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Abstract

This study compares the acid dyeing of Polyamide 6 (PA6) fabric using conventional heating and
microwave-assisted techniques and examines reaction parameters (temperature, time, pH, dye
concentration) on conventional and microwave system. C.I. Acid Blue 324 was used to explore the
effects of critical process parameters, including pH, temperature, dyeing time, and dye concentration,
on color strength (K/S). Conventional and Microwave Dyeing showed an inverse correlation between
pH and K/S, with optimal color yield achieved at pH 3.0. Dye uptake was enhanced by increasing
temperature, with maximum K/S obtained at 95 °C for 30 minutes and the highest dye concentration
(1.50%). In contrast, the microwave-assisted dyeing methodology (160 W) drastically accelerated the
process. Optimal conditions for microwave dyeing also favored an acidic media (pH 3.0) and showed
a strong positive correlation between microwave exposure time and K/S. The microwave-assisted
technique is confirmed as a rapid, energy-efficient, green process and effective alternative for dyeing
PAG6, offering significant potential for reduced processing time.

Keywords: polyamide; microwave dyeing; acid dyes; conventional dyeing

1. Introduction

Nylon is the one of the most important synthetic fibers in textile industry which is usually dyed
with acid and metal complex dye. Nylon is well known for its durability, lightweightness, greater
tensile strength, and damage resistance propoerties. Nylon has the advantages over cotton fiber in
achieving high color strength. Polyamide fibers, particularly nylon 6 and nylon 6.6, represent a
cornerstone of the contemporary textile industry. Their widespread application, ranging from high-
performance apparel to advanced technical textiles, stems from their exceptional physiomechanical
properties, including superior tensile strength, elasticity, and remarkable abrasion resistance. The
coloration of these versatile materials is predominantly achieved through the use of acid dyes, which
form robust ionic interactions with the protonated amino groups inherent in the polyamide fiber
structure. This interaction ensures excellent dye affinity, colorfastness, and the production of vibrant,
durable shades.[1-11]

Acid dyes represent the most commonly used class of dyes for polyamide fiber dyeing due to
their excellent affinity and color fastness properties. The dyeing mechanism involves ionic
interactions between the sulfonic acid groups of the dye molecules and the amino groups present in
the polyamide fiber structure. The dyeing process is typically conducted under acidic conditions (pH
4-6) to protonate the amino groups in the fiber, thereby enhancing the electrostatic attraction between
the dye and fiber [12-16].

Microwave treatment is one environmental friendly less time consuming conditions and the
more energy saving phenomenon. Microwave radiation is presented as a substituted for conventional
heating methods since it offers even, rapid and efficient heating by aiding all particles to heat up
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simultaneously. In response to the growing demand for sustainable and efficient manufacturing
paradigms, microwave-assisted dyeing has emerged as a revolutionary alternative technology.
Microwave tratment improves the fabric’s uptake ability and coloring characteristics. Microwave
irradiation is part of th recent most simple, lower cost and valued technologies in textile dyeing
[16,17]. The fundamental principle underpinning microwave heating is dielectric heating, whereby
electromagnetic radiation, commonly at a frequency of 2.45 GHz, induces rapid molecular vibration
and rotation of polar molecules, predominantly water, within the dyebath. This unique mechanism
results in rapid, uniform, and volumetric heating throughout the entire dyeing system, a stark
contrast to the slower, less uniform, and surface-to-core heat transfer characteristic of conventional
heating methods. This internal generation of heat promises to dramatically curtail processing times,
reduce energy consumption, and increase dye diffusion and fixation within the textile substrate.[18—
45].

Recent scholarly investigations have increasingly underscored the transformative potential of
microwave technology across diverse textile applications [18-45].

This study is designed to conduct a detailed comparative analysis of both conventional and
microwave-assisted dyeing techniques for polyamide 6 fabric utilizing a model acid dye (Telon Blue
M-2R). The research will systematically investigate the effects of key process parameters specifically
temperature, dye concentration, dyeing time, and pH on the dyeing mechanism, ultimate dye uptake,
and final color strength. The overarching goal is to furnish a robust scientific foundation that will
facilitate the development of more efficient, economically viable dyeing protocols for polyamide
textiles [44-65].

2. Materials and Methods
2.1. Materials

The substrate used for all dyeing experiments was a 100% polyamide 6 (PA6) fabric. The fabric
was procured from Nurel Group (Turkey). Fabric contains different type polyamide yarn. %35 384T-
70/24 Denier Polymaide FDY Semidull, %10 192T-40/13 Denier Poliamide FDY Semidull, %55 - 300
DN-70/24*4 Denier Texture Polyamide Semidull.

Polyamide 6 (PA6) is synthesized via the ring-opening polymerization of e-caprolactam. The
resulting polymer chain contains repeating amide groups (CONH), which constitute the majority of
the polar sites. The polymer chains are terminated by a small number of carboxylic end groups
(COOH) and amino end groups (NH). Since the number of strongly hydrophilic end groups is low
relative to the less-hydrophilic amide groups, the fiber exhibits low swelling in aqueous media, which
in turn makes dye penetration difficult [1-11].

The preliminary preparation of the fabrics was conducted at Nurel Tekstil. The greige fabrics
were initially processed through a Binaco Happy Scour continuous washing machine using Bianco
HS New detergent at 85 °C and a speed of 30 m/min. Subsequently, the fabrics were passed through
a stenter at 195 °C and 30 m/min. to ensure dimensional stability. Chemical agents were employed in
the dyebath to achieve a more uniform dyeing process. Specifically, a biodegradable detergent,
Bianco HS New, which is compatible with the dyebath and effectively removes impurities from the
fabric, was utilized in conjunction with a levelling agent.

Our dyed lace fabric contains four different polyamide yarns. It is more important for us to
observe that all fibers are dyed uniformly and closely together, rather than focusing solely on the dye
uptake of a single fiber. Our spectrophotometric readings, from which we obtained the K/S (Kind/S)
values, were taken from three different points, and the average values were used. It was observed
that the deviations were not significant.

Conventional dyeing experiments were conducted in a laboratory-scale, using Rapid Eco-Dyer
Laboratory Machine.

The acid dye selected for this investigation was C.I. Acid Blue 324, commercially known as Telon
Blue M-2R, supplied by DyStar (Germany). This dye possesses a molecular weight of 766.53 g/mol
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and was used as received with a purification. The chemical structure of the dye is depicted in Figure
1[12-16].
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Figure 1. Chemical Structure of Telon Blue M-2R (C.I. Acid Blue 324).

For pH control and adjustment of the dyebaths, analytical grade acetic acid (glacial, 99.8%) was
used to prepare appropriate buffer solutions.

2.2. Dyeing Procedures
2.2.1. Conventional Dyeing Methodology

Conventional dyeing experiments were conducted in a laboratory-scale. The dyebath was
prepared with a liquor ratio of 1:50. The dyeing process was initiated at a starting temperature of 30
°C. The temperature was then uniformly raised to the target dyeing temperature (50, 60, 70, 80, or 95
°C) at a controlled rate of 1 °C/min. The dyeing was maintained at the final temperature for a duration
of target reaction time (5-10-15-20-25-30 minutes) for comparative studies. Upon completion of the
dyeing duration, the fabric samples were immediately removed, thoroughly rinsed with cold
deionized water to remove any unfixed surface dye, and subsequently air-dried [44-65].

In addition, the effects of other reaction parameters such as pH (3, 3.5, 4, 4.5, 5, 6) and dye
concentrations (0.1%, 0.25%, 0.5%, 0.75%, 1%, 1.5%) on dyeing were investigated at a different
reaction times and conditions which are detailed in related sections [44-65].

2.2.2. Microwave-Assisted Dyeing Methodology

Dyeing experiments were conducted using a modified microwave oven (Milestone Start D
Microwave Digestion System). Dyeing baths were prepared in microwave-transparent 100 ml
capacity tubes to ensure uniform microwave energy absorption.

The dyebath was prepared using the same liquor ratio (1:50) and dye concentrations as in the
conventional dyeing protocol [44-65]. The microwave power was systematically varied and set to 160
W. The dyeing duration was varied from 30 to 270 seconds (0,5 — 4,5 minutes), depending on the
specific experimental conditions. Post-dyeing, the fabric samples were treated in the same manner as
the conventionally dyed samples, involving a thorough rinsing and air-drying process [16—-45].

Additional experiments were conducted to observe the effects of reaction time and reaction
temperature at a different conditions which are detailed in related sections [16-45].
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2.3. Analytical Procedures

2.3.2. Colorimetric Measurement

Dye uptake was determined by measuring the color strength in the fabric at predetermined time
intervals using a Data Color SF 600 spectrophotometer at the maximum absorption wavelength of
Telon Blue M2R (Amax = 630 nm). A calibration curve was established using known concentrations of
the dye.

Color strength (K/S value) of the dyed fabric samples was measured using a reflectance
spectrophotometer (Data Color 1000 spectrophotometer.) according to the Kubelka-Munk equation:

=00 0
s 2R
where R is the reflectance value at the maximum absorption wavelength [44-65].

The percentage dye exhaustion (Dye Exhaustion is proportional with K/S) was calculated using
the following equations:

% Exhaustion = @xlOO )
0
K/S (COC—_Ct)wa @)
0
E — (CO_Ct)XA (4)
S Co

where C, is the initial dye concentration and C, is the dye concentration in the bath at time t [44—65].

The time-dependent calculation of dye concentration (Ct) in water was determined by using
spectrophotometric measurements of the dye-water mixture and the proportionality of the K/S value
to dye consumption.The difference between the initial concentration and the dye concentration
remaining in the bath at time (t) gives the dye concentration absorbed by the fabric [44-65].
Additionally, a linear regression was performed between this value and the K/S value read by the
spectrophotometer to confirm the relationship of K/S value with the concentration. This conversion
coefficient (A) was determined to be approximately 15. This coefficient depends on the type of dye
and the initial dye concentration.

3. Results and Discussions

3.1. Conventional Dyeing
3.1.1. Effect of PH

Figure 2 and Table 1 show the relationship between the initial pH of the dye bath and the
resulting color strength (K/S) of the dyed material. The experiment was conducted under constant
conditions of time (20 minutes) and temperature (80 °C), with a dye concentration of 1% in
conventional media. The results, presented in Figure 2 and Table 1 clearly demonstrate a strong
inverse correlation between the initial dye bath pH and the resulting K/S value.

The data in Figure 2 and Table 1 show that the highest color strength was achieved at the lowest
initial pH of 3.0, while the lowest color strength was recorded at the highest initial pH of 6.0. This
represents a significant decrease of approximately 47.5% in color strength as the initial pH is
increased from 3.0 to 6.0.

The plot of K/S versus pH exhibits a distinct negative exponential relationship. As the pH
increases, the K/S value decreases sharply, particularly in the highly acidic range pH 3.0 to 4.0, before
the rate of decrease moderates at higher pH values (above 4.5).

Table 1. Effect of PH (Conventional Heating).

PH (in) KS (Color Strength)
3 24,4815
3,5 21,0672
4 18,2372
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4,5 15,9914
55 13,6445
6 12,8571

Conventional Dyeing Curve according to PH
30

25
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K/S (Color Strength)
[y
9)]

2.5 3 3.5 4 4.5 5 5.5 6 6.5
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Figure 2. Effect of PH (Conventional Heating).

The data shows a progressive decrease in K/S as pH increases, with the steepest decline
occurring between pH 3.0 and 4.0 (13.9% decrease per 0.5 pH unit). This indicates that the pH range
3.0-4.0 is critical for maximizing dye fixation on polyamide fibers. Poliamide fibers can be easily
degraded if exposed to lower pH for a long time. At the same time, the exhaustion of dye molecules
only triggers when kept at acidic pH [10].

3.1.2. Effect of Time andTemperature

The K/S value is a measure that indicates the color depth or dye uptake of a material The
Kubelka-Munk function is widely used in color science to quantify the color yield of a dye on a
substrate, where a higher K/S value indicates greater color depth or strength. [44-65].

The analysis were conducted to understand the effects of the different dyeing times and the
different temperatures at a pH 6-7 (without acid donor) and a dye concentration of 1%. The dye
samples at 1% concentration were heated to target temperatures (50 °C, 60 °C, 70 °C, 80 °C, and 95
°C). Figures 3 and 4 show the change in K/S values and dye concentration over time (minutes) for
five different temperatures. K/S values at 0, 5, 10, 15, 20, 25, and 30 minutes were measured for each
temperature. Generally, K/S values show an increase over time at all temperatures. As the
temperature increases, both the final level of K/S values and the rate of reaching saturation increase.
Analysis of conventional dyeing curves and dyeing data in Figures 3 and 4 and Tables 2 and 3 clearly
demonstrates that temperature and time play critical roles in K/S values and dyeing mechanism. At
the highest temperature of 95 °C, the fastest dye uptake and the highest final K/S values were
obtained.

Table 2. Effect of Time and Temperature on Color Strength (Conventional Heating).

K/S (Color Strength) 50 °C 60 °C 70 °C 80°C 95 °C
0 0 0 0 0 0

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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5 2,151 3,745 6,980 9,000 11,820

10 3,671 5,764 9,527 11,270 13,228

15 4,802 7,026 10,846 12,276 13,750

20 5,675 7,889 11,653 12,867 14,063

25 6,371 8,518 12,208 13,235 14,247

30 6,938 8,995 12,629 13,520 14,371

Table 3. Effect of Time and Temperature on Concentration (Conventional Heating).

Concentration (g./100 ml) 50 °C 60 °C 70 °C 80 °C 95 °C

0 0,01000 0,01000 0,01000 0,01000  0,01000
5 0,00824 0,00706 0,00535 0,00400  0,00212
10 0,00700 0,00548 0,00365 0,00249  0,00118
15 0,00608 0,00449 0,00277 0,00182  0,00083
20 0,00537 0,00381 0,00223 0,00142  0,00062
25 0,00480 0,00332 0,00186 0,00118  0,00050
30 0,00434 0,00294 0,00158 0,00099  0,00042

Conventional Dyeing Curves according to

Time/Temperature
16
—e—50
14 —e——9O oC
—o—60
12 °C
70
=10 :
E 80
® 8
& °C
E 6
=}
< 4
n
2
0
0 5 10 15 20 25 30

Time (minute)

Figure 3. Effect of Time and Temperature on Color Strength (Conventional Heating).

The rate of dye exhaustion is profoundly influenced by temperature. As the temperature
increases from 50 °C to 95 °C, the initial rate of dye uptake increases significantly. More importantly,
the time required to reach equilibrium is drastically reduced. For instance, the 95 °C curve shows a
near-complete exhaustion (minimal change in concentration) within the first 10-15 minutes, whereas
the 50 °C curve continues to show a measurable, albeit slow, decrease in concentration even after 30
minutes (Figure 4 and Table 3).
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Conventional Concentration Curve according to

Time/Temperature
0.0120 —e—50
°C
—0—60
0.0100 oC
= 70
; 0.0080 ¢
= ‘ 80
E °C
£ 0.0060
:
$ 0.0040
=
=]
o
0.0020
0.0000
0 5 10 15 20 25 30

Time (minute)

Figure 4. Effect of Time and Temperature on Dye Concentration (Conventional Heating).

3.1.3. Effect of Dye Concentration According to Different Temperatures

The dyeing process was initiated at a starting temperature of 30 °C to examine the effects of dye
concentration on the reaction. The temperature was then uniformly raised to the target dyeing
temperature (50, 60, 70, 80, 90 or 95 °C) at a controlled rate of 1 °C/min. Experiments were proceeded
in the pH 6-7 (without acid donor) and a reaction time of 10 minutes to investigate the effects of
different dye concentrations and temperature. Figures 5 and 6 and Table 4 illustrates the relationship
between color strength, dye concentration, and dyeing temperature for a conventional dyeing
process.

Table 4. Effect of Dye Concentration and Temperature (Conventional Heating).

Dye Concentration Temperature
50 °C 60 °C 70 °C 80 °C 90 °C 95 °C
0,10% 0,4150 0,7507 0,8659 0,9112 1,7994 1,9654
0,25% 2,3466 2,8823 3,5761 4,8436 5,1342 5,4248
0,50% 2,6333 3,5349 4,3872 6,5147 6,9551 7,1561
0,75% 2,9199 4,1874 5,1982 8,1848 8,7760 8,8873
1,00% 3,2066 4,8399 6,0092 9,5722 11,0113 11,2309
1,50% 3,7799 6,1449 7,6311 12,3470 15,4817 15,9181

For any given dye concentration from Figure 5 and Table 4, an increase in temperature from 50
°C to 95 °C results in a substantial increase in the K/S value. These data shows that the dyeing process
has a critical temperature zone where the mechanism of dyeing are dramatically accelerated.

The K/S value under these conditions is approximately 3.5 times greater than the value achieved
at the same concentration but at 50 °C. This underscores the synergistic effect where a high dye
concentration and high thermal energy (temperature) work in concert to maximize dye adsorption
and fixation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Conventional Dyeing Curves according to Dye Concentrations
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Figure 5. Effect of Dye Concentration at Different Temperature (Conventional Heating).

The Conventional Dyeing Curve presented in Figure 6 illustrates the relationship between
temperature and color strength (expressed as K/S values) for varying dye concentrations ranging
from 0.1% to 1,5%.

At all temperatures, higher dye concentrations result in higher K/S values, confirming that color
strength is concentration-dependent. However, the relationship is non-linear, especially at elevated
temperatures:

e At lower concentrations (0.1%), K/S values remain relatively low even at high temperatures,
indicating limited availability of dye molecules.

e Athigher concentrations (0.75% and 1,5%), K/S increases sharply up to 80-90 °C, after which the
rate of increase diminishes. This behavior suggests site saturation within the fiber, where
additional dye molecules contribute less effectively to color strength.

Notably, the 1,5% dye concentration exhibits the highest K/S values across all temperatures,
reaching a maximum of approximately 15,91 at 95 °C, confirming superior dye loading under these
conditions.

As observed, K/S values increase with rising temperature across all dye concentrations,
indicating enhanced dye uptake and fixation at elevated temperatures.

For all dye concentrations, an overall increase in K/S is observed as the temperature increases
from 50 to 95 °C. This trend can be attributed to several temperature-dependent phenomena:

Increased molecular mobility of dye molecules, which enhances diffusion from the dye bath into
the fiber structure. Fiber swelling at elevated temperatures, leading to greater accessibility of internal
dye-binding sites. The most pronounced increase in K/S occurs between 70 and 90 °C, particularly
for dye concentrations of 0.5%, 0.75%, 1% , % 1.5, suggesting that this temperature range represents
a critical transition where dye diffusion becomes significantly more efficient. Beyond 90 °C, the
increase in K/S becomes marginal, indicating an approach to dye saturation or equilibrium uptake.

3.2. Microwave Dyeing

3.2.1. Effect of PH

Table 5 and Figure 7 shows the relationship between the initial pH of the dye bath and the
resulting color strength (K/S) of the dyed material in microwave media. The experiment was

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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conducted under constant conditions of time (4 minutes) and temperature (80 °C), with a dye
concentration of 1% in microwave media. The primary objective is to identify the optimal pH range
for maximizing color yield in microwave media.

Conventional Dyeing Curves according
to Dye Concentrations

20 —o—Dye
~ 15 Concentration
= o
<, 0,1%
£ —o—Dye
‘g 5 /,_. Concentration
S oo 0,25%
Y ’ 40 60 80 100 Dye
> Concentration
Temperature (°C) 0,5%

Figure 6. Effect of Temperature at Different Concentrations (Conventional Heating).

Table 5. Effect of PH (Microwave Heating.

PH KS
3 25,0513
3,5 20,1982
4 18,2071
4,5 16,1967
5,75 13,3032
6,5 12,6054

Microwave Dyeing Curve
according to PH

N
9]

[
<

K/S (Color Strength)
. .
=} 9]

9]

=

2.5 3.5 4.5 5.5 6.5 7.5
PH

Figure 7. Effect of PH (Microwave Heating).
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The results from Figure 7 and Table 5 demonstrate a strong inverse correlation between the
initial pH of the dye bath and the color strength. The highest K/S value was achieved at the most
acidic condition tested pH 3.0 as in conventional media.

The K/S value decreases sharply from a maximum of approximately 25.0 at pH 3.0 to 12.5 at pH
6.5. This reduction of nearly 50% in color strength highlights the paramount importance of pH control
in the dyeing of polyamide fibers, particularly when using acid or metal-complex dyes [12-16].

The high K/S values achieved (up to 25.0) are indicative of a highly efficient dyeing process,
which is likely enhanced by the microwave environment.

e Accelerated Diffusion: Microwave heating provides rapid, volumetric heating, which can
significantly increase the molecular mobility of the dye and the segmental motion of the polymer
chains. This effectively lowers the energy barrier for the internal diffusion of the dye into the
fiber matrix, accelerating the overall dyeing rate and allowing for a higher equilibrium dye
uptake in a shorter time [16—45].

e  Synergistic Effect: The microwave energy acts synergistically with the optimal chemical
conditions (pH: 3- 6). While the acidic condition provides the necessary thermodynamic driving
force (electrostatic attraction), the microwave energy provides acceleration (enhanced diffusion),
resulting in the superior color strength observed[16—45].

Both conventional and microwave-assisted dyeing show a clear, inverse relationship between
pH and color strength. The K/S value is maximized at the lowest tested pH (pH 3.0) and decreases
sharply as the dyebath becomes less acidic. The optimal pH for maximum dye uptake remains
consistently at pH 3.0 for both conventional and microwave-assisted dyeing [10].

3.2.2. Effect of Time and Temperature

The analysis were conducted to understand the effects of the different dyeing times and the
different temperatures at a pH 6-7 (without acid donor) and a dye concentration of 1%.

Figures 8 and 9 and Tables 6 and 7 show the effect of temperature (50— 95 °C) on the measured
parameter over a 10 minute heating period. At all tested temperatures, the parameter increased
continuously with time, indicating a temperature-dependent process. However, the rate of increase
varied considerably with temperature.

Table 6. Effect of Time and Temperature on Color Strength (Microwave Heating).

K/S (Color Strength) 50 °C 60 °C 70 °C 80 °C 95 °C
0 0 0 0 0 0
1 1,399 3,085 2,892 8,308 11,530
2 2,559 4,330 5,134 9,710 12,418
3 3,521 5,280 6,870 10,637 12,968
4 4,319 6,077 8,216 11,347 13,374
5 4,981 6,778 9,259 11,931 13,697
6 5,530 7,411 10,068 12,431 13,967
7 5,985 7,991 10,694 12,869 14,199
8 6,363 8,530 11,179 13,262 14,403
9 6,676 9,036 11,555 13,618 14,586
10 6,936 9,514 11,847 13,944 14,751
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Table 7. Effect of Time and Temperature on Concentration (Microwave Heating).
Concentration (g./100 ml) 50 °C 60 °C 70 °C 80 °C 95 °C
0 0,01000 0,01000 0,01000 0,01000 0,01000
1 0,00904 0,00787 0,00813 0,00481 0,00256
2 0,00824 0,00701 0,00669 0,00393 0,00199
3 0,00757 0,00636 0,00557 0,00335 0,00163
4 0,00702 0,00581 0,00470 0,00291 0,00137
5 0,00656 0,00533 0,00403 0,00254 0,00116
6 0,00619 0,00489 0,00350 0,00223 0,00099
7 0,00587 0,00449 0,00310 0,00196 0,00084
8 0,00561 0,00412 0,00279 0,00171 0,00071
9 0,00540 0,00377 0,00255 0,00149 0,00059
10 0,00522 0,00344 0,00236 0,00128 0,00048
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Microwave-assisted dyeing is an advanced technique that utilizes electromagnetic radiation to
rapidly heat the dye bath and the substrate, leading to faster diffusion and reduced processing times
compared to conventional methods. The color strength, quantified by the Kubelka-Munk function
(K/S), is a critical parameter for evaluating the efficiency of the dyeing process.

Temperature Dependence: For any given time point, the K/S value is directly proportional to
the temperature. The 95 °C curve consistently yields the highest color strength, while the 50 °C curve
yields the lowest.

The initial rate of dyeing (the slope of the curve at t=0) is significantly higher at elevated
temperatures, particularly at 80 °C and 95 °C. The 95 °C curve exhibits a near-vertical rise in the first
minute, achieving a K/S of 11.530, which is approximately 8.2 times the value achieved at 50 °C (K/S
=1.399) in the same period.

Equilibrium/Saturation: All curves exhibit a characteristic trend of rapid initial uptake followed
by a gradual leveling off, suggesting that the dyeing process is approaching equilibrium exhaustion.
The saturation point is reached fastest and at the highest K/S value for the 95 °C process.

Dye exhaustion, the percentage of dye transferred from the bath to the textile substrate, is a
critical parameter in industrial dyeing, directly impacting color yield, process economics, and
environmental sustainability. Monitoring the dye concentration in the bath over time is the standard
method for determining the exhaustion rate. This analysis interprets the provided concentration data
to quantify the effect of temperature on the rate and extent of dye uptake in a microwave-assisted
system [44-65].

The data in Figure 9 and Table 7 clearly demonstrate the exponential relationship between
temperature and dye exhaustion. The analysis of the dye bath concentration data confirms the
superior efficiency of high-temperature microwave-assisted dyeing. The process at 95 °C achieves an
exceptionally high dye exhaustion of 95.2% in just 10 minutes, which is indicative of a highly
accelerated mass transfer process. This rapid and near-complete exhaustion is a direct result of the
thermal energy provided by the microwave, which enhances the diffusion coefficient of the dye
molecules and the swelling of the fiber structure. These findings underscore the potential of
microwave technology for developing fast, high-yield, and environmentally conscious dyeing
protocols.

The comparative analysis unequivocally demonstrates that microwave-assisted dyeing is
superior to the conventional method. The microwave process significantly accelerates the rate of dye
uptake, leading to substantially higher dye exhaustion in a fraction of the time required by the
conventional method. This efficiency is particularly pronounced at 95 °C, where the microwave
method achieves near-complete exhaustion 95.2% in just 10 minutes. The enhanced performance is
attributed to the rapid, volumetric heating characteristic of microwave energy, which facilitates faster
dye diffusion and fixation. These findings support the adoption of microwave technology as a more
time-efficient and environmentally favorable alternative for industrial dyeing applications.

3.2.3. Effect of Dye Concentration According to Different Times

The analysis were conducted to understand the effects of the different dyeing times and the
different concentrations at a pH 6-7 (without acid donor) and average temperature of 80 °C.

Table 8 and Figures 10 and 11 illustrate the relationship between dye concentration (% mg/100
ml) and color strength (K/S) for samples treated under microwave irradiation at different dyeing
times (0—4.5 minutes).

Table 8. Effect of Dye Concentration and Reaction Times (Microwave Heating).

Dye 0 0,5 1,5 2 25 3 35 4 4,5
Concentration minut minut minut minut minut minut minut minut minut
(mg/100 ml) % e e e e e e e e e

0,10% 0,0000 0,1578 0,1757 0,1936 0,4658 0,4733 0,4810 10,8172 1,0040
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0,25% 0,0000 02241 04348 0,7972 1,1874 1,3161 1,7015 12,1245 12,7051
0,50% 0,0000 03771 10,7977 1,1424 1,8702 12,2534 2,7197 3,4885 3,7910
0,75% 0,0000 04855 1,1910 1,6459 2,2296 2,9205 3,7077 4,5910 5,5706
1,00% 0,0000 0,6010 1,1376 11,7582 2,4080 3,0728 3,9831 5,4080 6,1228
1,50% 0,0000 0,8315 1,7471 11,9827 12,7649 3,3774 4,5340 7,0420 7,2272

Microwave Dyeing Curves according to Dye
Concentration

=)

|

—0— (0 minute

=2

—0— 0,5 minute

9]

1,5 minute
—0—2 minute

—8—2,5 minute

w

—0— 3 minute

K/S (Color Strength)
-

(]

—0— 3,5 minute

—

—0—4 minute

® PS —8—4.,5 minute
1.5 2.5 3.5 4.5 5.5
% Dye Concentration (mg/100 ml)

=}

S
n

Figure 10. Effect of Dye Concentration at Different Reaction Times (Microwave Heating).

Microwave Dyeing Curves according to Dye

Concentration

8

7 —e—Dye Concentration
- (%0,1)
=6
20 —o—Dye Concentration
£S5 (%0,25)
cf 4 Dye Concentration
2 (%0,5)
¢ 3 Dye Concentration
22 (%0,75)

1 —o—Dye Concentration

(%1)
0 —o—Dye Concentration
0 1 2 3 4 5 (%1,5)

Time (minute)

Figure 11. Effect of Reaction Time at Different Concentrations (Microwave Heating).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0485.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 January 2026 d0i:10.20944/preprints202511.0485.v2

14 of 19

Overall, the results demonstrate that both dye concentration and microwave dyeing time have
a significant positive effect on color strength. For all microwave exposure times, the K/S values
increase with increasing dye concentration. This trend indicates that higher dye availability in the
dye bath leads to greater dye uptake by the material, resulting in enhanced color strength. However,
the increase is non-linear, suggesting a gradual approach toward saturation at higher concentrations.

At a fixed dye concentration, increasing the microwave treatment time markedly increases the
K/S values. Short dyeing times (0-1.5 minutes) result in relatively low color strength, while longer
times (3—4.5 minutes) produce substantially higher K/S values. This behavior can be attributed to the
enhanced molecular mobility and diffusion of dye molecules under microwave heating, which
promotes more efficient dye—fiber interactions.

The highest color strength is observed at the combined condition of high dye concentration and
prolonged microwave exposure (4—4.5 minutes). This indicates a synergistic effect, where microwave
energy accelerates dye penetration and fixation, particularly at higher dye concentrations.

The data suggest that microwave-assisted dyeing is an effective method for achieving high color
strength in relatively short processing times. Optimizing microwave exposure time can reduce
energy consumption while maintaining or enhancing dyeing efficiency.

The results in Figures 10 and 11 and Table 8 clearly demonstrate that both dye concentration and
microwave exposure time have a pronounced effect on dye uptake. For all dye concentrations studied
(0.1-1.5%), the K/S values increase monotonically with dyeing time, indicating progressive
adsorption and fixation of dye molecules onto the substrate. A rapid increase in K/S is observed at
the early stages (0-2.5 min), followed by a more gradual rise at longer times.

At any given dyeing time, K/S values increase systematically with increasing dye concentration:

K/S1 50, > K/S1.0095 > K/Sg.7505 > K/Sg.500 > K/Sg 250, > K/Sg 195

This trend confirms that higher initial dye concentrations provide a greater driving force for
mass transfer, leading to enhanced dye uptake. The effect is particularly pronounced under
microwave conditions, where volumetric heating promotes:

e  Faster dye diffusion
e Improved fiber swelling
e Increased accessibility of internal binding sites

At higher concentrations (=0.75%), the K/S values increase sharply after 3 minutes, suggesting
that microwave irradiation effectively overcomes diffusion limitations that are typically observed in
conventional dyeing processes.

3.3. Fastness Properties

Color fastness tests were performed according to ISO standards for fabrics dyed with Telon Blue
M2R at a 1% dyeing concentration using the conventional method (95 °C, 30 min) and microwave-
assisted method (10 min). Washing fastness tests were performed according to ISO 105 C06 B1S
method, acidic and alkaline perspiration fastness tests were performed according to ISO 105 E04
method and water fastness tests were made according to ISO 105 E01. Dry/Wet Rubbing Fastness
tests were made according to ISO105X12. Fastness properties were evaluated according to ISO 105
A02 and ISO 105 A03 method with grey scale in light cabinet.

Table 9. Fastness Properties (1% Conventional and Microwave Methods).

Washing . Dry/Wet
Alkaline Water
Dyeing Fastness Acidic Persp. Rubbing
Persp. Fastness
Method [ISO105C06  [ISO 105 E04] Fastness
[ISO 105 E04] [ISO 105 E01]
B1S] [ISO105X12]
3/4 4 3/4 4 4/5 - 4

Conventional
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Microwave 3/4 4 3/4 4 4/5 -4

Similar test results were observed in the washing, acidic and alkaline perspiration, water and
rubbing fastnesses applied according to ISO standards to fabrics dyed by conventional and
microwave methods.

3.4. Role of Microwave Irradiation

Compared to conventional thermal dyeing reported in the literature, the observed dye uptake
occurs within remarkably short dyeing times (<4.5 min). This enhancement can be attributed to the
specific effects of microwave irradiation, including:

¢ Rapid and uniform heating of the dye bath and substrate
¢ Dipole rotation and ionic conduction effects
¢ Reduced thermal gradients within the fiber matrix

These factors collectively accelerate dye—fiber interactions and improve fixation efficiency. The
experimental results demonstrate that microwave-assisted dyeing enables:

e  Fast color development
e  High color strength at short processing times
e  Efficient utilization of higher dye concentrations

Such characteristics make microwave-assisted dyeing a promising approach for energy-efficient
and time-saving textile coloration processes.

4. Conclusions

Comprehensive comparative study was conducted on the acid dyeing of PA-6 fabric,
systematically evaluating the performance of conventional heating against the innovative
microwave-assisted technique using C.I. Acid Blue 324. This investigated the mechanism of acid
dyeing of water 6 (PA6) fabrics, providing a detailed comparison between microwave-assisted
heating and conventional dyeing methodologies. The investigation analyzed the influence of key
parameters pH, temperature, dyeing time, and dye concentration on the resulting color strength
(K/S).

The study confirmed that the conventional dyeing process adheres to established principles,
with the highest dye uptake achieved at the most acidic condition (pH 3.0) and the highest
temperature tested (95 °C). However, the process is inherently time consuming, requiring a duration
of 30 minutes to achieve maximum color yield, which is a significant factor in industrial throughput
and energy consumption.

The findings clearly demonstrate that the microwave-assisted method provides a robust
scientific basis for developing faster, more energy-efficient, and more sustainable dyeing protocols in
the textile industry.

Key Findings are as below.

Effect of pH: In both dyeing methods, the optimum pH value for maximum dye uptake (K/S
value) was determined to be 3.0. This confirms the critical importance of an acidic environment to
maximize the ionic interaction between the protonated amino groups in the PA6 fiber and the dye
molecules.

Conventional Dyeing: In the conventional method, dye uptake increased proportionally with
time and temperature, with the highest K/S values obtained after 30 minutes of dyeing at 95 °C. This
indicates that the rate-determining step of dye diffusion and fixation is dependent on thermal energy.
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Microwave-Assisted Dyeing: The microwave-assisted dyeing method provided a remarkable
acceleration in the dyeing time. Thanks to the dielectric heating mechanism (160 W), the time required
for dye uptake was drastically reduced compared to the conventional method (seconds instead of
minutes).

Acknowledgments: The authors would like to thank Nurel Tekstil, Bursa, Turkey, for kindly supplying the
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