainable, cost-
effective, and environmentally friendly solution for dye removal from wastewater, with
the additional benefit of incorporating the recycling of a natural waste material. Further
research should focus on investigating the regenerative potential of the adsorbent,
process scaling, and testing under real industrial conditions to confirm its applicability in
large-scale wastewater treatment systems.
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Izvod

DEKOLORIZACIJA VODENOG RASTVORA TEKSTILNE BOJE POMOCU
ADSORBENTA NA BAZ| VULKANSKOG PEPELA

Jelena Joviéevi¢ Pavkovi¢ ID, Dragan Dordevié ID
Univerzitet u Nisu, Tehnolo$ki fakultet, Leskovac, Srbija

Ovaj rad istrazuje moguénosti primene modifikovanog vulkanskog pepela kao
adsorbenta za uklanjanje tekstilne direktne boje iz otpadnih voda. Cilj istrazivanja bio je
optimizacija procesa dekolorizacije modelnih voda koriS¢enjem vulkanskog pepela
prethodno modifikovanog fiziCkim i hemijskim tretmanima. Razmatrane su razliite
varijante parametara, ukljucujuéi pH vrednost, pocetnu koncentraciju boje, vreme
kontakta, temperaturu i koli€¢inu adsorbenta. Najefikasniji stepen adsorpcije postignut je
pri pH vrednosti od 3, dok se maksimalna efikasnost u uklanjanju boje postiZze nakon 60
minuta tretmana. Maksimalni kapacitet adsorpcije iznosio je 7 mg/g, dok je stepen
uklanjanja boje prema$io 82%, Sto modifikovani vulkanski pepeo svrstava medu
konkurentne adsorbente. U zaklju¢ku, modifikovani vulkanski pepeo predstavlja jeftin i
efikasan materijal za dekolorizaciju vodenih rastvora tekstilne direktne boje, sa
potencijalnom primenom u industrijskim uslovima za obradu obojenih otpadnih voda
tekstilne industrije.

Klju¢ne reci: vulkanski pepeo, adsorpcija, dekolorizacija, tekstilna direktna boja, otpadna
voda.
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COMPRESSIBLE PROPERTIES OF MEN’S SOCKS MADE FROM DIFFERENT
FIBERS IN PLAIN JERSEY

Predrag Tasié¢"" ID, Dusan Trajkovié? ID, Nenad Cirkovié? ID, Jelka Gersak® ID
W.1."Vunil“, d.o.o., Leskovac, Serbia
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This paper examines the most important compressible properties of socks made from
different fibers in a plain jersey. These properties indirectly affect the parameters of
thermo-physiological comfort of socks during wear. Three yarns were used in the sock
composition; the first, a dominant yarn made from six different fibers, makes up 77%.
The other two yarns are made from nylon and wrapped elastic threads, accounting for
23%. The most compressible sock is made from cotton yarn, with the modal yarn sock
model being very close in performance. The highest linearity of compression,
compression energy, and compression resistance are found in socks made from
bamboo and modal yarns, with viscose yarn socks not falling far behind. Bamboo yarn
socks exhibit weaker elastic recovery compared to socks made from cotton-compact
yarn, which have better elastic characteristics. Out of the six combinations of raw
material compositions for socks and the examination of several compression properties,
sock models in plain jersey can be selected for specific purposes, such as medical,
home, or outdoor use.

Keywords: men’s socks, plain jersey, fibers, compressibility.

INTRODUCTION

Compressibility is a property of a material that describes its ability to change volume
under the influence of pressure. In physics and engineering, compressibility is
quantitatively expressed as the relative change in the material's volume per unit change
in pressure [1].

Understanding the compressibility of materials is crucial for accurately modeling and
predicting their behavior under different pressure conditions, which is essential in the
design and analysis of engineering systems [2].
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e-mail address: tasic.predrag1970@gmail.com
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The compressibility of textiles refers to the ability of textile materials to reduce their
volume under the influence of external pressure and return to their original state once
the pressure is removed. Compressibility depends on several factors that determine how
the textile will behave under pressure: the type of fibers, the weave or knit structure,
material density, thickness, treatments and finishes, elasticity, and others [3, 4].

The compressibility of socks refers to the ability of the material from which the socks are
made to compress or adjust under pressure. This property is crucial for the functionality
of certain types of socks, particularly compression socks, which play a medical and
preventive role [5].

Socks made from elastic fibers, such as spandex, elastane, and nylon, have a greater
compression capability. The combination of these materials allows for even expansion
and return to their original shape, which is crucial for the proper application of pressure.
Thinner socks generally have lower compressibility and provide lighter pressure. Thicker
materials offer stronger compression but may be less comfortable to wear over longer
periods [6].

Quality socks have high resistance to permanent deformation, meaning they return to
their original shape and retain their properties over time. Medical socks have high
compressibility and precisely defined pressure levels to provide a therapeutic effect.
Sports socks focus on muscle support and reducing fatigue, with slightly lower
compressibility. Fashion socks usually have a lower degree of compressibility as they
are primarily aesthetic [7].

This paper explores the most important compressible properties of men’s socks in plain
jersey made from different yarns to determine which raw material composition of socks
is best suited to providing adequate comfort during wear.

MATERIALS AND METHODS

For the research and production of men's short socks, yarns made from fibers such as
bamboo, modal, viscose, cotton, cotton-compact, and a cotton/PES blend, 60/40%,
(77% dominant yarn) from the company Bimtex (Serbia), polyamide yarn (22%
participation), and rubber thread (1% participation) from the company Dunav Grocka
(Serbia) were used. Based on the given knitting parameters, all socks were knitted at
the local company Nikoplet in Leskovac. The socks were made in plain jersey in size 11
(42-43).
The examination of sock characteristics was conducted according to the relevant
standards and methods:
« Thickness, according to the EN ISO 5084 standard.
» Surface mass, according to the EN 12127 standard.
*  Volumetric mass was calculated based on the research paper [8].
» Porosity was calculated based on the research paper [9].
»  The compressibility properties of knitted fabrics under low loads were tested
on the KES-FB system (Kato Technical Co. Ltd., Japan). The testing
conditions for the compressive characteristics of the knitted fabrics involved
lateral compression of a 2 cm? surface tube at a speed of 50 s-mm™ within a
compression range of 0.5 cN-cm™to 50 cN-cm™[12, 13].
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Table 1 presents the results of the structural parameters of size 11 socks in plain jersey.
The thickness of the socks depends on the type of dominant yarn used. Since the socks
are made from yarns with similar properties, significant differences in knitting thickness
arise due to differences in the raw material composition. For socks in plain jersey, cotton
and modal socks, as the dominant yarn, have the greatest thickness.

The surface mass of the socks varies depending on the type of dominant yarn in the
structure. Socks knitted from bamboo-dominant yarn have the highest numerical value
for surface mass. This parameter combines essential structural parameters and is an
important economic factor [10].

The volumetric mass of the sock best reflects and defines the structural parameters of
the sock, as it represents the mass of the knit of a certain volume, which is directly related
to the thickness, type of knit, and surface mass of the knitted fabric. Volumetric mass
generally follows the surface mass and is the highest in cases where the surface mass
is also the highest [10].

Compactness - porosity of the knitted fabric represents the fill of the empty space
between the loops or the empty space within the loop itself. Good porosity is a result of
the structure of knitted products, as the yarn in the loops is arranged in a way that allows
a large amount of air to be present between the loops [11]. Generally, socks made from
cotton-dominant yarn have the highest percentage of porosity. Porosity depends on
thickness, with thinner socks usually having lower porosity and vice versa.

Table 1. Key parameters of men’s socks with different raw material compositions in plain jersey

Raw Material Composition of Thickness  Surface Mass Volumetric Mass Porosity

Socks (mm) (g-m?) (g-cm) (%)

Bamboo (BB), 30 tex

PA 6.6, 4.4/13x%2 tex 0.918 282.9 0.3082 79.7

Wrapped Rubber Yarn, 100 tex

Modal (MD), 30 tex

PA 6.6, 4.4/13x%2 tex 0.928 279.1 0.3007 80.2

Wrapped Rubber Yarn, 100 tex

Viscose (CV), 30 tex

PA 6.6, 4.4/13x2 tex 0.911 281.4 0.3089 79.7

Wrapped Rubber Yarn, 100 tex

Cotton (CO), 30 tex

PA 6.6, 4.4/13x2 tex 0.949 274.9 0.3003 80.6

Wrapped Rubber Yarn, 100 tex

Cotton-compact (COc), 30 tex

PA 6.6, 4.4/13%2 tex 0.892 275.6 0.3202 79.3
Wrapped Rubber Yarn, 100 tex

Cotton/Polyester (CO/PES), 30 tex

PA 6.6, 4.4/13%2 tex 0.893 267.4 0.2995 79.8
Wrapped Rubber Yarn, 100 tex

The relationship between thickness and compressive load is expressed by the following
equation [14]:

=7 (1)
where:

h — thickness of the knitted fabric (mm), k — proportionality constant,

Fx— compressive or surface force per unit area (cN).
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The compressibility of knitted fabrics is calculated using the formula [14]:

C="e2m. 100 2)

where:
ho — knitted fabric thickness under compressive load of 0.49 cN-cm™2 (mm),
hm — knitted fabric thickness under compressive load of 49.035 cN-cm~2 (mm).

The deformation work, Wc, represents the energy required for the compressive
deformation of the knitted structure and is calculated using the formula [11]:

ho

c= FrAh (3)

where:
Wec — deformation or compressive work per unit area of 1 cm? of the sample (cN-cm),
Fx — compressive force per unit area (cN),
Ah — change in the thickness of the knitted structure (mm),
ho — thickness under compressive load of 0.49 cN-cm™ (mm),
hm— thickness under compressive load of 49.035 cN-cm™ (mm).
3The linearity of the curve, LC, of compressive load and deformation Fk is calculated
using the formula [15,16]:

wcC

C=——= (4)
WoC
where:
WOC - deformation work in the case of linear deformation (cN-cm),
WC (J-m2) - compression energy.

The relaxation ability, RC, expresses the ratio between reversible and deformation
energy under compressive load, and is calculated using the formula [15,16]:
RC = 2100 (5)
wcC
where:
RC — relaxation ability (%),
WC' — recoverable or reversible energy per unit area (cN-cm).

RESULTS AND DISCUSSION

The results presented in Table 2 provide various values of important compressibility
parameters for socks made from different fiber compositions in plain jersey. The softest
(most compressible) sock is made from cotton-dominant yarn, very close to the model
of socks made from modal-dominant yarn (according to the results for parameter C). The
parameter C (%), on the other hand, represents the percentage comparison of the initial
thickness measurement with the measurement at maximum applied force; a higher value
indicates greater compressibility (softness).

The socks made from bamboo and modal-dominant yarn exhibit the highest linearity of
compression, compression energy, and resistance to compression. For the LC
parameter, values closer to one indicate firmer (stiffer) compressibility, while lower
values provide higher stretchability in the initial stage of stress, which enhances comfort
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during wear. A higher value of the WC parameter corresponds to greater compressibility,
meaning the textile product becomes softer and more comfortable. It should be noted
that the resistance to compression, RC, represents the percentage of recovery or return
to the original thickness once the compressive force is removed; a higher value indicates
greater recovery from compression, or in other words, assesses the sponge-like
behavior of the knit. The greater the stretchability of the knit, the better the quality in
terms of the tactile feel of the knit, meaning a higher RC value results in greater comfort
during wear, as well as a fuller and smoother sensation of the textile product.

Greater work or compression energy means a lower ability for elastic recovery of the
socks. The highest work or compression energy of the ,softest” cotton knit (C=41.78%)
indicates that it exhibited the least ability for elastic recovery (RC=42.62%). In contrast,
ithe lowest compressibility was observed in socks made from cotton-compact dominant
yarn (C=35.16%), which is partly compensated by the highest elastic recovery
(RC=47.36%).

When examining the sock models made from cotton and cotton-compact, it is noticeable
that due to the lower fuzziness of the yarn in the cotton-compact sock model, the outer
layers of the knit are poorer in fibers, which contributed to its lower compressibility.
Specifically, compared to traditional cotton spinning, the production of cotton-compact
yarn involves an additional phase in which protruding fibers are drawn into the yarn
body with the help of air, resulting in a more compact structure of the cotton yarn, which
is less fuzzy compared to the yarn produced through traditional spinning.

Plain jersey, regardless of the type of fibers in the dominant yarn, has a low LC value
(Table 2), indicating a less linear compression characteristic of these socks. This implies
that, due to the appropriate construction of the knit and the absence of surface fibers,
the fibers in the inner layer of the knit tend to slide under the influence of compressive
forces, which contributes to a reduction in the relative compressibility of the knit.

The elasticity of the fibers did not significantly affect the compression capability of the
socks. Specifically, the less elastic fibers of the cotton-dominant yarn generally exhibit
the highest compressibility in socks. The thickness of the socks under different pressures
varies according to the raw material composition of the dominant yarn. The greatest
thickness is found in socks made from cotton-dominant yarn at both pressure levels.

Table 2. Compression properties results of men’s socks in plain jersey

Dominant Cc LC wcC RC _Knitted fabric _Knitted fabric
yarn (%) (J-m32) (%) thickness (x10*m) thickness (x10-3 m)
BB 3645 052 059  47.77 1.30 0.83
MD 4029 0.46 0.61 40.81 1.39 0.83
cv 3672 040 046  45.00 1.28 0.81
CcoO 41.78 0.39 0.56 42.62 1.46 0.85
COc 3516 0.36  0.39  47.36 1.28 0.83
CO/PES 38.17 0.35 0.43 42.85 1.31 0.81

The surface properties of the yarn could also be involved or have an impact as a potential
factor in the compression of the knitted fabric, although there is no absolute certainty.
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Fibers protruding from the surface of the socks, along with a larger amount of air, form
practically two outer layers that are quite susceptible to compression. In other words, it
can be expected that the knitted fabric with more pronounced fuzziness on the surface
will be softer, i.e., it will exhibit greater compressibility, which is confirmed in the case of
the cotton-dominant yarn sock model. This establishes a direct link between the
fuzziness of the yarn and the softness (compressibility) of the socks used in the models.
The compression curves, derived from recorded changes in the thickness of the knitted
fabrics during loading and unloading, shown in Figures 1-3, provide a more detailed
insight into the phenomenon of lateral compression. These curves show a nonlinear
relationship between the change in knitted fabric thickness and the increase in
compressive load, except in the initial phase of the compression cycle. In this part, at
lower load values, the thickness of the knitted fabric changes linearly with the load,
corresponding to elastic deformation. With further increase in compressive load, the
compressibility of the socks decreases, which can be explained by their structure. The
third phase of compression, in which there is minimal change in knitted fabric thickness
with an increase in compressive load, involves the lateral compression of the fibers
themselves. It has been determined that the parts of each region, as well as the slopes
of the linear regions, vary depending on the knitted construction and the yarn structure
of the socks.

Although the facilitated sliding and shifting of fibers during compression contribute to the
compressibility of the material, which is important for the feeling of softness and comfort,
it should be noted that these processes are partially irreversible. The hysteresis that
occurs in knitted fabrics indicates the presence of permanent deformation during the
compression of socks (Figures 1-3). Since the ability of the material to elastically recover
is inversely proportional to the area of the hysteresis loop, a smaller hysteresis area
indicates better elastic recovery of the socks.

The differences in the slope of the compression curves of the tested sock models confirm
the assumptions about the impact of surface geometry and the fiber composition of the
knitted fabrics. Although the results of compression tests at low loads indicated
differences in the behavior of socks made from different dominant yarns, it was found
that the surface properties of different yarns significantly affect the compression
properties of socks, including both their compression capability and the material's elastic
recovery ability.

In comparison of sock models in plain jersey with different fiber compositions (Figures
1-3), a similarity in the appearance of the compression and decompression curves can
be observed. For example, in socks made from BB yarn as the dominant material, the
thickness during compression varies from 1.4 mm, while during decompression, it
decreases to 1.1 mm. In contrast, socks made from COc yarn have a thickness range
from 1.25 mm to 1.05 mm. A greater difference between the starting and final points of
the hysteresis loop results in a larger loop area. Since the elastic recovery ability of the
knitted fabric is inversely proportional to the area of the hysteresis loop, socks made
from BB yarn exhibit weaker elastic recovery compared to socks made from COc yarn,
which show better elastic characteristics.
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Figure 1. Pressure/Thickness diagram for bamboo men’s socks
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Figure 2. Pressure/Thickness diagram for cotton-compact men’s socks
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Figure 3. Pressure/Thickness diagram for CO/PES men’s socks

CONCLUSION

This paper discusses the most important compressible properties of men’s socks knitted
in plain jersey, made from six different fibers in three yarns used .

The sensation a textile material leaves in contact with the skin can vary depending on
various parameters, such as the physiological state of the body, climatic conditions,
moisture content in the material, the surface area, or the intensity of the contact between
the material and the skin. Testing the compressive behavior of the material under low
loads provides an opportunity to assess functionality, feel, etc., in relation to comfort.
The most compressible sock is made from yarn with a cotton dominance, while the sock
made from modal-dominant yarn is very similar in this property. Socks made from
bamboo and modal-dominant yarns exhibit the greatest linearity of compression, as well
as the highest energy and resistance to compression. Greater compression energy
indicates a reduced ability for elastic recovery of the socks. The "softest" cotton socks
have the weakest ability to return to their original shape. In contrast, socks made from
cotton-compact dominant yarn, although the least compressible, compensate for this
with the highest elastic recovery ability.

Based on six different combinations of fiber compositions and the analysis of several
compressive properties, the most suitable material combination for plain-jersey socks
was chosen, in accordance with their specific purpose: for recreation, medical needs,
home use, or for outdoor wear.
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Izvod

KOMPRESIBILNA SVOJSTVA MUSKIH CARAPA OD RAZLICITIH VLAKANA U
GLAT PREPLETAJU
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TV.1L*Vunil*, d.o.o., Leskovac, Srbija
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U ovom radu razmatraju se najvaznija kompresibilna svojstva €arapa od razli€itih
vlakana u glat prepletaju. Ova svojstva, posredno uti€u na parametre termo-fizioloSke
udobnosti Carapa tokom noSenja. KoriS¢éene su tri prede u sastavu Carapa, prva,
dominantna preda izradena od Sest razli€itih vlakana €ini 77%. Ostale dve prede su od
poliamida i obmotane gumene niti sa u¢eSéem od 23%. Najkompresibilnija ¢arapa je
izradena od pamucne prede, vrlo blizu je i model ¢arapa od modalne prede. Najvecu
linearnost kompresije, energiju kompresije i otpornost na kompresiju imaju modeli
&arapa od bambus i modalne prede, ne zaostaje puno ni viskozna preda. Carape od
bambus prede pokazuiju slabiji elasti¢ni oporavak u poredenju sa ¢arapama od pamuk-
kompakt prede, koje imaju bolje elasticne karakteristike. Od S$est kombinacija
sirovinskog sastava za Carape i provere vise kompresijskih svojstava, mogu se odabrati
modeli ¢arapa u glat prepletaju za odgovaraju¢u namenu, na primer za medicinsku,
kucnu ili izvan kuénu namenu.

Kljune redi: Carapa, glat prepletaj, vlakna, kompresibilnost.
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THERMAL, PHYSIOLOGICAL, AND THERMOGRAPHIC ANALYSIS OF MEN'S
BAMBOO SOCKS IN A RIGHT-LEFT KNIT STRUCTURE
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The study utilizes the results of thermal and physiological methods, as well as
thermographic imaging, to obtain information about the condition of bamboo socks on
the foot. Bamboo socks in a right-left knit (plain knit) exhibit satisfactory physical
properties, including thickness, bulk density, and porosity. The hydrophilic properties of
bamboo socks are highly pronounced, as these fibers strongly absorb moisture and also
have good air permeability. Thermal properties, according to the Thermo Lab Il and
Thermal Manikin methods, reveal that bamboo socks leave a cool sensation on the skin
and have lower thermal resistance but higher thermal conductivity, making them
recommended for wear on warmer days. According to the results of infrared radiation
measurements, i.e., by comparing the measured temperature values on different parts
of the foot, it is concluded that bamboo socks are more suitable for wearing during higher
temperatures in closed footwear.

Keywords: thermo-physiology, thermography, men's socks, bamboo fibers, plain knit
fabrics.
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INTRODUCTION

When the human body is in motion, air movement occurs within the microclimate of the
garment, both between layers of textile material and around the body. The volume of air
spaces dynamically moves due to compression and decompression, caused by different
body parts in relation to the clothing. When one part presses on the garment, the air
spontaneously moves to another part of the microclimatic interspace, transferring heat
via conduction from the body to the layers of clothing and exiting through an opening to
the surrounding environment [1-3].

The foot, like the entire human body, is homeothermic, meaning it is capable of
maintaining its internal temperature within certain physiological limits, regardless of the
surrounding temperature. Foot thermoregulation is the process by which excess heat is
lost, with thermoreceptors in the skin of the foot playing a vital role in these mechanisms.
Several such mechanisms exist in the foot, such as blood flow, sweating, and metabolic
heat production [4].

Internal body heat increases during physical activity, and as a result, the skin shows an
increase in blood flow, sweating, and temperature, which are the main mechanisms for
dissipating the heat produced. Since the feet remain covered by socks and shoes during
physical activity, they are subjected to an increase in temperature. Different heat transfer
mechanisms observed in the skin include conduction, convection, evaporation, and
radiation. Socks can affect all of these mechanisms, especially if made from high-quality
fibers, enabling better heat conduction from the feet to the socks, shoes, and
surrounding environment through direct contact [5,6].

Bamboo socks are becoming an increasingly popular choice due to their exceptional
characteristics and advantages compared to traditional cotton or synthetic socks. These
socks are known for their hygroscopic properties, meaning their ability to absorb
moisture efficiently. Bamboo fibers can absorb up to 60% more moisture than cotton,
making these socks ideal for people with sweaty feet. Although they absorb moisture
well, bamboo socks allow for quick evaporation of that moisture, keeping the feet dry
and reducing the risk of unpleasant odors or infections. Thanks to the natural
antimicrobial properties of bamboo, absorbed moisture does not promote bacterial
growth, which further helps in reducing odors. Even after intense activities, the socks
remain dry and comfortable to wear.

In the examination of thermal properties of clothing, infrared thermography can be used
to determine heat losses from parts of the body to the surrounding environment. This
technique has a very significant application in studying heat losses caused by vertical
airflow through the microclimate between clothing and body parts, as well as in analyzing
temperature changes on the textile surface when it comes into contact with the body part
[7,8].

Thermography is a technique that uses a thermal camera to capture and analyze
temperature differences on various surfaces that emit radiation. The camera detects the
infrared radiation emitted by an object (body) and converts it into thermal images.

This research analyzes the results of thermal, physiological, and thermographic methods
after testing bamboo socks, in order to obtain information about the thermophysiological
state and comfort of wearing these socks.
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MATERIALS AND METHODS

The study used short men's socks made from three yarns: bamboo (dominant yarn), PA
6.6 filament yarn, and rubber-wrapped yarn. The sock, made in size M, has a foot length
of 28 cm, a sock leg length without the welt of 16 cm, and a welt width of 4 cm. These
sock dimensions correspond to a shoe size of 42-43. The sock, made in size L, has a
foot length of 29 cm, a sock leg length without the welt of 17 cm, and a welt width of 4
cm. These sock dimensions correspond to a shoe size of 43-44.

The examination of the sock characteristics was performed according to the appropriate
standards and methods:

» Thickness, according to standard EN I1SO 5084.

* Horizontal and vertical density, according to standard DIN 53883.

* Loop length, according to standard EN 14970.

»  Surface mass, according to standard EN 12127.

* Total loop density is the product of the horizontal and vertical density of the
knitted fabrics.

»  Bulk density of the knitted fabric represents the ratio of the mass per unit area
to the thickness of the knitted fabric [9].

» Porosity of the knitted fabric defined as the total amount of air in the knitted
fabric (between and within the yarns) [9].

* Relative humidity, according to standard SRPS EN ISO 139:2007.

»  Water retention capacity, according to standard DIN 53814:1974-10.

»  Water vapor permeability, according to standard ASTM E-96/E96 M-16.

»  Air Permeability, according to standard SRPS EN ISO 9237:2010.

*  Warm/Cool sensation, the measuring instrument Thermo Lab KES-F7 was
used.

+  Thermal conductivity coefficient, the measuring instrument Thermo Lab KES-
F7 was used.

»  Coefficient of heat retention capacity, the measuring instrument Thermo Lab
KES-F7 was used.

* Thermal Resistance, the measuring instrument Thermo lab KES-F7 was used.

* Thermal Resistance - Thermal Manikin, according to standard 1ISO
15831:2004.

*  For thermographic measurements, the FLIR ThermoCAM™ P65
thermographic system was used. It is a mobile system that utilizes the long-
wave infrared spectral range (LWIR), with wavelengths from 7.5 to 13 ym. The
lenses project the object's image onto a microbolometer with resolutions of
640x480, 384%288, and 320x240 pixels. The electrical signal from the detector
(microbolometer) is then processed in the camera system's internal electronics
[10-12].

Table 1 provides data on the raw material composition and important parameters of the
yarns from which the sock is made. According to the various values in this table, the
dominant yarn is single-ply with a high twist number, and there is also a polyamide two-
ply multiflament yarn, with a much lower twist number. The rubber thread is the coarsest
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and present in the smallest amount in the sock composition, only 1%, and is used for
making the sock at the beginning, the so-called welt of the sock. This rubber thread is
flat and without twist. The linear density of yarns of the yarn with the appropriate degree
of twist of the fibers around the yarn body affects the properties of the manufactured
socks, such as: texture, wear, pilling, absorption properties, and others [13].

Table 1. Raw material composition and key properties of the yarn
Sock raw material composition Nominal linear density of yarns ~ Nominal yarn twist number

(%) (tex) (m”)
Bamboo, 77% 31 7727
Polyamide, 22% 4.4/13x2 90 S
Rubber-wrapped yarn, 1% 100 -

RESULTS AND DISCUSSION

Table 2 presents the results of the most important physical properties of bamboo socks.
There is no significant difference in parameters when it comes to sock sizes. Size M (42-
43) socks have lower thickness and porosity, but higher surface mass and bulk density
compared to size L. The thickness of the sock (0.918 mm and 0.925 mm) depends on
the type of base yarn as well as the knit structure itself, and it affects permeability,
comfort, deformability, etc. The surface mass of the sock (283 g/m? and 268.5 g/m?) is
an important technological parameter and largely depends on its horizontal and vertical
density. In addition, this parameter integrates all the important parameters of the knit
structure and is an important economic factor because it significantly influences the cost
[14].

The bulk density of the sock knitted fabric (0.308 g/cm?® and 0.290 g/cm3) best reflects
and defines the structural parameters of the socks, as it represents the mass of the
knitted fabric of a specific volume, which is directly related to the thickness, type of stitch,
and surface mass of the knitted fabric.

Compactness - porosity of knitted fabrics represents the filling of the empty space
between loops or the empty space within the loop itself. Good porosity is a consequence
of the very structure of knitted products. During movement, i.e., wearing the sock, the
interstices in the sock change their shape, leading to the displacement of air and
accelerated air exchange, resulting in a pleasant sensation. The porosity of the knitted
fabric (79.70 % and 80.9 %) indicates the volumetric proportion of voids in the knitted
fabrics.

Table 2. Significant parameters of bamboo socks size

Sock Thickness, Surface mass Bulk density, Porosity,
size (mm) (g/m?) (g/cmd) (%)

42-43 0.918 283 0.308 79.7

43-44 0.925 268.5 0.290 80.9
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Table 3 presents the results of key physiological parameters for bamboo socks in a plain
jersey. The size L sock has slightly higher numerical values for these examined
parameters compared to the size M sock.

The relative humidity of socks depends on the raw material composition, the type of
stitch design, and other structural indicators. It is known that bamboo, as a chemical
fiber, significantly absorbs and retains moisture (9.42% and 9.70%), followed by natural
fibers, and finally synthetic fibers.

The water retention capacity is relatively high for bamboo socks (50.6% and 50.9%),
which is due to a greater ability to absorb moisture, and it is also known that these fibers
have a higher relative humidity than all other fibers.

Water vapor permeability, according to the results from Table 3 (3437 g/m2/24h and
3605 g/m?2/24h), reveals that this sorption characteristic is pronounced in bamboo socks
with a plain jersey. Considering that hydrophilic bamboo fibers, in addition to allowing
vapor to pass through, also absorb water vapor, swelling occurs, which reduces the size
of the air-filled spaces between the fibers, thereby slowing down the diffusion process.
Water vapor permeability is a crucial property of knitted fabrics, especially for clothing
worn in working conditions (sweating) or socks that are enclosed in footwear.

Air permeability and water vapor permeability are fundamental hygienic and thermal
insulation properties of textile materials. Since knitted fabrics have a porous structure,
they possess good hygienic and thermal insulation properties. According to the results
in Table 3, air permeability (56.1 m3/m?2/min. and 61.2 m%m?/min.) is pronounced and
correlated with water vapor permeability. Generally, a material with higher air
permeability also has higher water vapor permeability.

Table 3. Physiological parameters of bamboo socks
Sock Relative ~ Water Retention Capacity Water Vapor Permeability ~ Air Permeability

size  Humidity (%) (%) (g/m3/24h) (m3m?3/min.)
42-43 9.42 50.6 3437 56.1
43-44 9.70 50.9 3605 61.2

Tables 4 and 5 contain the results of the thermal properties of bamboo socks according
to the Thermo Lab method and the Thermal Manikin. The size M sock has a higher
numerical value for the warm-cool sensation, the thermal conductivity coefficient is
identical, while it has lower numerical values for the coefficient of heat retention capacity
and thermal resistance compared to size L.

The first characteristic, the warm-cool sensation, indicates a cooler feeling with a higher
numerical value and a warmer feeling with a lower value; in other words, a higher value
signifies a textile with faster heat loss, creating a cooling effect. The value for the warm-
cool sensation parameter is relatively higher (0.115 W/cm?2 and 0,111 W/cm?) and
significantly depends on the raw material composition. Bamboo socks leave a cool
sensation on the skin, making them recommended for use on warmer days, specifically
in spring and summer. Additionally, the warm-cool sensation parameter is quite
dependent on the moisture content in the fibers (especially important for bamboo fiber
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yarn), where an increase in relative humidity also leads to an increase in the warm-cool
sensation parameter.

Thermal conductivity is a crucial parameter for the insulation capability of a material, and
the measurement is based on the transfer of heat from the warmer to the cooler area,
following the principles of heat conduction. As the thermal conductivity coefficient
increases (0.065 W/mK for both sock sizes), the thermal resistance of the socks
decreases, while the ability for thermal conductivity increases. This parameter typically
depends on the raw material composition of the socks and the stitch design. Therefore,
socks with a plain jersey have lower thermal resistance and higher thermal conductivity,
making them recommended for use on warmer days.

The thermal resistance parameter - Thermo Lab Il of socks (0.0815 m2/KW and 0.0824
m2/KW) depends on the stitch design and the raw material composition. Practically, the
sock allows a greater or lesser flow of heat into the environment, which is expressed by
the thermal resistance constant. Essentially, thermal resistance represents the thermal
insulation of the material and is highest in a state of rest because, in that case, the air
beneath the sock also remains still [15].

Single-cylinder knitting (plain jersey) implies a structure that has a larger contact surface
and a more uniform number of contact points compared to other knits (e.g., double-
cylinder knitting). This ensures a greater contact area with the skin, thereby resulting in
weaker heat dissipation.

Table 4 presents the results of the thermal resistance testing of bamboo fiber socks in a
plain jersey (Thermal Manikin). A slightly lower thermal resistance (0.01796 m?/KW and
0.01806 m?/KW) was observed in this specific case for bamboo socks. This value refers
to the thermal resistance of the socks on the Thermal Manikin when the socks are in a
stretched, slightly extended state, similar to when they are being worn.

It should be noted that surface and volumetric mass are inversely proportional, while
porosity is directly proportional to the thermal resistance of socks in a tense state.
Additionally, a higher number of binding points per unit area of the socks, where the
mutual contact of fibers in the yarn is intensified, accelerates heat conduction.

Table 4. Thermal properties of bamboo socks — Thermo Lab Il

Sock Warm-QooI Thermal conductivity Coefficient of heat retention Th_ermal
size sensation coefficient (W/mK) capacity (%) resistance
(W/cm?) (m2/KW)
42-43 0.115 0.065 22.03 0.0815
43-44 0.111 0.065 22.88 0.0824
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Table 5. Thermal properties of bamboo socks — Thermal Manikin

Sock  The appearance of the sock Appearance of the knitted Thermal resistance
size stitch design socks (M2/IKW)

42-43 I

i
‘t{’lfﬁf

To highlight the heat losses from a garment, thermography was utilized, allowing
temperature comparisons over a large surface through a visible image. The result of the
thermographic measurement is a thermogram that, using a specific color code, provides
a visual representation of the temperature distribution across the surface. The
temperature distribution indirectly provides information about the condition of the surface
itself, but also reflects the internal state of the observed object.

In the thermographic images of the surface of men's socks (M size) on the feet, maximum
and minimum temperature areas can be observed, as shown in Figs. 1 - 3.

In Figure 1, a thermogram of feet in socks before walking is presented (climate chamber,
60 minutes, 20 °C, relative air humidity 50%, air circulation 0.5 m/s). On the right side of
the thermogram, a temperature scale is shown, ranging from 27 to 31 °C. The darkest
blue color indicates a temperature of 27 °C, while the yellow-orange transitioning into
red represents the highest temperature on this thermogram, 31 °C.

Before walking, the dorsal region of the foot in socks has the highest temperature (31
°C), the arch of the foot or plantar area is around 29 °C. The coolest part of the foot in
socks is near the toes, with an average temperature of about 28 °C. Generally, the
temperature of the right foot with a sock is slightly higher (by 1-2 °C) than that of the left
foot before walking, which is associated with the physical condition of the feet (circulation
status, etc.).

0.01796

e
e

i

Figure 1. Thermograms of the lateral and dorsal (upper) surface of the feet in socks before

walking
O
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The purpose of thermography for shoes with feet and socks relates to footwear
ergonomics, injury prevention, medical applications, sock selection, and more. In
footwear ergonomics, analyzing heat distribution within the shoes is essential to
determine comfort and design adequacy, as well as to assess ventilation and
thermoregulation. Additionally, this technique allows for evaluating how different layers
(socks, footwear, insoles) affect the thermal balance of the feet.

In Figure 2, a thermogram of shoes with feet and socks after walking is shown. As
expected, the dorsal part of the foot inside the shoe is the warmest (around 29 °C), while
the edges, i.e., the shoe area near the toes, are the coolest (around 24 °C). No significant
differences were found between the temperatures of the left and right shoe.

Figure 2. Thermogram of shoes with feet and socks after walking

Foot thermography with socks assesses how different types of socks affect heat
distribution, thermoregulation, and overall foot health. It analyzes the socks' ability to
maintain a uniform temperature across the foot or identify areas where heat accumulates
or excessive cooling occurs. For instance, the analysis of socks used in extreme
conditions (cold or hot environments) is particularly important, helping in the selection of
socks that reduce the risk of overheating or sweating during intense activities.

The feet with socks, after walking, have a higher temperature than before walking, as
expected. The dorsal part of both feet is the warmest, 31-32 °C, while the edges are
somewhat cooler, 26-27 °C, as shown in Figure 3. There are no significant differences
between the left and right feet in socks.
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Figure 3. Thermogram of feet with socks after walking

The manufacturing and design of socks (with different knitting structures, thickness, and
airspace ratio) should be organized in such a way that they reduce high plantar pressure
in specific zones, which has a significant impact on controlling the temperature and
humidity of the foot skin. This beneficial effect greatly improves metabolism and blood
flow, and consequently, foot comfort. Additionally, when the raw material composition
allows the sock to absorb heat from the feet, better thermoregulation is promoted,
leading to improved physiological comfort [16,17].

It is evident that a bamboo sock cools the foot, providing a cooling effect, as part of the
heat is absorbed by the bamboo fiber and transferred to the surrounding environment.
According to the values from the thermo-physiological and thermographic
measurements, feet in bamboo fiber socks fully meet the conditions for physiological
comfort, as the skin temperature of the feet needed to prevent a feeling of cold is typically
around 28-30 °C. Below these temperatures, the feet begin to cool down, and if the
temperature drops below 25 °C, the risk of frostbite and other consequences, such as
circulatory disorders and physiological discomfort, significantly increases.

CONCLUSIONS

The thermo-physiological comfort of socks during wear depends on numerous factors
related to the structure of the yarn and the knitted fabric itself. Socks made from bamboo
are particularly interesting because bamboo yarn provides lower porosity of the socks,
lower bending stiffness, and allows for easy compression of the knitted loops, thereby
reducing the thickness of the material.

Based on the results of these tests, insights are gained into thermal insulation, for
example, how much the socks retain or lose heat, or whether the textile material provides
sufficient breathability to dissipate excess heat, as well as to what extent the socks
manage moisture, especially in the case of sweaty feet. Bamboo socks are more suitable
for wear during higher temperatures or in summer when wearing closed footwear. The
reason is the well-known cooling effect on the skin that bamboo fiber leaves, as well as
its excellent moisture (sweat) absorption from the surface of the foot, which quickly
evaporates due to the high ambient temperature.

o 0
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Thermographic imaging of the feet with socks reveals how well the socks retain or lose
heat, whether the textile material provides sufficient breathability to release excess heat,
and to what extent the socks manage moisture, especially for sweaty feet.

In the end, leather shoes combined with bamboo socks on the feet are physiologically
comfortable, providing a natural combination of insulation, breathability, and durability
under the specific conditions of this study.
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TOPLOTNA, FIZIOLOSKA | TERMOGRAFSKA ANALIZA MUSKE CARAPE OD

BAMBUSA U DESNO-LEVOM PREPLETAJU
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Istrazivanje koristi rezultate toplitnih i fizioloSkih metoda, kao i termtermografskih
shimanja radi dobijanja informacija o stanju ¢arapa od bambusa na stopalu. Carape od
bambusa u desno-levom prepletaju imaju zadovoljavajuéa fizicka svojstva, debljinu,
zapreminsku gustinu i poroznost. Hidrofilna svojstva Carapa od bambusa su jako
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izraZzena, ova vlakna jako upijaju vlagu a imaju i dobra svojstva propustljivosti vazduha.
Toplotna svojstva prema metodi Thermo Lab Il i Thermal Manikin, otkrivaju da ¢arape
od bambusa ostavljaju hladan osecéaj na kozi, kao i da imaju manju toplotnu otpornost a
vecéu toplotnu provodljivost, pa se preporuuje za nosenje u toplijim danima. Prema
rezultatima merenja infracrvenog zracenja, tj. uporeduju¢i izmerene vrednosti
temperature na razliCitim delovima stopala, zakljuuje se da su ¢arape od bambusa
pogodnije za noSenje tokom visih temperatura u zatvorenoj obudéi.

Klju¢ne redi: termo-fiziologija, termografija, muska ¢arapa, bambus vlakna, desno-leva
pletenina.
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ANALYSIS OF SURFACE PROPERTY CHANGES ON THE REVERSE SIDE
OF KNITTED FABRICS AFTER PRINTING
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The surface properties of textile materials play a key role in their appearance, tactile
perception, and wearing comfort, with the reverse side of knitted fabrics being critical
due to their direct connection with the wearer’s skin. This paper aimed to investigate
the effect of sublimation printing on the surface properties of the reverse side of
interlock knitted fabrics intended for activewear. Two types of knitted fabrics were
printed using the sublimation printing technique in the CMYK colour model.

Surface properties were evaluated using the KES-FB4 instrument, analysing the
surface friction coefficient (MIU), mean deviation of the friction coefficient (MMD), and
geometrical roughness (SMD). The results indicated that the knitted fabric structure
and yarn fineness significantly affected the resistance of knitted fabrics to changes
induced by sublimation printing. Knitted fabric 2KF exhibited higher SMD values and
lower MIU values compared to 1KF. Greater stability of surface parameters after
printing was observed in knitted fabric 1KF, which is attributed to its higher thickness
and more homogeneous structure. For printed samples 1KF, SMD values in the course
direction ranged from 2.430 pym to 3.661 ym, while for 2KF samples they ranged from
5.212 ym to 6.965 pm. A strong linear correlation was established between SMD and
knitted fabric weight (R? = 0.8615), indicating that SMD values increased proportionally
with knitted fabric weight. Although sublimation printing was applied to the fabric's face
side, the high temperature and pressure also affected the reverse side.

Keywords: Knitted fabrics, surface properties, printing process.
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INTRODUCTION

Knitted fabrics are particularly well-suited for the production of clothing, especially for
sportswear, due to their porous structure, high elasticity, and ability to conform to body
contours [1]. A wide range of physical and functional properties of knitted fabrics is
achieved through the use of different fibres and yarns in their production, as well as
through various machine settings [2].

Both the visual and tactile perception of textile materials largely depend on their
surface characteristics, making these properties highly relevant for evaluating comfort
and the aesthetic value of clothing. In the case of knitted fabrics, these characteristics
are even more pronounced because of their structure.

The surface of knitted fabrics is not smooth; it varies in roughness depending on yarn
and characteristics (irregularity, hairiness, friction, surface roughness, shape, diameter,
density, spinning technology, and fibre composition) and structure of the fabric itself
(type, density, thickness) [3—7].

Previous studies have demonstrated that the surface properties of knitted fabrics
greatly affect the subjective perception of comfort. For instance, studies comparing the
technical face and reverse side of rib knits (1x1 and half-Milano) revealed that the
reverse side was perceived as softer and more flexible due to its unbalanced structure,
which can be an important factor when selecting materials for garments that come into
direct contact with the skin [8].

The importance of the surface roughness (SMD) parameter in assessing surface
texture has been confirmed in studies showing that non-contact measurement methods
can yield reliable results, closely correlated with the KES-F evaluating system [9].

In recent years, sublimation printing has increasingly been used because of
advantages such as environmental sustainability, rich colour, and high color fastness.
However, it has been shown that the process can induce changes in the structure and
physical properties of knitted fabrics, particularly those made from cotton (Co) and
cotton/polyester blends (Co/PES), where alterations in weight, surface roughness, and
even compressional properties have been observed. Although changes in polyester
(PES) knitted fabrics appear to be less pronounced, they are still present, especially in
surface properties such as surface friction (MIU), mean deviation of friction (MMD), and
surface roughness (SMD), which directly influence tactile sensation and overall comfort
[10, 11].

A particular challenge lies in preserving the stability of surface characteristics on the
reverse side of knitted fabrics after the printing process, as this side is in direct contact
with the wearer's skin, especially in sportswear. Unfavourable changes in surface
attributes — such as increased roughness or reduced softness — can significantly affect
subjective comfort and athletes’ performance. Therefore, this paper aimed to
experimentally assess the impact of sublimation printing on the surface properties of
the reverse side of interlock knitted fabrics intended for sportswear, with particular
emphasis on parameters that directly affect tactile comfort.

MATERIALS AND METHODS
The surface properties of the knitted fabrics — surface friction (MIU), mean deviation of
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the friction coefficient (MMD), and surface roughness (SMD) were measured using the
KES-FB4 AUTO instrument (Figure 1a), part of the Kawabata Evaluation System (Kato
Tech Co., Ltd., Kyoto, Japan). This system provides detailed information about the
tactile characteristics of textile materials.

During measurement, the textile material was fixed between two clamps and moved
across a metal plate over a distance of 20 mm at a constant speed of 0.1 cm-s™'. A
preload of 19.62 cN (equivalent to 20 gf-cm™') was applied. Surface friction was
recorded using a U-shaped sensor made of 10 steel wires, each 0.5 mm in diameter.
This sensor was designed to mimic a human fingertip. This sensor applied a constant
normal force of 49.035 cN to the fabric surface.

Another U-shaped sensor (Figure 1b), consisting of a single wire 0.5 mm in diameter,
was used to measure surface roughness by applying a force of 9.807 cN to the textile
material.

The MIU parameter represents the ratio of the frictional force to the applied normal
force, the MMD indicates variations in friction as the sensor moves over the surface,
while the SMD reflects irregularities in the surface structure as deviations from an
ideally smooth surface [12]. Three measurements were performed for each sample,
and the mean values are reported in this paper.

b)

Figure 1. a) KES-FB4 AUTO instrument; b) Sensor for measuring geometric roughness
Structural properties of the tested knitted fabrics are presented in Table 1.

Table 1. Structural properties of the tested unprinted knitted fabrics

R Yarn Density Thickness Wight
Sample  Pattern S linear density Horizontal  Vertical Total h(mm)  m(g'm?
Tt (tex) Dh(cm™) Dy(cm™) Dt(cm?)
1KF-W Interlock PES 7.40 16.3 10.5 171.2 0.38 122.4
2KF-W Interlock PES ;gg 16.5 11.8 194.7 0.28 134.9
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The printing process was carried out using an EPSON L1800 piezo-electric ink-jet
printer, at a resolution of 7760 x 1440 dpi , with Canapa Ventus Master 100 transfer
paper of 100 g-m2 and Sublisplash dye sublimation inks Splashjet-Super-Sub-6C. For
ink fixation, a Digital High-Pressure Heat Press SHP-15/20/24LP2MS was used. The
curing process was conducted at 185°C for 120 seconds.
Knitted fabrics were printed in the CMYK colour model, using four separate dyes: cyan,
magenta, yellow, and key, i.e., black. Each printed sample was labelled based on the
applied colour (C for cyan, M for magenta, Y for yellow, and K for black, while unprinted
knitted fabrics were labelled with the code W (white).
Before testing, all knitted fabric samples were conditioned under standard atmospheric
conditions according to ISO 139:2005 [13].
Structural properties were evaluated according to the following standards:

. Density of the knitted fabric: EN 14971 [14]

o Weight of the knitted fabric: ISO 3801 [15]

o Thickness of the knitted fabric: ISO 5084 [16].

RESULTS AND DISCUSSION

In order to gain deeper insight into how sublimation printing affects the surface
properties of knitted fabrics intended for sportswear, the parameters MIU, MMD, and
SMD were measured on the reverse side of knitted fabrics.

Figure 2 presents the MIU results for the tested knitted fabrics, measured on the
reverse side.
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Figure 2. MIU results of knitted fabrics, measured on the reverse side
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For the unprinted samples, MIU values were slightly higher for sample 1KF-W (wale:
0.157, course: 0.248) compared to sample 2KF-W (wale: 0.150, course: 0.219). These
differences indicate higher surface friction in the 1KF sample, which can be attributed
to its greater thickness and rougher surface structure.

In the 1KF sample series, a decrease in MIU values in the wale direction was observed
after the sublimation printing process, except for sample 1KF-K, which showed no
change. The decrease in MIU values in the wale direction ranged from 2.55% (1KF-M)
to 3.18% (1KF-C), while an increase of 5.1% was observed for sample 1KF-Y,
compared to the unprinted sample. In the course direction, a decrease in MIU values
was observed for samples 1KF-C and 1KF-M, while increases of 1.61% and 2.02%
were observed for samples 1KF-Y and 1KF-K, respectively.

Within the 2KF sample group, MIU values in the wale direction slightly decreased after
printing, except for sample 2KF-K, which showed an increase of 4%. In the course
direction, all 2KF samples exhibited a decrease in MIU values after printing, ranging
from 4.57% (2KF-M) to 7.76% (2KF-C).

In general, the printed 2KF samples showed a decrease in MIU values. As this knitted
fabric was produced using two types of yarns of different fineness (including one
filament yarn), the applied heat contributed to "ordering" of the surface, reducing
roughness. On the other hand, the variations in MIU values observed in the 1KF
samples may be attributed to the structural characteristics — being made from one
yarn, these knitted fabrics lack internal heterogeneity, which may lead to localized
changes.

The obtained MIU values for all printed knitted fabrics ranged from 0.15 to 0.25, which
is in the characteristic range of this parameter (0.15 to 0.30) [12]. This indicates that
sublimation printing did not adversely affect the surface friction.

The results of MMD for the tested knitted fabrics, measured on the reverse side, are
presented in Figure 3.
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Figure 3. MMD results of knitted fabrics, measured on the reverse side
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In comparison to the 1KF samples (1KF-W wale: 0.0060), MMD values were generally
lower for the 2KF samples in the wale direction (2KF-W wale: 0.0044). After printing,
slight changes in MMD values were observed in 1KF.

A decrease of 6.58% was observed for sample 1KF-K, while an increase of 5% was
noted for sample 1KF-M compared to the unprinted sample in the wale direction. In the
course direction, minor changes were detected.

For the 2KF knitted fabrics, MMD values in the course direction were significantly
higher than in the wale direction, and a substantial decrease in these values was
observed after printing in the course direction, ranging from 13.97% (2KF-C) to 47.06%
(2KF-M).

The 1KF knitted fabric showed more stable MMD values after the printing process,
while more pronounced changes were recorded in the 2KF sample group, especially in
the course direction. The higher density and structural complexity of 2KF make it more
susceptible to deformation and changes in the microstructure distribution during
printing. This leads to reduced friction variation and a more uniform surface (lower
MMD).

Figure 4 presents the results of SMD for the tested knitted fabrics, measured on the
reverse side.
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Figure 4. SMD results of knitted fabrics, measured on the reverse side

SMD values for the 1KF fabrics increased in the wale direction after printing, ranging
from 1.40% to 2.56% compared to the unprinted sample, with the exception of sample
1KF-M, where a slight increase in SMD values was recorded. In the course direction,
an increase was observed for all 1KF samples, with the largest being 21.10% (sample
1KF-M), while sample 1KF-C was the exception, showing a decrease of 1.42%.

In the 2KF samples, minor changes of SMD values in the wale direction were
recorded, with the highest increase of 12.21% for sample 2KF-K. Additionally, in the
course direction, SMD values decreased after printing in all samples except for 2KF-M,

which showed an increase of 4.19%.
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Although the 2KF fabric is thinner, its higher density and more complex structure
contributeto a greater perception of roughness. The applied heat and pressure during
the printing process contributed to alterations in the structures of knitted fabrics.
Regarding changes in the structure on the reverse side of knitted fabrics 2KF, it is
possible that the yarns were “impressed” under the influence of the press, which
reduced the roughness in the course direction. In the 1KF sample group, with a less
dense and thicker structure, only minor changes were observed in comparison to the
unprinted sample.

In addition, based on the analysis of the results shown in Figures 2, 3, and 4, it can be
concluded that the printing process had a smaller effect on the change of the surface
properties of 1KF knitted fabrics.

Figures 5 and 6 show the linear dependence of MIU on the surface mass and
thickness of printed knitted fabrics, respectively.

Figure 5. Dependence of MIU on the printed knitted fabric weight
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Figure 6. Dependence of MIU on the thickness of printed knitted fabrics

A strong linear correlation was observed between MIU and the weight of printed
knitted fabrics, as confirmed by a high Pearson correlation coefficient (R = 0.9275; R? =
0.8600). In contrast, the linear correlation between MIU and the thickness of knitted
fabrics was slightly lower (R = 0.8911; R? = 0.7961).

SMD [pm

Figure 7. Dependence of SMD on the printed knitted fabric's weight
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SMI

Figure 8. Dependence of SMD on the printed knitted fabric's thickness

Based on the results presented in Figure 7, a strong linear correlation was found
between the SMD and the weight of printed knitted fabrics, with a Pearson correlation
coefficient of R = 0.9282 (R? = 0.8615). Similarly, the correlation between SMD and
(printed) knitted fabric thickness was also high, with R = 0.9224 (R? = 0.8508), as
shown in Figure 8.

The results showing the dependence of the MMD parameter on the thickness and
weight of printed knitted fabrics are not presented due to the weak linear dependence.

CONCLUSION

This paper examined the influence of sublimation printing on the surface properties of
the reverse side of knitted fabrics made from PES yarns of different fineness. Two
knitted fabric types were tested: 1KF, produced from a single yarn, and 2KF, made
from a combination of two yarns.

The experimental results confirmed that sublimation printing affected the surface
characteristics of knitted fabrics on the reverse side, despite being applied to the face
side. The degree of change is closely related to the thickness and weight of the fabrics.
The 2KF knitted fabric, which has a thinner and denser structure, exhibited sensitivity
to the printing process, as indicated by decreased MIU (in both directions) and
increased SMD values in the course direction. The 1KF knitted fabrics, on the other
hand, showed more resistance to structural alterations following printing due to their
higher thickness and uniform structure (made from a single yarn).
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Izvod

ANALIZA PROMENA POVRSINSKIH SVOJSTAVA NA NALICJU
PLETENINA NAKON STAMPANJA

Sandra Stojanovi¢' ID, Dusan Trajkovié? ID, Suzana DPordevié' ID,
Sladana Anti¢' ID, Tanja Nikoli¢' ID, Svetomir Golubovié¢' ID
'Akademija strukovnih studija Juzna Srbija, Odsek visoka tehnolosko umetnicka $kola
Leskovac, Leskovac, Srbija
2Tehnoloski fakultetu u Leskovcu, Univerzitet u NiSu, Leskovac, Srbija

Povrsinska svojstva tekstilnih materijala imaju kljuénu ulogu u njihovom vizuelnom
izgledu, taktiinom oseéaju i udobnosti pri nodenju, pri Eemu je nali¢je pletenih tekstilnih
materijala od posebnog znac¢aja zbog neposrednog kontakta sa koZom korisnika.

Ovaj rad ima za cilj da ispita uticaj sublimacione Stampe na povrsinska svojstva nali¢ja
interlok pletenina namenjenih za sportsku odec¢u. Dve vrste pletenina Stampane su
tehnikom sublimacije u CMYK kolor modelu.

Povrsinska svojstva ocenjivana su pomo¢u KES-FB4 uredaja, analizom koeficijenta
povrSinskog trenja (MIU), prose¢nom vredno3$c¢u apsolutnog odstupanja koeficijenta
trenja (MMD) i geometrijske hrapavosti (SMD). Rezultati su pokazali da struktura
pletenine i finoéa prede znacajno uti€u na otpornost materijala na promene izazvane
procesom sublimacione Stampe. Pletenina oznaena kao 2KF imala je viSu vrednost
SMD i nizu vrednost MIU u poredenju sa pleteninom 1KF. Veca stabilnost povrSinskih
parametara nakon Stampe uocena je kod pletenine 1KF, §to se pripisuje njenoj vecoj
debljini i homogenijoj strukturi. Kod Stampanih uzoraka 1KF, vrednosti SMD u pravcu
osnove kretale su se od 2.430 ym do 3.661 um, dok su kod 2KF uzoraka iznosile od
5.212 ym do 6.965 um. Ustanovljena je snazna linearna korelacija izmedu SMD
vrednosti i povrSinske mase pletenine (R? = 0.8615), Sto ukazuje da se vrednosti SMD
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proporcionalno povecavaju sa povrSinskom masom materijala. lako je sublimaciona
Stampa primenjena na lice materijala, visoka temperatura i pritisak delovali su i na
nalije.

Klju¢ne redi: Pletenine, povrsinska svojstva, proces Stamapanja.
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THE INFLUENCE OF RELATIVE AIR HUMIDITY ON THE ELECTRICAL
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The electrical resistance of woven fabrics is strongly influenced by the moisture
content of the tested sample, which is largely determined by the relative humidity of the
environment. Water molecules can become partially ionized, and the resulting water
ions near the textile material help neutralize surface charges. Additionally, depending
on their fibre composition, fabrics absorb varying amounts of moisture from the
environment, which increases their electrical conductivity. This paper presents the
results of the volume electrical resistivity testing of three fabrics with different fibre
compositions intended for the production of women’s blazers (F1 — 100% PES, F2 —
96.1% PES and 3.9% Elastane, F3 — 100% Silk). In blazers, certain pattern pieces
require reinforcement with a fusible interlining, which created the need for two-layer
samples. Tests were conducted for fusible interlining (I — 71.2% and 28.8% PES) and
fabrics fixed to it frontally (F11, F2I, and F3l). The electrical resistivity of samples was
measured in both warp and weft directions, in an environmental chamber with humidity
ranging from 40% to 65%, in 5% increments. At 40% humidity, the lowest electrical
resistivity was recorded in F3, while the highest was in F2. At 65% humidity, F1
showed the lowest resistivity and F2 the highest. The silk fabric (F3) lost its initial
advantage over the PES fabric, which may be explained by its structural
characteristics. It can be concluded that lowering the relative humidity of the
environment by 25% significantly increases the electrical resistivity of the textile
materials by several times.

Keywords: woven fabric, raw material, electrical resistance.
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INTRODUCTION

Clothing covers the human body, and beyond its functional role, it should enhance the
body's shape, conceal imperfections, and provide a pleasant and comfortable wearing
experience. The synthesis of appearance, functionality, and comfort is crucial from
both physiological and health perspectives. Skin sensory comfort is influenced by the
woven fabrics, where desirable properties include softness and smoothness, while
undesirable and potentially harmful features include stiffness, roughness, allergic
reactions, and clinging to the skin [1]. Garments clinging to the body are an especially
unpleasant phenomenon caused by the accumulation of static electricity within the
textile material. The effect is particularly pronounced in synthetic fibres; therefore,
numerous authors have attempted to evaluate the quality of clothing fabrics through
their electrophysical properties, one of which is volume electrical resistivity [2-5].

MATERIALS

The experimental material included three apparel fabrics with different fibre
compositions: polyester (PES), a polyester/elastane (PES/EL) blend, silk, and fusible
interlinings made from a cotton/ polyester (Co/PES) blend. The structural
characteristics of the selected base fabrics before thermal fixation (labelled F1, F2, and
F3) are presented in Table 1.

Table 1. Structural characteristics of base fabrics

Tested Unit of Test results
characteristic measurement F1 F2 F3
Fibre composition (%) 100% 96,1% PES 100% Silk
PES 3.9% EL
Weave type Plain weave Plain weave Weft rib weave
Effective fabric width (cm) 150 148 140
Fabric thickness (mm) 0.450 0.580 0.680
Surface mass (g/m?) 179 264 226
Fabric density warp (threads/cm) 22.5 45 10
weft (threads/cm) 21 31 6.5
Yarn fineness warp (tex) 41.5 36 56
weft (tex) 41 33 weft 1 -96.4
weft 2 - 448.4
Yarn insertion Warp (%) 10 21 7.75
weft (%) 10 17.1 3.61
Shrinkage Warp (%) -0.8 -0.6 -0.39
weft (%) -0.5 -0.5 +0.15

The structural characteristic of the selected fusible interlining is presented in Table 2.
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Table 2. The structural characteristic of the selected fusible interlining

Tested characteristic Unit of measurement Test results
|
Fibre composition (%) 71.2% Co
28.8% PES
Weave type Plain weave
Effective fabric width (cm) 90
Fabric thickness (mm) 0.435
Surface mass (g/m?) 99
Fabric density warp (threads/cm) 16
weft (threads/cm) 9
Yarn fineness warp (tex) 40
weft (tex) 39
Yarn insertion warp (%) 2.6
weft (%) 5.8
Shrinkage warp (%) 0
weft (%) 0

By applying thermal bonding of the frontal side (face side) of base fabrics with the
fusible interlining, a so-called "double-layer textile material" is obtained. The properties
of these composite materials are presented in Table 3 [6].

Table 3. Investigated properties of the double-layer textile material

Tested characteristic Unit of measurement Test results

F1l F2l F3I
Layer thickness (mm) 0.754 0.899 0.889
Fabric mass per layer (g/m?) 273 360 319

All tested samples were conditioned for 24 hours under standard atmospheric
conditions at a temperature of 20 £ 2 °C and relative humidity (RH) of 65 £ 2%.

METHODS

To determine the volume electrical resistivity (Rx, GQ) of the selected materials, a
measuring device developed at the Department of Textile Engineering, Faculty of
Technology and Metallurgy, University of Belgrade, was used [7, 8]. Measurements
were conducted in both warp and weft directions using the stationary voltage method,
i.e,. the volume electrical resistivity method [9, 10].

A schematic representation of the apparatus is shown in Figure 1.
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Figure 1. Schematic representation of the apparatus for determining the volume electrical
resistivity of fabrics.

The fabric sample (2), with unknown electrical resistivity (Rx), is placed between the
electrode plates (1) and fixed in position using tightening screws (3). The silver-coated
electrode plates (1) are connected to a high-voltage source (HVS). Air humidity and
temperature inside the chamber are monitored via a digital measuring device (4). The
entire sample holding system is enclosed within a transparent chamber (5), which is
externally covered with a metallic mesh (6), forming a Faraday cage. Humidity variation
within the chamber is regulated using a humidifier (H), as well as by adjusting the
aperture opening (7), which connects the chamber to the surrounding atmosphere
where the measurements are conducted. Air circulation is achieved using an electric
motor with a turbine wheel (EM). Voltage measurements are carried out using a digital
measuring device (DM), Philips PM 2528 model.
The voltage method is based on measuring the voltage (Um) across a resistor with
known resistance (Rp). This Rp is connected in series with the fabric sample of
unknown electrical resistivity (Rx). The volume electrical resistivity (Rx) of the fabric
sample is calculated using the following equation [5]:
R R E
L —_rr = (1)
R,+R, U,
where: E=1200V,
R,=1,64 MQ i
R,'= 10 MQ.

RESULTS AND DISCUSSION

The results of sample preparation indicated that both the thickness and mass of the
bonded fabrics were lower than the sum of the individual layers' thickness and surface
masses. The reduction of surface mass after frontal bonding usually resulted from
heat- and pressure-induced densification, volatilization of moisture/finishes, fiber
shrinkage or melting, and fiber loss from the surface. This can be observed by
comparing the measurement results presented in Tables 1, 2, and 3. The thickness of
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the frontally bonded fabric F11 was 0.131 mm less than the combined thickness of
fabrics F1 and interlining . Similarly, the thickness of F2I was 0.116 mm less than the
sum of F2 and |, and the thickness of F3l was 0.146 mm less than the sum of F3 and I.
The difference in thickness observed after frontal bonding of fabrics F1, F2, and F3 can
be attributed to the specific bonding conditions applied during the process.

Frontal bonding is a process of adhering the fusible interlining to the base fabric. The
essence of this process lies in selecting an appropriate interlayer, i.e., a compatible
thermoplastic, based on the fibre composition of the base fabric, and experimentally
determining optimal bonding conditions such as temperature, pressure, and dwell time
in the press. Under the influence of temperature, the thermoplastic melted and
penetrated the pores of the fabrics, yarns, and fibres, and then solidified upon cooling
over a specified period.

These process parameters must be properly maintained; otherwise, an inadequate
bond may occur, manifesting as thermoplastic penetration onto the face side of the
fabric’s insufficient adhesion. This process reduces the pore size within the textile
structure and decreases the thickness, affecting the resulting stability of the fabrics. A
reduction in the fabric’s pore size can influence air and moisture permeability, which is
an important factor in determining the volume electrical resistivity.

Differences in the electrical resistivity of fabrics with the same fibre composition,
measured in the warp and weft directions, originate from the structural and physical-
mechanical properties of the fabric and the yarns used in its construction.

Lower electrical resistivity measured in the warp direction, compared to the values
measured in the weft direction, can be partially attributed to a greater number of
parallel threads acting as charge carriers along the direction of the applied voltage.

Table 4. Volume electrical resistivity values of the tested fabrics

R, GQ
Sample Surface  Fabric @, (%) (Humidity in the chamber)
mass thickness 49 45 50 55 60 65
(@m?)  (mm)
F1 Warp 179 0.450 6040 4640 3600 2780 2380 1850
Weft 6700 4980 3980 3220 2730 2000
F2 Warp 264 0.580 16900 11480 9300 7550 6400 5170
Weft 17560 12130 9760 8310 7180 5560
F3 Warp 226 0.680 5120 3390 2910 2580 2370 2160
Weft 8460 5040 4400 4050 3770 3350
Warp 99 0.435 209 73.8 474 38.0 327 270
Weft 293 115 742 569 479 39.6
F1l Warp 273 0.754 302 113 911 713 598 528
Weft 431 206 160 137 116 96.6
F2l Warp 360 0.899 890 394 318 221 176 139
Weft 1130 461 356 242 193 156
F3l Warp 319 0.889 535 293 239 206 184 168
Weft 851 548 449 387 359 321
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The results of the average volume resistivity values of the fabrics are presented. At RH
of 40%, the lowest electrical resistivity was obtained in the base fabrics made from raw
silk (F3), while the highest was found in the fabrics composed of synthetic and El fibres
(F2). At 65% RH, fabric F1 exhibited the lowest resistivity, whereas F2 remained the
fabric with the highest value. The raw silk fabric (F3) lost its advantage over the PES
fabric (F1), which can be explained by the approximately twice lower density of the
warp and weft of the silk fabric compared to the PES fabric (Table 1).

Frontal bonding reduces the resistivity by an order of magnitude, approximately to the
level of the fusible interlining, which improves wearing comfort by reducing the
tendency to accumulate static electricity. This can be attributed to the fusible interlining
(71.2% Co and 28.8% PES), which, as a conductive component, assumes the role of
charge transfer medium in the bond structure.

Based on the results presented in Table 4, the influence of fibre composition on the
volume electrical resistivity of the tested fabrics is evident. Fabrics made from
cellulose-based fibres exhibited the lowest resistivity, followed by the frontally bonded
base fabrics, then those made from protein-based fibres (silk), while the highest was
measured in fabrics composed of synthetic and elastane fibre blends.

The amount of moisture a textile material can absorb depends on its fibre composition.
Due to their high content of hydroxyl groups, natural cellulose fibres behave as highly
hydrophilic substances that form hydrogen bonds with water molecules. As water
penetrates the cellulose structure, limited swelling and volumetric contraction occur,
which can be explained by the dipole field in which negatively charged OH groups in
cellulose attract the positively charged parts of water molecules [11, 12].

Protein fibres also possess good sorption capacities. Although silk exhibits a strong
tendency to generate static electricity (comparable to PES) under dry conditions, its
main protein component — fibroin rapidly absorbs moisture from the air due to high
sorption ability, especially at higher RH levels. This leads to fibre swelling and a
corresponding decrease in resistivity. Nevertheless, PES fabric (F1) still shows lower
resistivity values, primarily due to its higher structural density.

Figures 2 to 8 illustrate the volume electrical resistivity of the base fabrics, fusible
interlining, and frontally bonded fabrics as a function of RH within the testing chamber.
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Figure 2.
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Dependence of the volume electrical resistivity of fabric F1 (100% PES) on air humidity
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Figure 3. Dependence of the volume electrical resistivity of fabric F2 (96.1% PES and 3.9%

elastane) on air humidity
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Dependence of the volume electrical resistivity of fabric F3 (100% silk) on air humidity

193



—a— Warp

- Weft

R, GQ
- — N N w
8§ 8 8 8 &8 8

40 as 50 55 60 65
P, %

Figure 5. Dependence of the volume electrical resistivity of fabric | (71.2% cotton and 28.8%
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Figure 6. Dependence of the volume electrical resistivity of frontally bonded fabric F11 on air
humidity
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Figure 8. Dependence of the volume electrical resistivity of frontally bonded fabric F3I on air
humidity

Observing figures 2 to 4, which depict the volume electrical resistivity of base fabrics
as a function of air humidity, the silk F3 exhibits the largest difference between warp
and weft resistivity values. This is attributed to the significant difference in fineness of
these yarns. This discrepancy persists at humidity levels and is also evident in frontally
bonded silk fabric F3I, as shown in Figure 8.

CONCLUSION

The obtained results demonstrated that the volume electrical resistivity primarily
depends on the fibre composition and structural characteristics of the fabric. When the
RH is reduced from 50% to 40%, the smallest increase in resistivity is observed in
fabric F3 (100% silk). However, when RH is increased to 65%, the largest reduction in
resistivity occurs in fabric T1 (PES), which can be attributed to the fact that fabric has
approximately half the warp and weft density compared to the PES fabric. The highest
electrical resistivity was measured in fabric F2, composed of synthetics and El fibres.
The lowest resistivity was observed in the fusible interlining | (Co/PES), made of
cellulose-based fibres. Frontal bonding of basic fabrics significantly reduced electrical
resistance at 65% humidity, most notably in fabrics F2 (37 times in the warp direction
and 35 times in the weft direction). At 40% humidity, the most significant reduction was
seen in fabric F1 (20 times in the warp direction and 15 times in the weft direction).
Based on these results, it can be concluded that frontal bonding with a fusible
interlining significantly improves the performance of PES fabrics. Lowering the relative
humidity of the environment in which the textile material is located by 25% increases
the electrical resistance of the textile material sample several times. This highlights the
importance of conditioning textile samples in an environment of precisely controlled
humidity before measurement, to ensure accurate and reproducible results.
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lzvod

UTICAJ RELATIVNE VLAZNOSTI VAZDUHA NA ZAPREMINSKE EL,EKTRIéNE
OTPORNOSTI TKANINA NAMENJENIH ZA GORNJU ODECU

Sladana Anti¢ ID, Suzana DPordevi¢ ID, Sandra Stojanovi¢ ID, Tanja Nikoli¢ ID,
Svetomir Golubovi¢ ID
Akademija strukovnih studija Juzna Srbija, Odsek Visoka tehnolosko umetnicka $kola,
Leskovac, Srbija

Elektricna otpornost tekstilnih tkanina intenzivno zavisi od sadrzaja vlage u ispitivanom
uzorku, $to u velikoj meri opredeljuje relativna vlaznost sredine u kojoj se nalazi.
Molekuli vode su u izvesnom stepenu jonizovani, tako da joni vode koji se nalaze oko
tekstiinog materijala neutralizuju naelektrisanje na njegovoj povrsini. Sa druge strane
zavisno od sirovinskog sastava, vlakna sorbuju razli€itu koli€inu vlage iz sredine koja ih
okruzuje Sto utiCe na povecanje njihove elektroprovodnosti. Ovaj rad prikazuje
rezultate ispitivanja zapreminske elektricne otpornosti za tri tkanine razliitog
sirovinskog sastava namenjenih za izradu Zenskog blejzera (F1 - 100% PES, F2 —
96.1% PES i 3.9% Elastan, F3 -100% Svila). Kod blejzera neki krojevi trebaju biti
ojacani lepljivom medupostavom, tako da je iskazana potreba za dvoslojnim uzorcima.
Ispitivanja su izvrSena na lepljivu medupostavu (I — 71.2% Pamuk i 28.8% PES) i
frontalno fiksiranim tkaninama (F11, F21 i F3I). Elektricne otpornosti uzoraka merene su
u pravcu osnove i potke, kod vlaznosti u komori od 40 do 65% u razmacima po 5
jedinica. Najmanju elektri¢nu otpornost kod vlaznosti od 40% poseduje F3, dok
najvecu F2. Kod vlaznosti od 65% najmanju otpornost pokazuje F1, a najviSu F2,
tkanina od svile gubi prednost nad tkaninom od PES-a, $to se moZe objasniti njenim
konstruktivnim svojstvima. MoZe se zakljuditi, da sniZzenje relativne vlaZnosti sredine u
kojoj se nalazi tekstilni materijal za 25% poveéava njegovu elektricnu otpornost
nekoliko puta.

Kljuéne redi: tkanina, sirovinski sastav, elekti¢na otpornost.
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EFFECT OF TOW BREAK CONDITIONS ON THE PROPERTIES OF HIGH-BULK
ACRYLIC YARN
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Synthesized in the 1890s and defined as a fiber containing a minimum of 85%
acrylonitrile molecules by weight, acrylic fiber is primarily used in the clothing industry,
in apparel products such as sweaters, dresses, suits and children's clothing. Acrylic
fibers are similar to wool in terms of high elongation and elastic recovery. These elastic
properties ensure that fabrics made from acrylic and wool have a soft handle. High-bulk
acrylic yarn is used for hand knitting yarn due to the soft touch. It is produced by blending
relax and un-relax acrylic fiber in specific proportions and spinning them into yarn. The
relaxation properties of acrylic fiber are affected by tow breaking process parameters.
There are 3 main effective process parameters in the tow breaking process, including
oven temperature, draw ratio and breaking tension. In this study, the effect of draw ratio
on the properties of acrylic yarn in the tow breaking process was investigated. According
to the results, draw ratio affected hairiness and unevenness in relaxed acrylic
yarns,whereas tensile strenght and softness were unaffected.

Keywords: tow breaking process, high-bulk acrylic yarn, relax and un-relax acrylic fiber,
temperature, draw ratio.

INTRODUCTION

The first reported synthesis of acrylonitrile and polyacrylonitrile (PAN) dates back to the
1890s [1, 2]. Acrylic fiber is defined by the Federal Trade Commission as a fiber
containing at least 85% acrylonitrile by weight [3-6]. Modacrylic fiber was defined by the
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Harmansazi Mevkii, No:20 16800, Orhangazi/Bursa, Turkey
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same commission as a fiber containing 35-85% acrylonitrile group by weight [2, 3, 6].
With the development of staple fiber processes, acrylic fibers became a major competitor
in markets where wool fibers were widely used. By 1963, the carpet and sweater markets
accounted for almost 50% of the total acrylic production. The growth rate in the United
States and Western Europe declined rapidly in the 1970s. This was due to the maturation
of the wool substitute market and the loss of market share to nylon in carpets and to
polyester in apparel industry. In the 1970s, acrylic fiber production capacity increased
rapidly in Japan, Eastern Europe and developing countries [2]. This rapid growth had
been driven by the advantages of acrylics, including their special properties such as
wool-like appearance and handle, as well as the economic benefits provided by
acrylonitrile’s relatively low cost and ease of dyeability [3, 5]. In 2003, Turkey’s annual
acrylic fiber production capacity was approximately 277,000 tons. Aksa ranked second
globally with a 9% market share. Additionally, Aksa operated the largest single — site
production facility among all acrylic fiber manufacturers worldwide [2, 7, 8]. Currently,
Aksa stands as Turkey’s only acrylic fiber manufacturer and the world’s largest in terms
of production capacity. In 2023, Aksa announced that it had reached an annual acrylic
fiber production capacity of 355,000 tons per year. Acrylic fibers are produced in various
lengths depending on their end - use applications, including staple (discontinuous),
filament (continuous), and tow forms [2, 4, 5, 9-12]. Due to their hydrophobic surface yet
water — absorbing cross — section, they are predominantly used in staple form [9-12].
Depending on the intended application, staple fiber length may range from 25 mm to 150
mm. Fiber fineness ranges from 1 to 22 dtex, with 1.3 dtex, 2.2 dtex, and 3.3 dtex being
the most commonly used values. The tow form is typically sold in packages of up to 2.2
million kilotex, depending on customer specifications [2, 5, 13, 14].

The cross — sectional appearance of acrylic fibers varies depending on the drawing
conditions [3]. The surface of acrylic fibers is fibrillar, and the size of the fibrils varies
according to the spinning process and the type of solvent used during this process [2].
The longitudinal cross -sectional appearance of acrylic fibers is smooth, crimped, and
striated [4].

Acrylic fibers are similar to wool in terms of their high elongation and elastic recovery.
These elastic properties contribute to a soft handle in fabrics made from both acrylic and
wool. Although the tensile strength of acrylic is significantly lower than that of other
synthetic fibers, it is higher than that of wool [2, 4, 5].

Polyacrylonitrile fibers are hydrophobic [3]. The moisture content of the fiber, a key factor
affecting wear comfort, is approximately 2%, which is lower than that of cotton fibers
(7%) and wool fibers (14%), resulting in lower comfort performance [2,5]. Due to their
low moisture absorption, acrylic fibers also exhibit low electrical conductivity [2, 5, 9-12].
Among the prominent chemical properties of acrylic fibers are their strong resistance to
sunlight and microorganisms [2-5]. One study found that acrylic fibers resist degradation
eight times longer than olefin fibers, five times more than cotton and wool, and nearly
four times more than nylon [2, 15]. Additionally, acrylic fibers show resistance to the
majority of biological and chemical agents [2-4].

The main markets for acrylic fibers are apparel, home textiles, and outdoor fabrics. In
the apparel sector, they are used in various knitted outerwear products such as
sweaters, dresses, suits and children's clothing. Another important market for acrylic
includes hand - knitting yarn, deep - pile fabrics and short socks [2, 5, 9-12].
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Polyacrylonitrile fibers are also used in the production of blankets, rugs and carpets due
to their good heat retention capacity (similar to wool), high resilience, low specific gravity
and wrinkle resistance. In addition, due to these properties, they are utilized in places
where wool fibers are especially used, in the production of knitwear and curtains, as well
as in outdoor applications such as sunshades, tents and tarps, and in automotive
upholstery (such as car covers), owing to their excellent resistance to sunlight [2, 3, 5].

MATERIALS AND METHODS

Within the scope of the study, 4 different machine drawing ratios were applied to 5-denier
relax — un-relax acrylic tow in the tow breaking machine. The two drawing zones and the
oven temperature were kept constant. The oven temperature was set to 130 °C, while
the 4th drawing zone (E4) and the 5th drawing zone (Es) were adjusted to 1.32 and 1.47,

respectively, as shown in Figure 1.
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Figure 1. The oven temperature and the drawing zones in the tow breaking machine.

The fibers, in bump form, were dyed using the H. Krantz Marchinenbalt - 51 Aachen
(2003) brand machine. The dyeing conditions are presented in Figure 2.
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Acrylic Dyeing Process: Use of Chemicals Depending on Temperature

and Time
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Figure 2. The conditions for dyeing acrylic fiber [16]

Following the dyeing process, the fibers were subjected to a dewatering treatment
through vibration — assisted squeezing in a centrifuge machine (Oguz Machine, 2000
model) operating at a rotational speed of 1200-1500 rpm (turns/min) for 45 minutes.
Subsequently, drying was carried out in an RF — type drying machine (Sonar, 2004
model) at a temperature of 50 °C and a line speed of 18 meters per minute.

After these pre — treatment steps, the fibers were converted into drawing sliver form
through a four-passage drawing process using GC 30 (NSC N. Scumberger, 2015
model) drawing machines.

The drawing slivers, which were thinned and homogeneously blended through the
drafting process, were processed into single — ply yarn with a linear density of 12 Nm
using a semi-worsted ring spinning system on an HDB (Houget Duesberg Bosson, 1992)
model machine. During the spinning process, a twist of 184 Z-twist per meter was
imparted to yarn.

Single-ply yarns were made into bobbins form using a 2005 model Japanese Muratec
yarn cleaning machine, which simultaneously transferred the yarn and repaired ring -
spinning breaks through air splicing.

There-ply hand knitting yarn was produced by plying on a HMX 132 (HemaksCo, 2021)
model automatic plying machine at a speed of 450 rpm. The plied yarns were then
twisted using a Volkmann (2002) model multi-ply twisting machine with the two-for-one
technique, imparting 120 S-direction twist per meter, at a speed of 45 m/min and the
spindle speed to 5400 rpm.

The yarns were heat-set in a Superba fixation machine using steam at 96-104 °C,
providing twist stabilization and volume enhancement. They were then converted into
cake form suitable for balling. Finally, the cakes were transformed into balls using a
Gokhan Machine (2023) model balling machine.

To evaluate the physical and performance characteristics of the yarn samples, the
following tests were conducted:
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o Tensile strength and elongation were measured using the I.V. Calderara tensile
tester in accordance with TS EN I1SO 2062,

e Hairiness and unevenness were assessed using the Premier 1Q5 device based
on ASTM D1425 and ASTM D5647 standards,

e Boiling water shrinkage was determined according to ASTM D2259,

e Pilling behavior was evaluated in accordance with EN ISO 12945-1,

e Handle assessment was carried out based on expert tactile evaluation.

RESULTS AND DISCUSSION

The effects of draw ratio variation, resulting from the modification of the drawing rollers
in the tow breaking machine, on the properties of acrylic yarns are presented in Table 1.
An increase in the draw ratio from 1.3 to 1.47 led to a noticeable rise in the boiling water
shrinkage values. This increase was attributed to the denser packing of the fibers and
the enhancement of the yarn’s bulk properties. This phenomenon can be explained by
the water absorption properties of the staple structure used in acrylic fiber production,
where moisture is absorbed through the fiber cross-section. The resistance of the fiber’s
outer surface to water affects the inward progression of moisture, promoting fiber
swelling and consequently contributing to an increase in yarn bulk [9-12].

However, when the draw ratio was increased from 1.47 to 1.59 and subsequently to 1.64,
a decrease in the boiling water shrinkage values was observed. This reduction was
associated with the increased tension imposed on the fibers at higher draw ratios, which
led to a loss in bulk properties. According to the available literature, the cross-sectional
morphology of acrylic fibers changes depending on the drawing conditions, and this
structural transformation significantly affects the bulk characteristics of the fiber [3]. In
this context, as the draw ratio increases, the differential tension between the drawing
rollers intensifies, resulting in a more stretched and flattened fiber structure.
Consequently, the fiber’s ability to create bulk is diminished, leading to a decline in the
overall bulkiness of the yarn.

Variations in the draw ratio did not result in a significant change in yarn hairiness. This
finding is consistent with the literature, which indicates that the surface characteristics of
fibers are influenced more by the spinning method and the solvents used during
processing than by the drawing conditions [2].

With the increase in the draw ratio, an enhancement in yarn tensile strength was
observed, accompanied by a reduction in elongation. This can be attributed to the
improved fiber alignment during drawing, which enhances tensile strength but
simultaneously reduces elasticity due to increased structural rigidity. According to the
literature, acrylic fibers exhibit higher tensile strength than wool, making them more
durable; however, they are generally weaker compared to other synthetic fibers [2, 4, 5].
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Table 1. Evaluation of all yarn and fabric properties at different machine draw ratios across tow,
single yarn, plied yarn, ball, and fabric forms

Machine draw ratio 1,30 (R1:39 — 1,47 (R1:44 — 1,59 (R1:46 — 1,64 (R1:46 —
R2:30) R2:30) R2:29) R2:28)
21 25 23 23
- . 22 25 24 25
Boiling water shrinkage 23 26 o4 23
(tow) 21 26 25 24
22 26 25 24
14,76 14,6 14,84 13,96
Yarn hairiness (HI) 14,54 13,8 14,5 14,84
14,44 13,76 14,62 14,87
Yarn unevenness CVm 12,85 12,7 14,46 12,68
(%) 12,66 13,02 13,81 13,8
13,02 14,32 14,22 13,76
0 0 20 0
Thin (-%50) 10 10 0 0
10 20 0 10
20 0 0 0
Thick (+%50) 20 0 0 0
0 0 20 0
30 60 0 20
Neps (+%200) 20 20 20 40
50 30 20 10
540 700 540 620
380 700 780 540
600 540 620 700
700 540 540 860
Tensi 540 620 700 680
ensile strength 540 620 540 700
620 540 700 720
620 680 700 780
780 700 620 620
700 620 620 700
11 12 11 8
8 12 11 11
1 9 10 9
10 10 9 12
Tensi . 13 13 12 1
ensile elongation 11 1 10 10
13 9 1 8
12 10 12 12
13 13 10 10
14 13 12 10
Pilling — nope count 8 (1) 1 g
(fabric) 7200 turns 0 0 1 5
Pilling - numerical test 8 (1) 1 g
result (fabric) 7200 turns 0 0 1 5

203



Pilling - picture test result 5 5 5 5

: 5 5 5 5
(fabric) 7200 turns 5 5 5 5
Handling (based on 5/5/4/3 5/5/5/5 5/5/4/3 3/3/3/3
evaluations by 3 experts 4/4/4/3 4/4/5/4 5/4/4/4 4/4/5/4
using 4 skeins from each 4/4/5/3 5/5/5/5 4/5/4/4 414/5/4

test sample)

CONCLUSION

In this study, the effects of variations in the draw ratio — resulting from modifications to
the drawing rollers of the tow breaking machine — on the properties of acrylic yarns were
investigated. An increased draw ratio led to a rise in yarn tensile strength, while a
reduction was observed in elongation at break. However, yarn hairiness was not
significantly influenced by changes in the draw ratio.

The most prominent change was observed in the boiling water shrinkage, which was
directly associated with its bulkiness characteristics. Increasing the draw ratio up to 1.47
resulted in a higher boiling water shrinkage, indicating the development of a bulkier fiber
structure. However, when the draw ratio exceeded 1.47 and reached 1.59 and 1.64, a
decrease in boiling water shrinkage was recorded, suggesting a loss in the fiber’s bulk
properties. These findings revealed that the volumetric response of acrylic fibers to the
draw ratio had a threshold: while moderate increases enhanced bulkiness, exceeding
this critical value led to a deterioration in bulk-related properties.

The obtained results revealed that the variation in draw ratio had significant effects not
only on the strength of the yarn but also on the volumetric structure of the fiber. In
particular, the adjustment of the draw ratio through the modification of the drawing rollers
used in the tow breaking machine should be considered a critical process parameter in
the production of acrylic yarns targeted for high bulk properties.
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Izvod

UTICAJ PROCESNIH PARAMETARA RROIZVODNJE NA SVOJSTVA AKRILNE
PREDE VELIKE GUSTINE

Ferhan Gebes'’ ID, ilter Sevilen’ ID, Kenan Yildinm? ID
10rmo Yiin iplik Odeljenje za istraZivanje i razvoj, Fatih Mahallesi Gélyolu Harmansazi
Mevkii, Orhangazi/Bursa, Turska,
2Tehnicki univerzitet u Bursi, EANSF Odsek za inzenjerstvo polimernih materijala,
Yildirim/Bursa, Turska.

Sintetisano 1890-ih i definisano kao vlakno koje sadrZi najmanje 85% molekula
akrilonitrila po tezini, akrilno vlakno se prvenstveno koristi u industriji ode¢e, u odevnim
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proizvodima kao Sto su dZzemperi, haljine, odela i de€ija garderoba. Akrilno vlakno je
sli¢no vuni po svojoj elasti¢nosti. Zbog ovih elasti¢nih svojstava, tkanine napravljene od
akrila i vune su meke na dodir. Zbog svoje mekoce, akrilna preda velike gustine koristi
se za ruc¢no pletenje. Ona se proizvodi kombinovanjem relaksiranih i nerelaksiranih
akrilnih vlakana u odredenim razmerama i njihovim upredanjem. Proces istezanja utiCe
na relaksaciona svojstva akrilne prede. Postoje 3 glavna parametra ovog procesa,
uklju€ujuci temperaturu, stepen istezanja i prekidnu silu prede. U ovoj studiji istrazivan
je uticaj stepena istezanja na svojstva akrilne prede. Prema rezultatima ove studije,
stepen istezanja uticao je na svojstva relaksiranih akrilnih viakana, ukljuujuc¢i maljavost
i neravnomernost, dok su zatezna ¢vrsto¢a i mekoc¢a ostali nepromenijeni.

Klju€ne redi: Istezanje, akrilna preda velike gustine, relaksirana i nerelaksirana akrilna
vlakna, temperatura, stepen istezanja
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This study investigates the relationship between hotel location and employee familiarity
with the concept and technologies of Hospitality 4.0 across five Western Balkan
countries: Albania, Bosnia and Herzegovina, Montenegro, North Macedonia, and Serbia.
Using a structured questionnaire and chi-square tests on a sample of 250 hotel
employees, the research examines five key variables: familiarity with Hospitality 4.0,
understanding of associated technologies, managerial support for its principles,
perceived transformative impact, and alignment with future tourism trends. The findings
reveal statistically significant associations between country and all five variables (p <
0.001 in most cases), indicating that national context significantly influences both
awareness and adoption of Hospitality 4.0. The respondents from Albania and Bosnia
and Herzegovina demonstrated the highest levels of familiarity and organizational
support, while Montenegro and North Macedonia exhibited lower levels of awareness
and engagement. Serbia showed internal disparities, with both high and low levels of
agreement. These results point to uneven progress in digital transformation within the
hospitality sector in the region. The study underscores the need for targeted policy
interventions, industry training programs, and cross-country knowledge sharing to
support a cohesive transition toward Hospitality 4.0. This research contributes to
understanding regional dynamics of technological adoption in hospitality and offers
practical insights for advancing innovation in hotel management.

Keywords: Hospitality 4.0; Western Balkans; hotel industry; digital transformation; smart
tourism; innovation; chi-square analysis; regional development
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INTRODUCTION

The hospitality industry is undergoing a transformative phase known as Hospitality 4.0,
characterized by the integration of advanced technologies and innovative practices
aimed at enhancing customer experiences while simultaneously fostering sustainable
development [1]. This evolution is not merely a response to changing consumer
preferences; it is a proactive approach to redefining service delivery in a sector that is
increasingly influenced by digitalization. As the industry navigates the complexities of a
post-pandemic world, the significance of Hospitality 4.0 becomes apparent, illuminating
pathways toward operational efficiency, personalized customer interactions, and
environmentally responsible practices [2].

Hospitality 4.0 represents a paradigm shift in the way the hospitality industry operates,
integrating cutting-edge technologies to enhance service delivery and customer
experiences. At its core, Hospitality 4.0 is defined by its incorporation of digital tools and
data-driven strategies to streamline operations and elevate guest satisfaction [3]. This
evolution encompasses a wide scope of innovations, including the Internet of Things
(loT), cloud computing, and augmented reality (AR), all of which contribute to a more
interconnected and responsive hospitality ecosystem [4]. According to Vongyvisitsin &
Tung [5], hotels are now utilizing loT devices to provide guests with personalized room
controls, allowing them to adjust lighting, temperature, and entertainment systems
through their smartphones. The impact of Hospitality 4.0 on customer experience is
profound, as it not only facilitates a more seamless and enjoyable stay but also enables
service providers to anticipate and cater to individual preferences. This shift is evident in
the use of mobile applications that allow guests to check in remotely, access room keys
digitally, and even order room service with a few taps, thereby enhancing convenience
and efficiency in service delivery [6].

Central to the success of Hospitality 4.0 are the technological innovations that drive its
implementation, prominently featuring Artificial Intelligence (Al) and Machine Learning.
These technologies are revolutionizing customer service by enabling businesses to offer
personalized experiences that were previously unattainable. According to Vujko et al.,
[7], Al-powered chatbots provide instant support to guests, answering queries and
resolving issues in real-time, which significantly enhances customer satisfaction.
According to Skorupan et al., [8], machine learning algorithms analyze vast amounts of
customer data to generate tailored recommendations, whether for dining options, local
attractions, or personalized deals. This level of personalization not only fosters loyalty
among guests but also enhances operational efficiency, as businesses can optimize
marketing strategies based on consumer behavior patterns. According to Valdez-Juarez
et al., [9], data analytics plays a crucial role in refining operational processes; for
instance, hotels can utilize predictive analytics to forecast demand and manage
inventory more effectively, ensuring that resources are allocated efficiently and reducing
waste.

The intersection of technology and sustainability is a pivotal aspect of Hospitality 4.0, as
the industry seeks to mitigate its environmental impact while enhancing service delivery.
Technological advancements are instrumental in promoting sustainable practices, with
energy-efficient systems and smart building technologies leading the way. According to
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Stylos et al., [10], hotels are increasingly adopting smart thermostats and lighting
systems that adjust according to occupancy, significantly reducing energy consumption.
According to Ogiemwonyi et al., [11], waste reduction technologies, such as smart
recycling bins equipped with sensors that monitor waste levels, empower establishments
to manage resources more effectively and minimize landfill contributions. Initiatives like
these not only improve operational sustainability but also resonate with environmentally
conscious consumers, who are increasingly prioritizing eco-friendly practices in their
travel choices [12]. By integrating these innovative technologies, the hospitality sector
can align itself with global sustainability goals, ensuring a more responsible and resilient
future.

The research started from the starting hypothesis of the paper H: that hotel stakeholders
with a higher level of recognition of the Hospitality 4.0 concept demonstrate greater
readiness for its implementation. The aim of this study is to explore how well hotel
stakeholders recognize the key components of Hospitality 4.0 and to assess their
readiness—technological, financial, and organizational—for integrating smart, digital,
and automated solutions aligned with the Hospitality 4.0 paradigm. According to this, the
main objective of the paper is to evaluate the level of awareness, understanding, and
preparedness of hotel stakeholders regarding the concept of Hospitality 4.0 and its
potential implementation within hotel operations.

MATERIAL AND METHODS

To fulfill the aim of exploring how well hotel stakeholders recognize the key components
of Hospitality 4.0 and assessing their technological, financial, and organizational
readiness for integrating smart, digital, and automated solutions, this study employed a
quantitative research design. A total of 73 hotel managers and owners participated in
the research. The study was conducted across prominent mountain destinations in the
Western Balkans, a region comprising Albania, Bosnia and Herzegovina, Montenegro,
North Macedonia, and Serbia. Known for its rich cultural heritage and complex socio-
political history, the Western Balkans is a growing tourism region with increasing interest
in digital transformation [13].

The hotels included in the study were selected based on their recognition and popularity
among tourists, ensuring the sample reflected the most frequented and competitive
establishments in the region. Geographically, the study covered hotels located on Korab
Mountain (Albania and North Macedonia), Radomire Village and Tomor Mountain
(Albania), Zlatibor, Tara, Kopaonik, and Stara Planina (Serbia), Brezovica (Kosovo and
Metohija), Durmitor (Montenegro), and Jahorina (Bosnia and Herzegovina).
Participants received a structured questionnaire via email, consisting of 10 Likert-scale
statements. These statements were grouped to measure two primary dimensions:

- Recognition of the Hospitality 4.0 concept — including awareness of its
technologies (e.g., 10T, Al, robotics) and strategic importance (I am familiar with
the concept of Hospitality 4.0 and its relevance to the hotel industry; | understand
the technologies commonly associated with Hospitality 4.0 (e.g., Al, loT,
robotics, smart rooms); Our hotel management has discussed or introduced the
principles of Hospitality 4.0.; | believe that Hospitality 4.0 represents a significant
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shift in how hotels operate and deliver services; Hospitality 4.0 aligns with

current trends and future demands in the tourism and hotel industry).
Responses were measured using a five-point Likert scale, ranging from Strongly
Disagree (1) to Strongly Agree (5). The data were analyzed using descriptive statistics
to summarize stakeholders’ levels of recognition and readiness. To examine potential
associations between the location of the hotel (by country or region) and the observed
levels of readiness and concept recognition, the Pearson Chi-Square test was employed.
This allowed the identification of statistically significant variations based on geographic
context.

RESULTS AND DISCUSSION

The results reveal that the implementation of Hospitality 4.0 in the Western Balkans
remains uneven, with varying degrees of technological awareness and organizational
readiness among hotel stakeholders. These disparities suggest that while the potential
for digital transformation exists, systemic barriers—such as limited investment,
insufficient training, and policy support—must be addressed to fully leverage the benefits
of Hospitality 4.0 in the region.

Familiarity with the Concept of Hospitality 4.0
The first statement, "I am familiar with the concept of Hospitality 4.0 and its relevance to
the hotel industry," reveals statistically significant variation across the countries (x2 =
72.298, df = 16, p < 0.001). The respondents from Albania and Bosnia and Herzegovina
(BiH) are more likely to strongly agree or agree with the statement, in contrast to those
from Montenegro, North Macedonia, and Serbia, where a higher proportion of
respondents selected disagree, strongly disagree, or no opinion. This implies uneven
dissemination or adoption of the Hospitality 4.0 concept across the region. In Serbia,
despite having the largest sample size (28.8%), there is a notable concentration of
negative or neutral responses. The high percentage of “no opinion” in North Macedonia
and Serbia may indicate a knowledge gap or lack of exposure to digital transformation
strategies in the hospitality sector.

- Implication: There is a need for targeted awareness and capacity-building
initiatives, particularly in countries where technological innovation is still perceived as
peripheral to hotel operations.

Understanding of Technologies Associated with Hospitality 4.0

The second item, "l understand the technologies commonly associated with Hospitality
4.0 (e.g., Al, loT, robotics, smart rooms)," also shows significant differences (x? = 52.935,
df = 16, p < 0.001). Albania again stands out with a high level of strong agreement,
indicating a relatively advanced understanding of Hospitality 4.0 technologies.
Montenegro and Bosnia and Herzegovina (BiH), in contrast, show higher levels of
uncertainty or disagreement, reflecting a potential lack of technical training or limited
exposure to practical applications of such technologies. Serbia shows a more polarized
distribution, with the respondents both agreeing and disagreeing, suggesting internal
disparities in hotel innovation practices.
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- Implication: These results highlight a potential skills gap that could hinder the
adoption of smart solutions in hotel management, especially in countries still lagging in
digital innovation infrastructure or education.

Organizational Support for Hospitality 4.0 Principles
The third statement, "Our hotel management has discussed or introduced the principles
of Hospitality 4.0," yielded the strongest statistical result (x> = 81.403, df = 16, p < 0.001),
confirming a highly significant relationship between the country and whether the
management fosters discussion on innovation. The respondents from Serbia and
Albania reported higher agreement, suggesting some progress toward institutional
adoption in those countries.
However, BiH and Montenegro show concerning levels of either no opinion or
disagreement, pointing to a disconnect between frontline staff and upper management
on innovation priorities. The very high proportion of “strong disagree” in North Macedonia
(50%) raises concern about the complete lack of strategic engagement with digital
transformation in that context.

- Implication: For Hospitality 4.0 to take root, top-down initiatives must be paired
with inclusive, organization-wide discussions. Institutional inertia or lack of
communication can stall progress, even in environments with technically capable staff.

Perceived Transformative Impact of Hospitality 4.0
The fourth statement, "I believe that Hospitality 4.0 represents a significant shift in how
hotels operate and deliver services," maintains statistical significance (x? = 44.340, df =
16, p < 0.001), although to a slightly lesser degree. A strong affirmative trend is observed
in BiH and Albania, where Hospitality 4.0 is more likely to be perceived as transformative.
The respondents from Serbia show a divided perception, with some recognizing the shift
and others expressing disagreement or no opinion. Again, Montenegro and North
Macedonia appear less convinced of the importance of digital transformation.

- Implication: Belief in the relevance of Hospitality 4.0 appears to correlate with
prior exposure to or engagement in technology-driven service delivery. This confirms the
role of experiential learning and national digital ecosystems in shaping staff attitudes.

Alignment with Industry Trends and Future Demands

The statement "Hospitality 4.0 aligns with current trends and future demands in the
tourism and hotel industry," is also statistically significant (x* = 30.547, df = 16, p =
0.015), though the strength of association is weaker than previous items. While the
majority of the respondents from BiH and Montenegro agree with the alignment,
disagreement is strongest among the respondents from Serbia. The notable level of “no
opinion” responses in North Macedonia again indicates either ambivalence or insufficient
understanding.

-Implication: Perceptions of alignment with future trends may depend not only
on internal management decisions but also on national tourism strategies and the
visibility of digital innovations within a country’s broader hospitality and tourism
ecosystem.
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Table 1. Perceptions and Awareness of Hospitality 4.0 by Hotel Location in the Western Balkans

The place where the hotel is located Total
Albania BiH Montenegro North Serbia
Macedonia
lam Strongly Count 4 3 0 0 0 7
familiar with | agree % of Total | 5,5% 4,1% 0,0% 0,0% 0,0% 9,6%
the concept | Agree Count 1 4 7 0 3 15
of % of Total | 1,4% 5,5% 9,6% 0,0% 4,1% 20,5%
Hospitality  ["No Count 0 0 1 9 10 20
4.0andits | opinion % of Total | 0,0% 0,0% 1,4% 12,3% 13,7% 27,4%
relevance Disagree | Count 0 3 4 5 8 20
to the hotel % of Total | 0,0% 11% 55% 6,8% 11,0% 27.4%
industry. Strongly Count 6 5 0 0 0 11
disagree % of Total | 8,2% 6,8% 0,0% 0,0% 0,0% 15,1%
Total Count 11 15 12 14 21 73
% of Total | 15,1% 20,5% 16,4% 19,2% 28,8% 100,0%
Value df Asymptotic Significance (2-sided)
Pearson Chi-Square 72,2982 16 ,000
The place where the hotel is located Total
Albania BiH Montenegro North Serbia
Macedonia
| Strongly Count 6 3 0 4 2 15
understand agree % of Total | 8,2% 4,1% 0,0% 5,5% 2,7% 20,5%
the Agree Count 4 8 2 1 4 19
technologie % of Total | 5,5% 11,0% 2,7% 1,4% 5,5% 26,0%
s commonly ["No Count 1 4 8 4 2 19
as_somated opinion % of Total | 1,4% 5,5% 11,0% 5,5% 2,7% 26,0%
with Disagree | Count 0 0 2 5 7 14
?%S(%'tg“‘y % of Total | 0,0% 0,0% | 2.7% 6,8% 9.6% 19.2%
A.I, Io'l.', " Stronglydi | Count 0 0 0 0 6 6
robotics, sagree % of Total | 0,0% 0,0% 0,0% 0,0% 8,2% 8,2%
smart
rooms).
Total Count 11 15 12 14 21 73
% of Total | 15,1% 20,5% 16,4% 19,2% 28,8% 100,0%
Value df Asymptotic Significance (2-sided)
Pearson Chi-Square 52,9352 16 ,000
The place where the hotel is located Total
Albania BiH Montenegro North Serbia
Macedonia
Our  hotel | Strongly Count 2 4 2 1 8 17
manageme | agree % of Total | 2,7% 5,5% 2,7% 1,4% 11,0% 23,3%
nt has "Agree Count 8 0 0 1 2 1
discussed S S S S S S
or % of Total | 11,0% 0,0% 0,0% 1,4% 2,7% 15,1%
introduced No Count 0 10 3 0 2 15
the opinion % of Total | 0,0% 13,7% 4,1% 0,0% 2,7% 20,5%
principles of [ Disagree | Count 1 1 7 5 4 18
':%Sp'ta"‘y % of Total | 1.4% 4% | 9.6% 6.8% 55% 24.7%
o Strongly Count 0 0 0 7 5 12
disagree [ 9 of Total | 0,0% 0,0% 0,0% 9,6% 6,8% 16,4%
Total Count 11 15 12 14 21 73
% of Total | 15,1% 20,5% 16,4% 19,2% 28,8% 100,0%
Value df Asymptotic Significance (2-sided)
Pearson Chi-Square 81,4032 16 ,000
The place where the hotel is located Total
Albania BiH Montenegro North Serbia
Macedonia
[ Count 5 6 1 2 4 18
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| believe | Strongly % of Total | 6,8% 8,2% 1,4% 2,7% 5,5% 24,7%
that agree
Hospitality Agree Count 0 1 5 2 5 13
4.0 % of Total | 0,0% 1,4% 6,8% 2,7% 6,8% 17,8%
represents No Count 0 1 4 8 3 16
a significant | opinion % of Total | 0,0% 1,4% 5,5% 11,0% 4,1% 21,9%
shift in how Disagree Count 2 3 0 0 9 14
gg;er'jte and % of Total | 2,7% 41% 0,0% 0,0% 12,3% 19.2%
deliver Strongly Count 4 4 2 2 0 12
services. disagree | % of Total | 5,5% 5,5% 2,7% 2,7% 0,0% 16,4%
Total Count 1 15 12 14 21 73
% of Total | 15,1% 20,5% 16,4% 19,2% 28,8% 100,0%
Value df Asymptotic Significance (2-sided)
Pearson Chi-Square 44,3402 16 ,000
The place where the hotel is located Total
Albania BiH Montenegro North Serbia
Macedonia
Hospitality Strongly Count 1 5 2 4 0 12
4.0 aligns | agree % of Total | 1,4% 6,8% 2,7% 5,5% 0,0% 16,4%
‘t’:"e‘: urrent ["Agree Count 5 5 6 1 4 21
future % of Total | 6,8% 6,8% 8,2% 1,4% 5,5% 28,8%
demands in No Count 4 1 1 5 3 14
the tourism | opinion % of Total | 5,5% 1,4% 1,4% 6,8% 4,1% 19,2%
and hotel | Disagree | Count 0 3 3 2 10 18
industry. % of Total | 0,0% 1% 41% 2.7% 13,7% 24.7%
Strongly Count 1 1 0 2 4 8
disagree % of Total | 1,4% 1,4% 0,0% 2,7% 5,5% 11,0%
Total Count 11 15 12 14 21 73
% of Total | 15,1% 20,5% 16,4% 19,2% 28,8% 100,0%
Value df Asymptotic Significance (2-sided)
Pearson Chi-Square 30,5472 16 ,015

The results across all five items indicate that national context significantly influences
attitudes and knowledge related to Hospitality 4.0. The consistent statistical significance
(p < 0.001 in most cases) confirms that the country in which a hotel operates plays a
major role in shaping awareness, organizational integration, and perceived value of
technological innovation in hospitality. This points to several policy and managerial
recommendations: National tourism authorities should invest in raising awareness of
Hospitality 4.0 principles through conferences, training, and public-private partnerships;
Hotel management must foster innovation cultures, ensuring that employees at all levels
are informed, trained, and empowered to participate in digital transformation.
Cross-border collaboration and knowledge sharing could help less advanced markets
learn from more proactive countries in the region, such as Albania or BiH.

CONCLUSION

In conclusion, Hospitality 4.0 embodies a crucial evolution within the hospitality industry,
driven by technological innovation and a commitment to sustainability. As the sector
adapts to the demands of modern travelers, it is evident that advancements such as Al,
data analytics, and smart technologies are central to enhancing customer experiences
and improving operational efficiencies. Moreover, the integration of sustainable practices
through these technological innovations not only addresses environmental concerns but
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also meets the growing expectations of eco-conscious consumers. As the hospitality
industry continues to evolve in the face of ongoing challenges, embracing the principles
of Hospitality 4.0 will be essential for creating a sustainable and customer-centric future.
This transformative journey highlights the potential of technology not only to redefine
service delivery but also to pave the way for a more sustainable and responsible
hospitality landscape.

The findings of this study highlight a significant disparity in awareness and readiness for
Hospitality 4.0 among hotel stakeholders across five Western Balkan countries. While
Albania and Bosnia and Herzegovina show relatively higher levels of familiarity and
openness to digital transformation in hospitality, other countries—particularly
Montenegro, North Macedonia, and Serbia—exhibit a mix of limited knowledge,
uncertainty, and organizational hesitation. These regional differences reflect broader
structural and developmental disparities in digital infrastructure, investment capacities,
and education systems.

Practical implications include the need for targeted capacity-building initiatives such as
national training programs, transnational cooperation, and cross-sectoral workshops that
bridge the knowledge and technological gaps. Policy-makers should facilitate access to
funding for technological upgrades and support public-private partnerships aimed at
fostering innovation. Hotel managers are encouraged to engage in strategic planning
and workforce reskilling to improve technological readiness and adapt to emerging
customer expectations.

From an operational perspective, a proactive integration of Hospitality 4.0
technologies—such as Al, IoT, and robotics—could help hotels streamline operations,
enhance guest experience, and increase competitiveness, particularly in post-pandemic
recovery contexts where digital touchpoints have become increasingly critical.
Limitations of this study include the relatively small and uneven sample size across
countries, which may affect generalizability. In addition, the reliance on self-reported
data may introduce subijectivity and social desirability bias. Future research should
expand the sample, include qualitative interviews with hotel managers and IT specialists,
and explore longitudinal data to monitor the evolution of Hospitality 4.0 adoption over
time in the region.
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Izvod

HOSPITALITY 4.0 NA ZAPADNOM BALKANU: TEHNOLOSKE INOVACIJE ZA
ODRZIVU BUDUCNOST

Drago Cvijanovié¢' ID, Aleksandra Vujko? ID, BozZo Ilié? ID
'Fakultet za hotelijerstvo i turizam u Vrnjackoj Banji, Univerzitet u Kragujevcu, Srbija
2 Fakultet za turisticki i hotelijerski menadzment, Univerzitet Singidunum, Beograd,
Srbija
3 Akademija strukovnih studija Sumadija, Departman Arandelovac, Srbija

Ova studija istrazuje odnos izmedu lokacije hotela i upoznatosti zaposlenih sa
konceptom i tehnologijama Hospitality 4.0 u pet zemalja Zapadnog Balkana: Albaniji,
Bosni i Hercegovini, Crnoj Gori, Severnoj Makedoniji i Srbiji. KoriS¢enjem strukturisanog
upitnika i hi-kvadrat testova na uzorku od 250 zaposlenih u hotelijerstvu, istrazivanje
analizira pet klju¢nih varijabli: upoznatost sa Hospitality 4.0, razumevanje povezanih
tehnologija, podrSku menadzmenta za principe Hospitality 4.0, percipirani
transformativni uticaj i uskladenost sa budu¢im trendovima u turizmu. Rezultati pokazuju
statistiCki znacajne veze izmedu zemlje i svih pet varijabli (p < 0,001 u vecini slu¢ajeva),
Sto ukazuje da nacionalni kontekst znacCajno utiCe na svest i usvajanje koncepta
Hospitality 4.0. Ispitanici iz Albanije i Bosne i Hercegovine pokazali su najviSi nivo
upoznatosti i organizacione podrske, dok su Crna Gora i Severna Makedonija pokazale
nize nivoe svesti i angazovanosti. U Srbiji su primec¢ene unutrasnje razlike, sa izrazenim
visokim i niskim nivoima saglasnosti. Ovi rezultati ukazuju na neujednaden napredak u
digitalnoj transformaciji sektora hotelijerstva u regionu. Studija naglasava potrebu za
cilianom politikom, programima obuke u industriji i meduzemaljskom razmenom znanja
kako bi se podrzao kohezivan prelaz ka Hospitality 4.0. Ovo istraZivanje doprinosi
razumevanju regionalne dinamike usvajanja tehnologije u hotelijerstvu i nudi prakti¢ne
uvide za unapredenje inovacija u upravljanju hotelima.

Kljuéne reci: Hospitality 4.0; Zapadni Balkan; hotelska industrija; digitalna
transformacija; pametni turizam; inovacije; hi-kvadrat analiza; regionalni razvoj
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