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ARTICLE INFO ABSTRACT
Keywords: With the emergence of biodegradable/compostable polyester fibers, assessing their compatibility with existing
Biodegradable PET dyeing and processing technologies remains a critical yet underexplored factor in their industrial adoption. This

Supercritical COz dyeing
Moisture management
Sustainable textiles

Single-step dyeing and finishing

study evaluates the dyeability of conventional polyester (VPET), compostable polyester (cPET), and biodegrad-
able polyester (bPET) using both conventional aqueous and waterless supercritical COz (scCO2) dyeing. In
addition, the feasibility of integrating dyeing and moisture-management finishing into a single scCO2 process was
investigated using biodegradable polyester as a representative substrate and two commercial hydrophilic fin-
ishing agents, Feran ICS and Arristan rAIR. All polyester variants achieved high color strength and excellent color
fastness properties in both dyeing media, demonstrating compatibility with established polyester coloration
technologies. Among the tested materials, biodegradable polyester exhibited the highest apparent color yield (K/
S value of 23.4) at 1% dye concentration. The integrated scCO2 dyeing and finishing process successfully
enhanced moisture-management performance, with Feran ICS providing greater improvements than Arristan,
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increasing the Accumulative One-Way Transport Index (AOTI) by +222% and the Overall Moisture Management
Capacity (OMMC) by +138% relative to the untreated fabric. Although finishing treatments reduced air
permeability slightly, the fabrics retained good breathability and maintained their functional performance after
repeated laundering. These findings demonstrate the technical feasibility of processing emerging sustainable
polyester variants using both aqueous and scCO: dyeing systems and highlight the potential of scCO2 technology
as a water-free platform for simultaneous coloration and functional finishing. The study provides a foundation for
the broader adoption of sustainable polyester materials and more resource-efficient textile processing strategies.

1. Introduction

The textile and apparel industry faces increasing pressure to reduce
its environmental impact, while maintaining high performance and cost-
efficiency across the value chain. Conventional PET fibers dominate
global synthetic fiber production because of their favorable mechanical
properties, dimensional stability, chemical resistance, and versatility in
diverse applications ranging from apparel and home textiles to technical
fabrics [1]. At the same time, these very attributes particularly PET’s
high durability and resistance to biodegradation raise concerns
regarding microplastic accumulation, end-of-life disposal, and the
overall persistence of PET-based products in terrestrial and aquatic
ecosystems [2]. In parallel, wet processing operations such as dyeing
and finishing remain among the most resource- and chemical-intensive
stages in textile manufacturing, relying heavily on large volumes of
water, energy, and auxiliary chemicals [3]. Together, these challenges
have motivated intensive research into both more sustainable PET fiber
chemistries and alternative coloration and finishing technologies that
can significantly reduce environmental impacts without compromising
performance.

Biodegradable and compostable PET-like polymers have recently
emerged as promising candidates to address the end-of-life limitations of
conventional PET while preserving its processability and functional at-
tributes. By introducing labile linkages or co-monomer units into the
PET backbone, these novel materials can be engineered to undergo
degradation under industrial composting or specific environmental
conditions, thereby easing solid-waste management and enabling more
circular material flows [4]. Traditionally, biodegradable polymers have
been dominated by aliphatic polyesters such as polylactic acid (PLA),
polycaprolactone (PCL), and polyhydroxyalkanoates (PHAs). While
these materials offer good biodegradability, their mechanical properties
are often inferior compared to petroleum-based polymers. In contrast,
aromatic polyesters like PET, poly (propylene terephthalate) (PPT), and
poly (butylene terephthalate) (PBT) are known for their excellent me-
chanical and thermal properties but lack biodegradability [5-7].

To address this limitation, ongoing research has led to the develop-
ment of different mechanisms to enhance the biodegradation [8]
including novel biodegradable and compostable PET fibers that retain
the performance characteristics of conventional PET while offering
improved environmental benefits [9]. According to the manufacturers,
these fibers are designed to degrade under specific conditions such as
industrial composting, offering a sustainable option compared to con-
ventional PET, which can persist in the environment for centuries [10,
11]. This approach signifies a crucial step forward in the quest for sus-
tainable textile materials and could revolutionize the textile industry by
mitigating resource depletion and addressing the growing demand for
eco-friendly materials. Some compostable and biodegradable polyester
fibers are now commercially available, including naNea® developed by
OceanSafe and Yarnway® developed by ANTEX [10-12]. However, the
successful industrial adoption of such fibers depends not only on their
mechanical and biodegradation behavior but also on their compatibility
with established textile processing routes, particularly coloration and
functional finishing. PET dyeing is traditionally carried out with
disperse dyes in aqueous media at high temperature and pressure, often
accompanied by carriers, dispersing agents, and multiple rinsing and
reduction-clearing steps [13]. Any new PET variant must therefore

demonstrate that it can be effectively dyed within existing infrastruc-
ture, achieving comparable color depth, levelness, and fastness
properties.

Beyond the use of biodegradable raw materials, the textile industry is
increasingly implementing various methods including advanced tech-
nologies to reduce water consumption during wet processing [14]. One
particularly promising innovation is scCO:z technology, which provides a
more sustainable approach to textile dyeing and finishing. scCO: has
attracted significant attention as a waterless dyeing alternative, espe-
cially for hydrophobic fibers such as PET [15]. In its supercritical state,
carbon dioxide combines gas-like diffusivity with liquid-like density and
solvent power for non-ionic organic compounds, including many
disperse dyes. These properties enable efficient dye transport into syn-
thetic fibers without the need for water. After processing, the COz can be
depressurized, recovered, and reused, further enhancing process sus-
tainability. Compared with conventional aqueous dyeing, scCOz dyeing
offers several advantages: it eliminates wastewater effluent, reduces or
removes the need for surfactants and dispersing agents, shortens pro-
cessing times, and simplifies post-treatment because no residual dye
bath remains [15,16]. Previous studies have investigated the scCO:
medium for functional finishing applications, allowing hydrophobic or
amphiphilic compounds to be deposited onto or within synthetic fiber
matrices [17-19].

In addition to scCO», other major water-saving and waterless tech-
niques are being utilized to reduce the environmental footprint of con-
ventional textile wet processing. These advanced strategies include non-
aqueous organic solvent systems, most notably cyclic siloxanes such as
decamethylcyclopentasiloxane (D5) media and linear silicone (LS) as a
non-aqueous dyeing medium, as well as gas-phase sublimation dyeing,
foam application, and digital inkjet printing [20-22]. By drastically
reducing or eliminating the reliance on massive aqueous baths, these
collective innovations represent a broader industrial shift toward sus-
tainable, resource-efficient manufacturing. The distinct advantages of
scCO; are - it eliminates post-dyeing drying steps, avoids toxic solvent
residues, and provides exceptional plasticization capabilities that facil-
itate the simultaneous diffusion of both colorants and functional fin-
ishing agents into the fiber matrix [18]. Although scCO: dyeing of
conventional PET and scCO:-assisted functional finishing have been
reported, no study has systematically compared the dyeability of
biodegradable and compostable PET variants in aqueous and scCO:
media while simultaneously evaluating integrated dyeing and
moisture-management finishing.

This study first evaluates the dyeability of novel biodegradable and
compostable PET fibers using both conventional aqueous disperse
dyeing and scCO: dyeing under comparable conditions, with particular
attention to color strength and fastness properties. This comparison is
essential to confirm whether these materials can be seamlessly inte-
grated into existing PET dyeing infrastructure including scCO: media.
Second, the study investigates the feasibility of a single step scCO-
process that combines disperse dyeing with the application of com-
mercial hydrophilic moisture management finishes. By comparing
different finishing agents in terms of their influence on color perfor-
mance and moisture management behavior, the work aims to identify
formulations that deliver both high color depth and advanced comfort
properties in one integrated treatment. Through this dual focus on fiber
dyeability and combined functionalization in scCO, the study seeks to
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position biodegradable/compostable PET fibers as viable, environmen-
tally advanced alternatives to conventional PET, and to demonstrate
that waterless single step dyeing and finishing can form a key element of
future resource efficient textile manufacturing.

2. Experimental
2.1. Materials

The fabrics used for the experiment were generously supplied by V &
A Corp., Japan, and CHT Germany GmbH. The Specifications of PET
materials used, their sample codes, and treatments applied are shown in
Table 1. A disperse dye, Bemacron Rubine RS (CHT) and two moistur-
e-management finishing agents, Arristan rAIR (CHT), and Feran ICS
(Rudolf GmbH) were used in this study. Due to Confidential Business
Information restrictions, the exact chemical structures of these agents
were not provided by the manufacturer and remain unavailable for
disclosure. However, as per the manufacturer’s descriptions, Bemacron
Rubine RS is formulated based on a mono-azo disperse dye structure that
corresponds to CI Disperse Red 73, Arristan rAlR is based on a nonionic
polyester copolymer emulsion derived from recycled post-consumer PET
flakes, while Feran ICS consists of carboxylic acid esters combined with
emulsifiers, primarily containing nonionic surfactant polymers and
flexible polyethylene glycol (PEG) segments. For the aqueous dyeing
experiment, SARABID TS 300 (biobased) levelling agents and NEU-
TRACID BO 45 buffering agents were employed. Additionally, reductive
cleaning agent REDULIT GIN (biobased reducing gent) was utilized. For
the scCO, dyeing experiment, high purity carbon dioxide (99%) sup-
plied by Linde Gas AB (Sweden) was used. The detergent used for the
washing fastness test was the ECE formulation Phosphate Reference
Detergent (B), obtained from James Heal. The dyestuff and associated
auxiliaries were generously provided by CHT Germany.

2.2. Dyeing and finishing experiments

The experimental design involved dyeing the three PET fabrics in
both aqueous and supercritical CO2 media under identical conditions
(120 °C for 60 min). These conditions were selected based on prior
optimization studies and were chosen to represent typical industrial
conditions for polyester dyeing in both systems. This approach enabled a
direct comparison of the dyeing performance of the different PET ma-
terials in the two media. In addition, for biodegradable PET (bPET), a
combined process of dyeing and moisture-management finishing was
carried out in the scCO2 medium to evaluate the feasibility of integrating
functional finishing with dyeing in a single processing step.

2.2.1. Dyeing in aqueous media

Aqueous dyeing was carried out using laboratory-sized Mathis
LABOMAT infrared dyeing machine. The disperse dye was applied at
concentrations of 0.5% and 1% owf with a liquor ratio of 1:20 in a
200 mL stainless-steel dyeing vessel. The pH of the dye bath was
adjusted to 4.5 using NEUTRACID BO 45 before the start of dyeing. After
dyeing, the temperature was reduced to 60 °C and the fabrics were
removed, rinsed with cold water, and subjected to reductive cleaning.
The reductive cleaning bath contained 4 mL/L caustic soda (38°) and
4 g/L REDULIT GIN in a one-liter bath and was performed at 80 °C for
20 min. Finally, the samples were rinsed with cold water and air-dried

Table 1
Specifications of PET materials used, their sample codes, and treatments applied.
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under ambient conditions. The dyeing and reductive cleaning pro-
cesses during aqueous dyeing is shown in Fig. 1.

2.2.2. Combined dyeing and finishing process in scCO2

Single-step dyeing and finishing in scCO: were performed using
laboratory-scale equipment from DyeCoo Textile Systems, following the
procedure described in our previous work [18]. Fabric samples were
wrapped in mesh and placed in a 290 mL high-pressure stainless-steel
vessel together with the dye and finishing agent. The vessel was sealed,
filled with CO2, and placed in an oil bath. The process was carried out at
120 °C and 250 bar for 60 min. The oil bath was initially preheated to
70-80 °C, and the temperature was increased at a controlled rate of 3 °C
min~! until the target conditions were reached. After completion of the
treatment, the vessels were cooled in a water bath and slowly depres-
surized using manual control valves. To ensure process repeatability and
avoid morphology distortion from rapid pressure drops, the pressure
gradient was carefully regulated manually to maintain a steady, linear
depressurization rate of approximately (20—25) bar/min over a total
duration of (10—13) min, safely returning the vessel to ambient pressure
conditions. The treated fabrics were then rinsed with acetone to remove
any surface-deposited dye or finishing agent and subsequently air-dried.
The combined dyeing and finishing steps in scCO5 media is shown in
Fig. 2.

The combined dyeing and finishing treatments were carried out on
biodegradable PET using Bemacron Rubine RS disperse dye and two
moisture-management agents, Feran ICS (Rudolf) and Arristan (CHT).
These moisture-management finishing agents were selected based on
preliminary screening experiments conducted among the potential
agents evaluated in this study. Dyeing and finishing were conducted at
120 °C and 250 bar for 60 min using dye and finishing agent concen-
trations of 1% and 6% (owf), respectively. The selected parameters were
intended to assess whether hydrophilic finishes could be effectively
incorporated into established scCO: dyeing protocols, thereby enabling
simultaneous dyeing and functional finishing in a single, sustainable
process without compromising material performance
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Fig. 1. Dyeing and reductive cleaning steps in aqueous dyeing.
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Fig. 2. Dyeing and finishing steps in scCO, media.
2.3. Assessment of the color strength

To determine the color strength (K/S), the reflectance of dyed sam-

ples was assessed using the Datacolor CHEK Pro TM spectrophotometer
(USA) and Datacolor, Sweden. The samples were folded twice (resulting
in four layers), and reflectance measurements were conducted across the
wavelength range of (400—700) nm, with D65 illuminant and a 10°
standard observer. Subsequently, K/S values were derived from the
measured reflectance data using the Kubelka-Munk function (as
described in Eq. 1. Three readings were taken at different locations on
each sample. The K/S value at the maximum absorption wavelength
(Amax) was considered as the color strength of individual measurement.
K (1 —R)?
S~ 2R W
where: K and S are spectral absorption and scattering coefficients,
respectively; R is the minimum spectral reflectance ratio at a given
wavelength.

2.4. Assessment of the moisture management properties

Moisture management properties of the fabric samples were evalu-
ated using an SDL Atlas Moisture Management Tester (MMT—291)
based on the AATCC 195-2009 standard. Fabric specimens measuring
(8.0 x 8.0 & 0.1) cm? were first washed, ironed to remove wrinkles and
excess water, and then conditioned for 24 h before testing. A fixed
quantity of synthetic sweat (0.21 + 0.01) g was applied to the fabric
surface to simulate perspiration. The MMT monitored moisture trans-
port in three directions: radial spreading on the top surface, vertical
wicking through the fabric, and radial spreading on the bottom surface.
Moisture movement was tracked by measuring changes in surface
electrical resistance, from which performance indices such as wetting
time and absorption rate were calculated. All tests were conducted in
three replicates, and average values were reported.

2.5. Assessment of air permeability

Air permeability was measured according to ISO 9237 using SDL
Atlas Air Permeability Tester (M021A). Ten replicate measurements per
sample were conducted at 100 Pa pressure differential. The resulting air
permeability values, expressed in millimeters per second (mm/s), pro-
vide a direct indication of the fabric's ability to allow the passage of air, a
key parameter influencing comfort and breathability characteristics
relevant for textile applications. This method allows for the objective
measurement of the rate of airflow through a defined area of the fabric
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under a specified pressure difference.
2.6. Scanning electron microscopy (SEM)

The surface morphology of the samples was assessed before and after
dyeing and finishing treatments using SEM. Prior to imaging, all speci-
mens were sputter-coated with gold. Micrographs were recorded at
magnifications of 2500 x and 10,000 x using a Quanta 250 FEG
ESEM™ (Thermo Fisher Scientific, Waltham, MA, USA) operated at
4.5 kV and 200 Pa with an SE2 detector (ULTRA PLUS, Carl Zeiss Mi-
croscopy GmbH, Jena, Germany).

2.7. Assessment of color fastness and finish durability

The fastness properties of the dyed samples were evaluated in terms
of wash, crock, and light fastness following relevant ISO standard
methods. Wash fastness was determined according to ISO 105-C06 (B1S)
using a GyroWash apparatus at 50 °C for 30 min with 4 g/L ECE refer-
ence detergent without optical brightener, and color change and stain-
ing were assessed using ISO 105-A02 and ISO 105-A03 grey scales on
SDC multi-fiber adjacent fabric. Crock fastness was assessed according to
ISO 105-X12:2016 using a crock meter with both dry and wet rubbing
cloths, and staining was evaluated using the ISO 105-A03 grey scale.
Lightfastness was evaluated using a Q-SUN Xenon Test Chamber (Q-Lab,
USA) according to ISO EN 105-B02:2014, where samples were exposed
to xenon arc light until the blue wool standard 6 reached a grey scale
rating of 4 (102 h), and the color change was then assessed using the
grey scale. To assess the finish durability of the combined dyed and
moisture management finished samples, the fabric samples were sub-
jected to repeated domestic laundering in accordance with ISO 6330
(Procedure 4 N) at a temperature of 40 °C for six consecutive cycles
using a laundry machine (MD100 1433WDXG, Midea, China). A non-
phosphate reference detergent was utilized throughout the cycles, and
the samples were subsequently dried following Procedure A (Line Dry).

3. Results and discussion
3.1. Color strength (K/S)

The color strength trends of PET fabrics dyed using conventional
aqueous and waterless scCO5 media at dye concentrations of 0.5% and
1% are presented in Fig. 3. Both dyeing methods demonstrated that all
PET variants achieved high color strengths even at such low dye con-
centrations, confirming that the new biodegradable and compostable
substrates can be effectively colored using existing dyeing techniques
and achieve visual color depths comparable to conventional PET. In
addition, color strength increased with dye concentration in both dyeing
media, demonstrating a clear concentration-dependent color develop-
ment behavior. Representative photographs of the dyed samples are
included in the Supplementary Materials S4 to provide a qualitative
visual assessment of the coloration achieved under the different dyeing
conditions. A comparative evaluation revealed distinct responses among
the polyester variants despite their overall compatibility with both
dyeing systems. At the lower dye concentration (0.5%), cPET exhibited
the highest K/S values in both aqueous and scCO2 media, whereas bPET
produced the lowest apparent color strength. However, when the dye
concentration was increased to 1%, bPET exhibited the highest K/S
values, whereas cPET and vPET showed lower but comparable color
strengths in both dyeing media (Fig. 3a, b). These results indicate that
the influence of dye concentration on apparent color development varies
among the polyester variants.

To accurately interpret these findings, it is important to recognize
that K/S values provide an indirect optical measure of color strength and
visual color yield rather than a direct quantification of the amount of dye
absorbed by the fiber. Consequently, differences in K/S values may arise
not only from variations in dye-fiber interactions but also from
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Fig. 3. K/S values (Amax of 520 nm) of regular, compostable, and biodegradable PET materials dyed in (a) aqueous media and (b) scCO, media.

differences in fiber morphology, surface characteristics, internal struc-
ture, and light-scattering behavior. The observed change in K/S ranking
between 0.5% and 1% dye concentrations may therefore reflect differ-
ences in fiber architecture, accessibility of amorphous regions, or color
development behavior among the polyester variants. For example, the
relatively low K/S value observed for bPET at 0.5% dye concentration
followed by its superior color strength at 1% suggests that the fiber re-
sponds differently to increasing dye concentration compared with cPET
and vPET. While the underlying mechanisms require further investiga-
tion, the results demonstrate that all polyester variants are capable of
achieving commercially relevant color depths in both aqueous and
scCO:2 dyeing systems. The K/S values obtained in the present study were
comparable to those reported for conventional and recycled PET dyed in
scCO2 by Eren et al [1]., indicating that the sustainable polyester var-
iants can achieve similar coloration performance.

To further understand the observed differences in color strength, the
results should be considered alongside the thermal and structural
characteristics of the fibers. Previous studies have shown that the
coloration behavior of polyester materials is influenced by factors such
as crystallinity, glass transition temperature, amorphous phase mobility,
and polymer-chain dynamics. Modifications to the polymer structure
can alter the accessibility and mobility of amorphous regions, thereby
influencing dye-fiber interactions and color development behavior
during dyeing. Consequently, the relationship between fiber thermal
properties and processing conditions is an important factor governing
dyeing performance [20].

In the present study, the differences in apparent color strength may
be related to the thermal properties observed in the DSC profiles
(Supplementary Material S1). At the lower dye concentration, the higher
K/S values obtained for cPET may be associated with its lower glass
transition temperature (59.48 °C) relative to the other polyester vari-
ants. A lower Tg generally indicates greater segmental mobility within
the amorphous regions, which may facilitate polymer-chain relaxation
and increase accessibility of the fiber structure during dyeing. This
interpretation is consistent with the relatively high color strengths
observed for cPET at 0.5% dye concentration. In contrast, the lower K/S
values observed for cPET at 1% dye concentration suggest that the
relationship between dye concentration and apparent color develop-
ment differs from that observed for bPET. The polymer modifications
incorporated into cPET to impart biodegradability may influence the
physicochemical characteristics of the fiber matrix, thereby affecting its
interaction with disperse dyes under the investigated dyeing conditions.
However, because K/S values do not directly measure dye uptake, the
specific mechanisms responsible for these differences cannot be
conclusively established from the present data and would require

further investigation using complementary techniques such as dye
extraction, dye exhaustion measurements, or spectroscopic analysis. For
bPET, the relatively high K/S values obtained at 1% dye concentration
may be associated with its intermediate glass transition temperature
(73.77 °C), which lies between those of cPET and vPET. This thermal
characteristic may influence the balance between chain mobility and
structural stability during dyeing, thereby affecting the development of
color strength. Nevertheless, the present results only demonstrate dif-
ferences in apparent color yield among the polyester variants and do not
provide direct evidence regarding dye diffusion, dye retention, or ab-
solute dye uptake. Further mechanistic studies are therefore required to
establish the precise relationship between polymer structure, thermal
behavior, and coloration performance in these emerging sustainable
polyester materials.

3.2. Color fastness to washing

The color fastness to washing of dyed samples were evaluated to
assess the structural integrity of the dye-polymer matrix under laun-
dering conditions. The results, measuring both color change and staining
onto a standard multifiber adjacent fabric including diacetate (DA),
cotton (CO), polyamide (PA), polyester (PET), acrylic (AC), and wool
(WO), are presented in Table 2 (aqueous media) and Table 3 (scCO4
media). The overall fastness ratings ranged from very good (grade 4) to
excellent (grade 5), demonstrating that modifying the polyester back-
bone for compostability or biodegradability and the dyeing methods do
not inherently compromise the commercial viability of its color fastness.

As summarized in Table 2, samples dyed via traditional aqueous
processing exhibited outstanding resistance to both color change and
adjacent staining. The color change ratings for all three polymer variants
remained consistently at grades 4-5-5. Notably, cPET achieved absolute
resistance to color change (grade 5) at both 0.5% and 1% dye concen-
trations. With respect to staining on the multifiber strip, the aqueous-

Table 2

Results of color fastness to washing for samples dyed in aqueous media.
Sample_Dye Color Staining
concentration Change DA co PA PET AC wo
VvPET_ 1% 4-5 4 5 4 5 5 5
VvPET_0.5% 4-5 4-5 5 4-5 5 5 5
cPET_1% 5 5 5 5 5 5 5
cPET_0.5% 5 5 5 5 5 5 5
bPET_1% 4-5 4-5 5 5 5 5 5
bPET_0.5% 4-5 4-5 5 5 5 5 5
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Table 3

Results of color fastness to washing for samples dyed in scCO, media.
Sample_Dye Color Staining
concentration change

DA CO PA PET AC WO

VvPET 1% 5 3-4 5 3-4 4-5 5 4-5
vPET_0.5% 5 4 5 4 4-5 4-5 4-5
cPET_1% 4-5 4 5 4 4-5 4-5 4-5
cPET_0.5% 5 4-5 5 4-5 5 5 4-5
bPET 1% 5 4-5 5 4-5 5 5 4-5
bPET_0.5% 5 4-5 5 4-5 4-5 5 5

dyed samples exhibited minimal to no dye migration. They consistently
achieved a rating of 5 against Polyamide and the remaining adjacent
fibers, while only slight staining (grade 4-5) was observed on diacetate
and cotton for vPET and bPET. cPET also showed the highest staining
rating of 5 across all adjacent fabrics, while biodegradable PET showed
slightly lower but still high ratings. These results indicate effective dye
diffusion and strong dye fixation within all three polyester matrices
following aqueous dyeing and reduction clearing.

The wash fastness results for samples dyed using anhydrous scCO»
technology are detailed in Table 3. In terms of core color change, all
variants displayed excellent stability, attaining grades of 4-5-5. This
confirms that the dye fixed within the swollen polymer matrices via
supercritical fluid processing is highly resistant to desorbing during
subsequent aqueous washes. However, a noticeable drop in staining
fastness was observed on specific adjacent fibers compared to the
aqueous counterparts. Staining on diacetate and polyamide fell to a
grade of 3-4 for regular virgin polyester at 1% dye concentration
(Table 3). Notably, the bio-based and compostable variants exhibited
equal or less staining than vPET, indicating excellent dye fixation within
the modified polymer matrices

Regardless of the dyeing medium, both compostable and biode-
gradable variants consistently exhibited wash-fastness performance
comparable to or better than that of conventional PET. Comparison of
the two dyeing media revealed that aqueous dyeing generally resulted in
slightly better resistance to adjacent-fiber staining, whereas scCO:
dyeing provided comparable resistance to color change. Overall, the
wash-fastness performance of the scCO2-dyed samples matched that
achieved through conventional aqueous dyeing across all polyester
variants and dye concentrations. Importantly, the elimination of
aqueous rinsing and extensive post-treatment steps in the scCO2 process
did not adversely affect color durability, indicating efficient dye fixation
within the fiber matrix. These results confirm that scCOz dyeing is an
effective alternative approach for coloring emerging sustainable poly-
ester materials while maintaining excellent wash-fastness properties.

Table 4
Results of color fastness to rubbing and light.
Sample  Dye concentration (% Dyeing Rubbing Lightfastness
owf) method fastness
Dry  Wet
vPET 1 Aqueous 5 5 6+
5cCOy 5 5 6+
0.5 Aqueous 5 5 6+
scCO- 5 5 6+
cPET 1 Aqueous 5 5 6+
scCO, 5 5 6+
0.5 Aqueous 5 5 6+
s¢CO, 5 5 6+
bPET 1 Aqueous 5 5 6+
scCO, 5 5 6+
0.5 Aqueous 5 5 6+
s¢CO2 5 5 6+

The Journal of Supercritical Fluids 239 (2027) 107126
3.3. Colorfastness to light and rubbing

The color fastness to rubbing (dry and wet) and light of the dyed
polyester samples is presented in Table 4. All samples exhibited excel-
lent fastness properties regardless of polyester type, dye concentration,
or dyeing method. Lightfastness ratings remained consistently high
across all conditions, indicating strong resistance to photodegradation
and color fading. The lightfastness of dyed textiles is influenced by
factors such as fiber composition, dye concentration, and the physical
state and distribution of the dye within the fiber matrix [23]. The
excellent lightfastness observed in this study suggests effective dye
penetration and uniform dispersion within the polyester structure,
which enhances resistance to light-induced degradation. Similarly, all
samples achieved a maximum rating of 5 for both dry and wet rubbing
fastness, indicating negligible dye transfer under frictional forces. This
result confirms that the dye molecules were effectively entrapped within
the fiber matrix, with minimal unfixed dye remaining on the fiber sur-
face. Overall, the consistently high rubbing and light fastness ratings
demonstrate the effectiveness of both aqueous and scCO: dyeing pro-
cesses in achieving durable coloration. Furthermore, the comparable
performance of the compostable and biodegradable polyester variants to
conventional PET confirms their suitability for existing dyeing tech-
nologies without compromising color durability.

3.4. Fiber surface morphology (SEM)

SEM micrographs of polyester fabric samples are shown in Fig. 4. The
micrographs provide information about the fiber-surface morphology,
finish deposition, and uniformity of the treatments. Because the mi-
crographs represent selected surface regions, the observations should be
interpreted as morphological evidence of treatment-induced modifica-
tion rather than as direct confirmation of coating chemistry or adhesion.
The chemical changes and coating durability are further supported by
the moisture management results and washing durability results pre-
sented in Sections 3.4 and 3.7, respectively.

The untreated control fabrics exhibit relatively smooth and clean
surfaces with clearly defined filament contours. Only minor isolated
surface features are visible, and no continuous deposited layer can be
identified. This morphology indicates limited surface modification
beyond the dyeing process and provides a reference for assessing the
effects of the applied finishes. The Feran ICS-treated fabrics show a
noticeable modification of the surface morphology. The fiber structure
remains continuous; however, the surfaces appear less uniform than
those of the control. Fine particulate deposits and localized agglomer-
ates are distributed across the fiber surfaces, suggesting the presence of a
deposited finishing layer. The relatively extensive surface coverage in-
dicates effective finish uptake and film formation on the polyester sub-
strate, although the coating does not appear completely smooth. The
observed particles may be associated with localized accumulation or
incomplete spreading of the treatment during application and drying.
The Arristan-treated fabrics also display clear surface modification
compared with the untreated control. The surfaces contain longitudinal
irregularities, localized accumulations, and small particulate deposits.
These features suggest partial and non-uniform deposition of the fin-
ishing agent, with some regions of the original polyester surface
remaining exposed. The heterogeneous morphology may result from less
even finish uptake, aggregation, or differences in spreading during the
treatment process. Although the deposited material may alter surface
roughness and fiber interactions, weakly attached particles could
potentially be removed during washing, abrasion, or repeated flexing.
Overall, the SEM images confirm that both finishing treatments modify
the polyester fiber surfaces relative to the untreated control. Feran ICS
produces a more extensive and comparatively consistent surface modi-
fication, whereas Arristan results in more localized irregularities and
heterogeneous deposition. These morphological changes may influence
surface wetting, friction, and moisture transport. However, the
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Fig. 4. SEM micrographs of polyester fibers at 2500 x and 10,000 x magnifications. The images correspond to (a) dyed-only untreated control, (b) Feran ICS-treated

fabric, and (c) Arristan-treated fabric.

functional significance of these morphological changes cannot be
established from SEM observation alone. Therefore, complementary
moisture-management, air permeability, and wash-durability tests were
performed, as discussed in the following sections.

3.5. Moisture management properties

The moisture management results (Fig. 5) show a clear improvement
in liquid transport properties for all treated samples compared with the
untreated control samples. The untreated fabric exhibited longer wet-
ting times, lower spreading speed, smaller wetted radius, and reduced
absorption rates, indicating poor hydrophilicity and limited moisture
transport. This poor performance is characteristic of untreated poly-
ester, which is inherently hydrophobic due to its chemical structure
consisting of aromatic rings and ester linkages that lack polar functional
groups capable of interacting with water molecules [24]. Treatment

with both Arristan and Feran ICS significantly improved wetting
behavior and overall moisture management capacity. Reduced wetting
times, together with increased absorption rates, spreading speeds, and
maximum wetted radii on both fabric surfaces, confirm the successful
introduction of hydrophilic functionality. Among the evaluated finishes,
the Feran ICS-treated fabric exhibited the highest moisture management
performance. These differences may be attributed to variations in the
chemical structure and hydrophilic functionality of the finishing agents.

Although the exact compositions of Feran ICS and Arristan are pro-
prietary and quantitative solubility data in supercritical CO2 are not
publicly available, their observed performance can be rationalized based
on their reported chemical classifications and expected interactions with
the supercritical medium. The solubility of polymers in scCO: is heavily
dependent on their chemical structure, molecular weight, and the
strength of intermolecular cohesive forces governed by a balance of
intermolecular forces [25]. Generally, polymers containing highly polar
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Fig. 5. Comparison of the moisture management performance of the samples before (B) and after (A) washing.

groups often exhibit limited solubility in scCOz [26]. From the observed
result, both Arristan and Feran ICS exhibit compatibility with scCOz;
however, differences in molecular architecture can affect the extent of
their interaction with the supercritical medium. Arristan, a relatively
rigid and partially crystalline copolymer, is expected to show moderate
COz-philicity, with its higher cohesive energy density somewhat limiting
chain swelling and molecular dissolution [25]. In comparison, the more
flexible, ether-rich structure of Feran ICS, containing polyoxyethylene
(PEG/PEO) segments and ester linkages, may provide somewhat greater
solubility and dispersibility in scCO2 due to enhanced chain mobility and
favorable Lewis acid-base interactions between ether oxygens and CO-
[27-29]. This may have increased fluid compatibility may contribute to
improved mass transfer, enabling Feran ICS to penetrate more effec-
tively into the amorphous regions of the polyester fiber matrix compared
with relatively more rigid systems [16]. However, the present study did
not evaluate the solubility or phase behavior of the finishing agents in
scCO2. Consequently, this explanation should be regarded as a plausible
hypothesis requiring further investigation.

It is also worth noting that while the single-step simultaneous dyeing
and moisture-management finishing process was evaluated using bPET
as a representative substrate, this configuration was chosen primarily as
a proof-of-concept for sustainable polyester variants. Because the PETSs
share a structurally analogous hydrophobic matrix, the successful multi-
functionalization of bPET indicates the fundamental technical viability
of the scCO; single-step process. Consequently, this target evaluation
serves as a baseline comparison for a single integrated process on a novel
sustainable polymer, rather than implying a unique chemical exclusivity
or limited adaptability of the hydrophilic agents to bPET alone. While
this work confirms the feasibility of a one-step process specifically on
bPET materials, the applicability of the process to other fiber types, dye
classes, and functional finishes remains to be established

3.6. Air permeability

Air permeability is a key comfort-related property that reflects the
ease with which air passes through a textile structure and is primarily
governed by fabric porosity, pore size distribution, thickness, and fiber
arrangement [30]. According to the air permeability result (Fig. 6), the
control (untreated) sample exhibited the highest air permeability,
whereas the treated fabrics showed comparatively lower values. This
reduction suggests that the application of the hydrophilic finishing
agents modified the fabric structure by partially occupying inter-fiber

6000 Before Wash
After Wash
- s
£ 5000~
E [
>
2 v
F 4000 - ) i
©
s T
£
S
& 30001
=
<
c
S 2000 -
=
1000 .
Control Arristan Feran ICS
Samples

Fig. 6. Air permeability of the untreated (control) and treated samples before
and after washing.

and inter-yarn spaces, thereby increasing resistance to airflow. Similar
behavior has been reported for functional textile finishes, where surface
deposition of finishing agents alters airflow pathways and effective pore
geometry without completely obstructing the fabric structure [31].
Among the treated samples, Arristan reduced air permeability the
most, whereas Feran ICS modified the fabric structure with a uniform,
intermediate reduction that better preserved overall breathability. Dif-
ferences between the treated samples further indicate that the chemical
characteristics and deposition behavior of the finishing agents influ-
enced the extent of airflow restriction. Variations in fiber—finish in-
teractions, distribution uniformity, and affinity towards the substrate
can affect the available pore volume for air transport. Previous studies
have demonstrated that even subtle changes in fabric structure can
significantly influence air permeability due to alterations in pore size
and fiber packing density [32]. Nevertheless, despite the reduction
relative to the untreated fabric, all treated samples retained substantial
air permeability, indicating that the scCO:-assisted finishing process
successfully incorporated the functional agents while preserving the
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breathable nature of the textile substrate. This is particularly important
for apparel applications, where adequate air exchange contributes to
thermal regulation and wearer comfort.

3.7. Wash durability of the finish

The wash durability of the hydrophilic finishes was evaluated by
examining both the air permeability and moisture management per-
formance of the treated fabrics before and after laundering. Collectively,
the results (Figs. 5 and 6) demonstrate that the functional characteristics
imparted by the finishes were largely retained after washing, indicating
effective fixation of the finishing agents during the scCO: process and
satisfactory resistance to removal under the applied laundering
conditions.

The moisture management results (Fig. 5) provide the strongest ev-
idence of finish durability. Prior to washing, the treated fabrics exhibi-
ted markedly superior moisture management performance compared
with the untreated control, particularly in parameters associated with
liquid transport, moisture spreading, wetted area development, and
overall moisture management capability. Following laundering, the
treated fabrics continued to outperform the control fabric across most
moisture management parameters, indicating that the hydrophilic
functionality remained effective after washing. Although some varia-
tions in individual moisture management indices were observed after
laundering, the overall performance trends were preserved. Most
importantly, the relative ranking of the samples remained largely un-
changed after washing, with the Feran ICS-treated fabric continuing to
exhibit the highest moisture management performance, followed by the
Arristan-treated fabric and the untreated control. The preservation of
this performance hierarchy suggests that the active finishing compo-
nents responsible for moisture transport were not substantially removed
during laundering. If significant finish loss had occurred, the moisture
management properties of the treated fabrics would be expected to
approach those of the untreated control, resulting in a diminished
distinction between the sample groups. Instead, the continued separa-
tion of the performance profiles indicates that the finishes remained
functionally active after washing. This sustained performance, together
with the retention of the finishing effect after laundering, also suggests
improved adhesion and stability of the finish on the fiber surface.

The air permeability results further support the durability of the
finishes (Fig. 6). Following laundering, all fabrics exhibited a slight in-
crease in air permeability. However, the relative ranking among the
samples remained unchanged, with the untreated control consistently
displaying the highest air permeability and the treated fabrics main-
taining their respective positions before and after washing. The preser-
vation of this performance hierarchy indicates that the effects imparted
by the hydrophilic finishes were retained after washing and that laun-
dering did not substantially alter the structural modifications introduced
by the treatments. The slight increase in air permeability observed
across all samples, including the untreated control, is likely attributable
to structural relaxation of the fabric during laundering rather than to
treatment degradation. Previous studies have reported that washing can
relieve residual stresses within textile structures, resulting in modifica-
tions to yarn configuration and pore geometry that enhance airflow
through the fabric [30]. In addition, laundering may remove residual
processing chemicals, surface contaminants, and loosely bound mate-
rials remaining from fabric manufacturing and finishing operations. The
removal of these substances can reduce obstruction within the fabric
structure and expose a cleaner fiber surface, thereby facilitating airflow.
This explanation is particularly relevant for the untreated control fabric,
where the absence of a functional finish suggests that changes in air
permeability are more likely associated with structural relaxation and
the elimination of residual surface deposits rather than finish-related
effects. The combined influence of these mechanisms may therefore
account for the modest improvement in air permeability observed
following washing. These findings support the effectiveness of the
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scCO2-based approach for simultaneously achieving functional finishing
and durable textile performance while maintaining comfort-related
properties.

4. Conclusion

This study demonstrates that emerging compostable and biode-
gradable polyester variants can be successfully dyed using both con-
ventional aqueous and waterless supercritical COz dyeing systems while
achieving color strength and color fastness properties comparable to
those of conventional polyester under the investigated conditions. These
findings indicate that such materials can be integrated into existing
polyester coloration technologies without substantial changes to pro-
cessing approaches. The work further demonstrates the feasibility of
combining disperse dyeing and hydrophilic finishing within a single
scCO: treatment step. The integrated process improved moisture-
management performance, with Feran ICS providing the greatest
enhancement in wetting, liquid transport, and overall moisture man-
agement capacity while maintaining higher air permeability than Arri-
stan. The treated fabrics also retained most of their functional
performance after laundering, indicating promising finish durability.
Beyond the specific results obtained, the study highlights the broader
potential of scCO: technology as a multifunctional textile-processing
platform capable of reducing process complexity by combining colora-
tion and finishing in a single water-free operation. Such process inte-
gration could contribute to more resource-efficient textile
manufacturing while supporting the adoption of next-generation sus-
tainable polyester materials. The present work represents an initial
proof of concept and was limited to a single disperse dye, one set of
scCO:z processing conditions, and one biodegradable polyester substrate
for the integrated dyeing and finishing investigation. Future studies
should expand the range of dyes, polyester variants, finishing chemis-
tries, and processing conditions, while incorporating direct measure-
ments of dye uptake and finishing-agent behavior in scCO-. Such efforts
will be important for establishing the industrial scalability and broader
applicability of integrated scCO: textile processing.
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