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Abstract

Anthraquinone acid dyes are widely used in dyeing polyamide due to their good ex-
haustion and brightness. While ionic interactions primarily govern dye–fiber bonding,
the molecular weight (Mw) of these dyes can significantly influence migration, apparent
color strength, and fastness behavior. This study offers comparative insight into how
the Mw of structurally similar anthraquinone acid dyes impacts their diffusion, fixation,
and functional outcomes (e.g., UV protection) on polyamide 6 fabric, using Acid Blue 260
(Mw~564) and Acid Blue 127:1 (Mw~845) as representative low- and high-Mw dyes. The
effects of dye concentration, pH, and temperature on color strength (K/S) were evaluated,
migration index and zeta potential were measured, and UV protection factor (UPF) and
FTIR analyses were used to assess fabric functionality. Results showed that the lower-Mw
dye exhibited higher migration tendency, particularly at increased dye concentrations,
while the higher-Mw dye demonstrated greater color strength and superior wash fastness.
Additionally, improved UPF ratings were associated with higher-Mw dye due to enhanced
light absorption. These findings offer practical insights for optimizing acid dye selection in
polyamide coloration to balance color performance and functional attributes.

Keywords: acid dye; color strength; migration; reflectance; UPF

1. Introduction
Dyes, used to color a wide range of industrial materials including textiles, plastics,

and paper, are produced globally at over one million tons per year across approximately
10,000 types [1]. It is estimated that at least 10–15% of dyes are lost in wastewater [2] and
harm the environment. There is an utmost requirement to maximize color use during
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dyeing of textiles, achieving functionality and maintaining appropriate fastness, to reduce
dye wastage.

Dyes can be either cationic, anionic, or nonionic, which are suitable for different
particular fiber types [3]. Acid dyes are water-soluble anionic dyes commonly applied
onto nitrogenous fibers such as polyamide (PA), wool, and silk that include basic groups
in their polymer chains [4,5]. Polyamides are a class of synthetic polymers widely used
in textiles due to their excellent mechanical strength, abrasion resistance, and dyeability.
Among them, polyamide 6 (PA 6) and polyamide 66 (PA 66) are the most common, with
applications ranging from activewear (e.g., swimwear and sports garments) to technical
textiles (e.g., combat uniforms and protective gear) [6,7]. Although both are structurally
similar with recurring amide (–CONH–) linkages, PA 66 has a higher melting point and
greater crystallinity, whereas PA 6 exhibits better dye uptake and slightly greater moisture
regain, making it more favorable for dyeing applications [8]. These polyamides contain
protonated amino groups along the polymer chain, which can form electrostatic interactions
with the sulphonated anionic groups of acid dyes [9]. Among the different chemical groups
of acid dyes, such as mono azo [10], nitro, triphenylmethane, xanthene, azine, quinoline,
ketonimine, anthraquinone [11], and phthalocyanine [12], the anthraquinone group has
a relatively higher exhaustion property towards PA fiber and produces deeper shades
with uniform appearance and good fastness to light [13,14]. Additionally, their extended
conjugated structure can contribute to improved UV protection [15], making them beneficial
for functional textile applications where sun exposure is a concern [16].

Over the years, dyeing PA with acid dyes has been gaining tremendous interest, and
analysis from different perspectives is available. For instance, Tayebi et al. studied the
adsorption of acid dye on PA yarns in the presence of different amounts of Titania and
reported the adsorption rates in fibers having varying cross-sectional shapes [17]. Sada et al.
investigated the diffusion and adsorption process of acid dye onto PA based on a diffusion
model that unites prompt dual adsorption of the Langmuir and the Nernst type [18].
Atherton et al. performed a study with twelve acid dyes to investigate the affinity towards
PA by desorption with inorganic anions. They presented an equation that is applicable in
general for the relationship between affinity and desorption [19]. Gupta et al. considered
both monofilament and multifilament yarns for dyeing with acid dye and examined the
roles played by the physical structure of the PA as well as the chemical affinity between
the dye and fiber [20]. Moreover, Bell studied the relation between dye diffusion behavior
and mechanical properties of PA fiber and explored the effect of temperature, surface area,
and the amount of dye absorbed at saturation on the dyeing rate [21]. A further study
was reported by Wang et al., in which a hydrogen peroxide–glyoxal redox system was
proposed for investigating the kinetics and thermodynamics of dyeing PA fiber, in addition
to dyeing transition temperature, activation energies of diffusion, diffusion coefficient,
dyeing enthalpy, entropy, and dyeing affinity [22]. Burkinshaw and Son performed a
comparative analysis of color strength and fastness properties after frequent washing of
acid dyes after dyeing PA fiber [23]. While ionic interactions between acid dyes and PA
fibers predominantly govern initial adsorption, the dye molecular structure, including Mw,
affects diffusion, substantivity, and leveling properties. Higher Mw dyes typically show
slower diffusion and reduced migration due to increased steric bulk, and they also could
impact fabric functionality, such as UV protection. Generally, when the molecular weight
is high, uneven dyeing can occur, whereas when the molecular weight is low, the wash
fastness properties can suffer [9]. Most of the previous studies were performed mainly on
the affinity, adsorption, and color fastness properties of PA fibers with different classes of
acid dye, with no attempt to identify the impact of the Mw of acid dye on the dyeing and
functionality of PA.
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Taking account of the possible impact of Mw and the lack of reports in this area, this
research aims to explore the effect of Mw on the color strength and fastness properties of acid
dyeing on PA, with a parallel insight into the possible influence on UV functionality. The
chosen dyes were C I Acid Blue 260 and C I Acid Blue 127:1, both of which have extensive
use in actual industrial dyeing. These two anthraquinone dyes were chosen due to similar
chromophores but differing molecular weights, allowing isolation of size-related migration
and functional effects. Through systematic variation of key dyeing parameters, such as
temperature, dye concentration, and pH, this study provides a comparative assessment of
their dyeing behavior, migration tendencies, and associated functional benefits, offering
practical guidance for selecting dyes based on performance and end-use requirements.

2. Materials and Methods
2.1. Materials

PA 6 single jersey knitted fabric, having 40 Wales per inch and 36 courses per inch and
a weight of 160 g per square meter, was selected for this study. Two different acid dyes, C I
Acid Blue 260 and C I Acid Blue 127:1, were collected from Orient Chem-Tex Ltd., Dhaka,
Bangladesh. The former one was a low-molecular-weight dye (LMD), and the latter one
was a high-molecular-weight dye (HMD). The specifications of the selected dyes are listed
in Table 1, and the chemical structures of these dyes are shown in Figure 1.

Table 1. Specifications of C I Acid Blue 260 and C I Acid Blue 127:1 anthraquinone acid dyes.

Specifications C I Acid Blue 260 C I Acid Blue 127:1

Dye class Anthraquinone Anthraquinone
Molecular weight 563.99 844.78
Molecular formula C26H23ClN3NaO6S C41H26N4Na2O10S2

Figure 1. Chemical structure of (a) Acid Blue 260 and (b) Acid Blue 127:1.

2.2. Dyeing

Dyeing of PA fabrics was carried out at different dye concentrations, pH, and tem-
perature setups in separate baths, as it is mentioned in the next sections. Equilibrium
of dyeing was identified with several trials before testing of the samples. The weight of
the sample was taken as 3 g for each trial, and a fixed M:L ratio was maintained at 1:6.
Dyes were applied as supplied without any further purification. A constant pH condition
was maintained by buffering the dye solution, using dilute acetic acid and sodium acetate
buffer, and measured using a calibrated pH meter before dyeing. The dyed sample was
then washed and dried to take the spectral measurement. The whole dyeing process is
illustrated in Figure 2.
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Figure 2. Dyeing process and post-treatment of PA fabric with anthraquinone acid dyes.

2.3. Spectral Measurement and Saturation Limit Analysis

A reflectance spectrophotometer (Datacolor 650, Lawrenceville, NJ, USA) was used to
obtain the reflectance values of LMD- and HMD-dyed samples to identify the wavelength
(λmax) of maximum absorption with D65 standard illuminant D65 and 10◦ observer. All
the reflectance measurements were taken by preparing two folds of each dyed specimen
in four different places, and their average was taken. Maximum values of color strength
(K/S) of minimum reflectance at (λmax) were measured using the Kubelka–Munk equation
(Equation (1)):

K
S
=

(1 − R%)2

2(R%)
(1)

where K is the absorption coefficient of the dye, S is the scattering coefficient of the dye,
and R is the reflectance value at λmax.

2.4. Dynamic Behavior of Color Strength (K/S) at Different Dye-Bath Variants

A fixed dye bath temperature (100 ◦C) and pH 4 were maintained over a period.
Different shade percentages, 1, 2, 3, 4, and 5% OWF (on the weight of fabric), applied from
a separate bath and gradual accumulation of dyes into the PA fabric, were measured in
terms of color strength (K/S) using reflectance data for individual dye concentration.

To study the effect of temperature, dyeing was carried out for a fixed shade percentage
and pH condition within a dyeing temperature range (70, 80, 90, 100, and 110 ◦C) individu-
ally. At every constant temperature, color strength (K/S) was measured after a set interval
of time to study the most appropriate temperature at which the dye molecules migrate
with maximum uniformity.

To study the effect of pH, different pH condition was maintained as 2, 3, 4, 5, and
6 using buffer for dyeing at 100 ◦C and 3% (OWF) dye concentration throughout the
whole dyeing period. Acidic to neutral media were applied separately, and color strength
(K/S) was measured at each time interval to identify the most suitable pH condition for
dye transfer.

2.5. Measurement of Dye Migration Index

A dye migration test was performed at each set of temperatures from separate bath
conditions [3]. For individual dyes, two separate baths were prepared to contain a pair
of samples. One pair of samples was exhausted with dye and salt (sample D1–D2, dye
bath in Figure 3), and the other pair was completely exhausted with the same amount of
salt concentration (sample B1–B2, blank bath in Figure 3). After 30 min of exhaustion, the
exhausted D2 sample was exchanged with B1 in the blank bath and allowed to migrate
for another 30 min. The fixation process was carried out with concentrated alkali, and the
samples were directly dried without any further wash treatment after being taken out of
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the bath. The propensity to migration of the dyed samples was investigated at 100 ◦C and
70 ◦C from separate dye baths, keeping other parameters constant over a range of shade
depths. A color measurement technique was adopted to measure the depth of shade of the
test samples of the originally dyed and migrated sample to determine the migration index
(MI) at 70 ◦C and 100 ◦C, as in the following equation:

MI =
A × 100

B
(2)

where A is the color strength of the migrated sample and B is the color strength of the
originally dyed sample. An illustration for the migration test is shown in Figure 3.

Figure 3. Schematic diagram of anthraquinone acid dye migration test on PA fabric at 100 ◦C.

The zeta potential of undyed and dyed PA fabrics was measured using a SurPASS
3 electrokinetic analyzer (Anton Paar, Graz, Austria). The samples were run under a
600–200 mbar pressure cycle. Undyed fabrics were tested from pH 2 to 8, whereas the
dyed fabrics were tested at pH 4. Three tests were conducted for each sample to obtain
average values.

2.6. Evaluation of UV Protection Factor and Fourier Transform Infrared Spectra

The UV protection factor (UPF) of the fabrics was calculated from the results of the
measurement of UVA and UVB transmittance using a UV penetration measurement system
(YG902, Fangyuan Instrument, Hefei, China), adopting the AS/NZS 4399 standard. The
FTIR spectra were obtained through a Vertex 70 spectrometer (Bruker, Berlin, Germany)
using 4 cm−1 scan resolution, and data were normalized from 0 to 1.

2.7. Color Fastness Evaluation

The fastness properties in wet conditions such as wash, water, perspiration, and
sublimation fastness were tested for the fabric samples dyed with LMD and HMD using DW
multifiber adjacent cloth (SDL Atlas, Shanghai, China) and assessments were performed
with grey scales for color change and staining on a rating of 1 to 5, where grade 5 and
grade 1 signified to excellent and very poor quality, respectively. Wash fastness properties
of the dyed samples were assessed by adopting both color fastness to wash methods
AATCC 61 3A and AATCC 61 2A but using altered temperatures, i.e., 60 ◦C and 38 ◦C,
respectively, for 45 min, using 1993 AATCC Standard Reference Detergent WOB (Labtex,
Dhaka, Bangladesh). Color fastness to water was determined according to the ISO 105 E01
method [24]. The ISO 105 E04 standard [25] method was used to test fastness to alkaline
perspiration of dyed samples.



Physchem 2025, 5, 31 6 of 14

3. Results
In this study, the color performance on polyamide was evaluated using K/S values

in relation to variable time, dye concentration, and pH. Color fastness in wet conditions
(wash, water, and perspiration) and dye migration were assessed through stepwise shade
build-up. UPF was measured spectrophotometrically, while FTIR and zeta potential pro-
vided structural and surface charge insights, respectively. The results are discussed in the
following subsections.

3.1. Saturation Limit Analysis from Color Strength

From the values in Table 2, the dye saturation limit was indicated at 3% shade (OWF)
for LMD and 2.5% shade (OWF) for HMD. This is because the increase in color strengths
was very negligible after these points. The LMD showed the saturation point at a slightly
higher concentration than HMD. It may be justified by Henry and Graham’s diffusion
law that smaller-molecular-weight dye particles more easily penetrate into the interior
of fibers than HMD, which ultimately leads to higher dye accumulation due to enough
inter-molecular free space during absorption [26]. According to Graham’s law, lighter
molecules (e.g., LMD) diffuse faster than heavier ones (e.g., HMD) under the same condi-
tions. Brownian motion also favors smaller dye molecules, allowing them to move more
randomly and rapidly, explaining why LMD reached equilibrium more quickly (discussed
later in Section 3.2.2) [27]. However, even though HMD was slower to diffuse, it probably
formed stronger and more stable interactions with PA fibers due to the availability of more
functional groups in the structure [28], resulting in greater overall fixation, and hence
represented a higher color strength at its saturation point.

Table 2. Color strength of anthraquinone acid dyes on PA fabric at different initial concentrations.

Shade %
Color Strength (K/S)

Low Molecular Weight High Molecular Weight

0.5 6.4 7.6
1 13.2 15.2

1.5 18.5 22.5
2 25.2 29.4

2.5 28.9 34.3
3 32.3 34.5

3.5 32.8 34.4
4 33.3 34.2

4.5 33.4 34.4
5 33.9 34.8

3.2. Dynamic Behavior of Color Strength (K/S)
3.2.1. Effect of Dye Concentration

The surface plot for the effect of dye concentration on the dynamic behavior of color
strength is shown in Figure 4. The profound dye diffusion into the fabric indicated a
sharp increase with increasing amounts of dye concentration up to a lower level of shade
percentage used. Color strength showed a rapid increase initially with time as well as with
higher dye concentrations applied, intensifying the depth. It was observed that for a 400%
increment in LMD concentration, K/S increased approximately 170% in 5 min, about 157%
in 30 min, and nearly 161% for 120 min of dyeing time. However, for the same increment of
HMD concentration, an increase of around 169%, 141%, and 129% was found for 5 min,
30 min, and 120 min, respectively. The maximum K/S value was achieved within the
initial five minutes of dyeing for LMD and ten minutes for HMD for all concentrations,
individually confirming faster transfer of small dye molecules into the substrate, having
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a high diffusion coefficient according to Fick’s diffusion law, and which also appeared to
level out at a specific shade percentage [22]. The maximum yield of LMD- and HMD-dyed
samples was at 3% and 2.5% depth of shade, respectively, indicating the aforementioned
saturation level (Table 2).

Figure 4. Effect of dye concentration on color strength (K/S) at different time intervals (t), at 100 ◦C
and pH 4, for (a) LMD and (b) HMD.

3.2.2. Effect of Temperature

The color strength of fabrics gradually improved with the rise in temperature and
showed a tendency to reach an equilibrium earlier, above 90 ◦C for LMD and more than
100 ◦C for HMD (Figure 5). The enhanced rate of color strength of LMD occurred over 90 ◦C,
whereas the equilibrium K/S approached earlier in comparison to that which was obtained
below the range of temperature applied. Due to the smaller molecular size, LMD faced less
steric hindrance when diffusing into fiber pores. This probably resulted in faster migration
and shorter diffusion paths, allowing it to saturate the fiber surface and interior more
rapidly than HMD. The initial slower rate of dye migration at a lower level of temperature
indicated to need for higher energy to improve the transfer of HMD. The maximum color
yield of fabric was achieved after an initial 20 min of dyeing for HMD and less than 10 min
for LMD below 90 ◦C. In fact, for LMD, a 57% increment in dyeing temperature brought
about a 145% increase in K/S in 5 min. However, for 30 min, the increase was only 58%,
and for 120 min, it was approximately 43%. In case of HMD, the increment in K/S was
near about 138%, 81%, and 70% in 5 min, 30 min, and 120 min, respectively. Because of
Brownian motion, an increase in temperature increased the mobility of the dye molecules,
which ultimately increased the diffusion rate of dye molecules in the fabric. Additionally,
according to Graham’s law, lower-molecular-weight particles diffuse faster than higher-
molecular-weight particles with less time, and it is proportional to temperature, which was
why LMD showed a higher K/S value in a shorter time than HMD [26]. The improved rate
of K/S development with smaller dye molecules was attributed to the promotion of dye
relocation into the material at lower energy levels, despite having ultimately lower K/S
values than the HMD. The HMD possesses a higher number of ionic groups (-SO3Na) in its
chemical structure that are responsible for dye attachment onto PA (Figure 1), which could
possibly influence the ultimate color strength achieved.
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Figure 5. Effect of temperature on color strength (K/S) at different time intervals (t), with 3% shade
and pH 4, for (a) LMD and (b) HMD.

3.2.3. Effect of pH

Varying pH levels, ranging from high to mildly acidic conditions of the dye bath,
resulted in different levels of dye strength in PA fabrics, as shown in Figure 6. In case of
LMD, when pH was raised from 2 to 6, the K/S value decreased about 28% in 5 min, 22%
in 30 min, and 21% in 120 min. However, the K/S value decreased by a smaller amount in
the case of HMD under the same conditions (around 9%, 11%, and 12% for 5 min, 30 min,
and 120 min, respectively). The dynamic of dye migration was significantly enhanced, and
the K/S reached a peak at a certain pH condition. A lower pH condition increases the
concentration of hydrogen ions, which elevates the positivity of the polyamide fiber charge
in the solution [3]. As the isoelectric point for polyamide fiber appears at pH 3, raising the
pH reduces the concentration of positive ions in solution, which deprotonates the carboxyl
group and leads the fiber to be neutral or negatively charged, which deaccelerates the
interaction with the negatively charged dyestuff [29]. The LMD diffusion was faster around
pH 3–4, whereas pH 2–4 assisted the rapid migration of HMD. The degree of transfer of dye
into the samples expeditiously reaches near their maximum at the mentioned level. The
cause of this may be possessing higher polar groups (as two groups of -NH2 and 2 groups of
-SO3Na) in HMD than LMD, as acid dye interacts more rapidly at lower pH with polar end
groups (–NH2 and –COOH) in fibers chemically following Lewis acid–base interaction [26].
Despite having a negatively charged surface of polyamide fiber in the board pH range,
adsorption of dyestuff still took place because of the attraction force, which is higher than
the electrostatic force. However, it imparts a lower level of dye penetration. Therefore,
a lower pH condition increased the concentration of hydrogen ions, which elevated the
positivity of the polyamide fiber charge in the solution [29].

3.3. Dye Migration Index (MI) and Zeta Potential

The results showed (Figure 7a) greater MI at 100 ◦C than at 70 ◦C for both dyed
fabrics, as a higher temperature increases the rate of desorption in the kinetics stage of
migration [30]. The MI at 100 ◦C was higher, which may lead to the risk of lower wet
fastness property at the elevated temperature as a result of promoted thermal migration of
dye molecules. The migration level of dye increased more for LMD-dyed material than for
HMD-dyed ones, which was assisted by the higher temperature applied in the blank bath
because of having a high diffusion coefficient with low affinity of LMD particles. Higher
temperatures increase fiber swelling and dye kinetic energy, enhancing the diffusion rate
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of LMD particles due to their smaller size. At elevated dye concentrations, greater dye
availability promotes deeper penetration and higher migration [31]. Both dyes showed
a little upward trend of migration indices with the increased dye concentration due to
a rise in electrolyte concentration in the migration bath, which influences the diffusion
coefficient [30].

Figure 6. Effect of pH on color strength (K/S) at different time intervals (t), at 3% shade and 100 ◦C,
for (a) LMD and (b) HMD.

Figure 7. (a) Migration index of low-molecular-weight (LMD) and high-molecular-weight (HMD)
anthraquinone acid dyes on PA fabric, (b) zeta potential of undyed PA fabric at different pH, and
(c) zeta potential of the dyed fabric compared to undyed fabric at pH 4.

Zeta potential measurements were performed to assess the surface charge behavior of
PA fabrics before and after dyeing at pH 4, representative of actual dyeing environments.
The zeta potential of undyed PA (Figure 7b) exhibited a clear dependence on pH, with
values transitioning from positive to negative across the tested range (pH 2–8). At acidic
pH (e.g., +39.2 mV at pH 2), the surface of PA remained positively charged due to the
protonation of terminal amino groups (–NH2 + H+ → –NH3

+). As the pH increased,
the surface charge decreased steadily and reached zero between pH 4.5 and 4.8, which
corresponds to the isoelectric point (IEP) of PA [32]. Beyond this point, deprotonation of
functional groups led to a net negative surface charge (e.g., −27.1 mV at pH 7), driven by
the presence of residual carboxylic acid or deprotonated amide groups. This electrokinetic
behavior is critical for understanding dye–fiber interactions in acid dyeing. At pH < IEP,
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the positively charged PA surface promotes strong electrostatic attraction with the anionic
sulfonate groups of acid dyes, facilitating higher initial dye uptake [33]. During the
coloration of polyamide (PA) fibers, hydrolysis of amide linkages may occur under acidic
and high-temperature conditions. This reaction results in the formation of new amino
groups, which, upon protonation, can serve as additional binding sites for anionic dye
molecules [34]. However, at pH values below 2.5, acid-catalyzed hydrolytic degradation
becomes significant, compromising the mechanical integrity of the fiber and leading to
reduced tensile strength. Moreover, exposing PA fibers to elevated temperatures (e.g.,
100 ◦C) under highly acidic conditions (pH < 3.5) further accelerates hydrolysis [34,35].
Therefore, dyeing under such conditions is not recommended due to the risk of fiber
damage. Therefore, maintaining a dye bath pH slightly below the IEP (e.g., 4.0) can provide
a balanced environment, optimizing dye uptake and leveling during acid dyeing processes.

The zeta potential behavior of the undyed PA, in relation to the dyed fabrics at pH
4, is shown in Figure 7c. The undyed PA sample exhibited a positive zeta potential of
+32.7 mV, at pH 4. This is consistent with the presence of protonated amide groups (–NH3

+)
on the PA surface. After dyeing, a progressive reduction in zeta potential was observed
across all dyed samples, indicating surface modification by the adsorption of anionic dye
molecules (sulfonate-containing structures). Samples dyed with LMD showed a shift to
+15.5 mV at 70 ◦C and +8.1 mV at 100 ◦C, suggesting moderate dye uptake and increased
surface coverage at higher temperature. In contrast, fabrics dyed with the HMD displayed
a stronger change in surface charge, with values of +2.3 mV at 70 ◦C and −6.1 mV at 100 ◦C,
indicating more substantial adsorption of negatively charged dye groups. The negative
value at 100 ◦C confirms the dominance of sulfonic acid groups on the fabric surface,
likely due to the extensive conjugated structure and better fixation of HMD. Overall, the
zeta potential data provide evidence that dye molecular weight and dyeing temperature
jointly influence dye–fiber interaction, with HMD showing greater affinity and functional
impact on the PA substrate. The zeta potential data were seen as complementary to the
dye migration behavior observed in the prior discussion. The fabrics dyed with the LMD
retained a more positive surface charge, indicating weaker dye–fiber interactions and a
higher tendency for dye migration. In contrast, the HMD reduced the zeta potential to
near-zero or negative values, reflecting stronger dye fixation and correspondingly lower
migration behavior during and after dyeing.

3.4. UV Protection and FTIR

The UV protection of textiles can be significantly influenced by the fabric’s physical
structure. Knitted fabrics tend to have a more open construction and higher porosity than
woven fabrics, making them more prone to UV penetration. As noted in previous studies,
low-porosity structures offer better inherent UV protection [36,37], and knitted fabrics
may therefore require additional UV-absorbing treatments or functional dyes to achieve
acceptable performance levels. In this study, the structural influence was controlled by
maintaining consistent fabric properties, allowing the specific effect of the dye on UV
protection to be isolated and evaluated. The UPF results (Figure 8a) demonstrated that
dyeing PA fabric significantly improves its UV protection ability. The undyed PA showed a
low UPF (~7), indicating “non-rateable” natural UV shielding. In contrast, HMD dyed at
100 ◦C showed the highest UPF (~41), qualifying it as an “Excellent” UV protection category
(UPF > 40) [37,38]. LMD dyed at 100 ◦C falls within the “good” category (UPF ~24), lower
than the values from HMD. Both dyes showed a lower UPF when dyed at 70 ◦C, confirming
that higher dyeing temperature enhances dye uptake and UV protection. The superior UPF
of HMD was likely due to higher UV absorptivity by the extended conjugated aromatic
structure [15,39,40]. The extended conjugation in HMD allows them to absorb a broader
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range of UV radiation, particularly in the UV-A and UV-B regions [41]. This increases
the UPF of dyed fabrics, as more UV photons are absorbed by the dye molecules before
reaching the skin. However, the results confirmed that both dye structure and process
conditions significantly influence the UV-protective functionality of dyed PA fabrics. The
FTIR spectra presented in Figure 8b illustrates both the inherent chemical structure of
PA and the modifications introduced by acid dyeing. FTIR can identify key functional
groups (e.g., –SO3

−, –NH, –C=O) associated with dye–fiber interactions. Shifts in N–H or
C=O stretching after dyeing suggest hydrogen bonding or ionic interactions. Enhanced
absorbance in aromatic or C=C regions for HMD-dyed samples may also correlate with
better UV absorption and color retention. Primarily, electrostatic interactions between the
anionic sulfonate groups of the dye (–SO3

−) and the protonated amine groups (–NH3
+)

on PA occur at acidic pH [28,31,35]. HMD has more –SO3Na groups, thus a higher ionic
character, which increased its affinity to the positively charged sites on PA at acidic pH.
Additionally, hydrogen bonding and van der Waals forces can also contribute to overall
dye fixation and fastness.

Figure 8. (a) UV protection factor and (b) FTIR spectra dyed PA with low-molecular-weight (LMD)
and high-molecular-weight (HMD) anthraquinone acid dyes compared to undyed PA fabric.

For undyed PA, several characteristic absorption bands were observed, i.e.,
3300–3500 cm−1: broad N–H stretching vibrations from amide groups; 2930 cm−1: C–
H stretching of aliphatic –CH2– groups; 1630–1650 cm−1: amide I band, primarily C=O
stretching of the amide group; 1530–1550 cm−1: amide II band, arising from N–H bend-
ing and C–N stretching; 1200–1300 cm−1: C–N stretching vibrations; and 600–750 cm−1:
C–H out-of-plane bending modes [42,43]. These bands confirmed the typical chemical
backbone of PA 6, composed of repeated amide and methylene units. After dyeing, a new
absorbance band appeared in the region of 1720–1750 cm−1, which was not present in
the undyed fabric. This band was attributed to C=O stretching of ester or carboxylic acid
groups originating from dye molecules [44]. Its presence indicated that dye molecules
have been successfully adsorbed or bound to the PA substrate. Notably, this peak was
more intense in the fabrics dyed with the high-molecular-weight dye (HMD), especially at
100 ◦C, compared to the low-molecular-weight dye (LMD). This suggested more abundant
chromophores and functional groups that may have contributed to UV absorption. Overall,
FTIR analysis validated the incorporation of anthraquinone dye molecules into the PA
matrix and highlighted a temperature-dependent increase in surface interaction, consistent
with dyeing performance and UV protection trends.
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3.5. Color Fastness

The color fastness results of the dyed PA fabric are shown in Table 3. Washing at
higher temperatures imparted good to moderate staining properties to both of the acid-
dyed substrates. Dye transferred to adjacent cloths is the most dependent upon the affinity
of the acid dyes for the fibrous material under wet treatments as well as temperature [29,30].
The HMD exhibited allover better resistance to the action of every washing condition than
the LMD, which may be due to its larger size and more extensive conjugated structures,
which allow stronger van der Waals and hydrogen bonding interactions with the polyamide
backbone. Compared to LMD, HMD is likely to have limited mobility and stronger binding
to polyamide via multiple interactions (e.g., hydrogen bonds, van der Waals forces, and
dipole–dipole). Its lower solubility and diffusion reduce the tendency to migrate out of the
fiber during washing or mechanical action.

Table 3. Fastness properties of PA fabric dyed with low-molecular-weight (LMD) and high-molecular-
weight (HMD) anthraquinone acid dye.

Dyes Wash Temperature Color Change
Color Staining

Acetate Cotton PA Polyester Acrylic Wool

Color fastness to wash
LMD

60 ◦C
4 3–4 4 3 3 3 3

HMD 4–5 4 4 3–4 3–4 3–4 3–4
LMD

38 ◦C
4 4 4–5 3–4 3 3–4 3–4

HMD 4–5 4–5 4–5 4 3–4 4 4
Color fastness to water

LMD 4–5 4 4–5 4 4 4 4
HMD 4–5 4–5 5 4–5 4–5 4–5 4–5

Color fastness to perspiration
LMD 4 4 4 4 4 4 4
HMD 4–5 4 4–5 4–5 4–5 4–5 4

Color fastness to sublimation
LMD 4 4 4 4 4 4 4
HMD 4–5 4 4–5 4–5 4–5 4–5 4

The results of MI were also an indication of the wash fastness behavior of the used
acid dyes [30,45].

The results of color change and staining of fastness to water showed the rating “good”.
Like the wash fastness, comparatively higher fastness was achieved in this case of the
HMD-dyed fabric.

The alkaline perspiration condition was again in much favor of HMD-dyed samples,
which resulted in an excellent staining rating overall for all the adjacent cloths. The smaller
dye molecules may be closely involved with their responses to the heat treatments, which
was assisted by the transfer of a significant amount of dyes to the adjacent substrates [30]. It
was noticed that the adjacent multifiber-fabrics received color mostly from the LMD-dyed
samples, resulting in poor fastness to dry heat as compared to that of HMD ones.

4. Conclusions
In this study, the influence of anthraquinone acid dye molecular weight on the color

strength development, migration behavior, and functional performance of PA 6 fabric was
systematically explored under varying process parameters. Although both low- (LMD)
and high-molecular-weight dyes (HMD) exhibited similar color strength in the initial
dyeing phase, LMD showed a more rapid increase at later stages, particularly under
elevated dye concentrations and temperatures. LMD also demonstrated higher migration
proneness, especially at increased shade levels, supported by zeta potential data. In
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contrast, HMD offered superior wash and rub fastness (ratings ~4–5) and contributed to
greater UV protection, likely due to its larger conjugated structure, as supported by FTIR
spectral analysis. These findings provide valuable insights into optimizing dye selection
and processing conditions in PA dyeing applications to achieve desired aesthetic and
functional outcomes.
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