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ABSTRACT
Natural dyes offer a sustainabl i hetic dyes, addressing environmental concerns
in textile production. Curgg eing and finishing stages typically consume large amounts
of water, energy, and chéig sustainability, a microwave-assisted dyeing process
using chitosan and ract has been developed for cotton fabrics. This process
was optimised us urface Methodology and Box-Behnken Design to minimise
lightness (L* o[8ur difference (AE). The optimal conditions include a radiant
power of 5544 ation time of 7.10 min, and a chitosan concentration of 0.80%. These

hiRess value of 62.04, a colour difference of 35.36, and a desirability

otton samples treated under these conditions exhibited superior
cd to conventional methods, with ratings of 4 (good) for washing, 4-5
t) for lightfastness, and 4-5 (good to excellent) for perspiration. The
le ranges from 1 (very poor) to 5 (excellent), indicating the level of resistance
lour change. This study demonstrates the eco-friendly and efficient potential of
e-assisted dyeing with chitosan, promoting sustainable textile practices.
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INTRODUCTION

The utilisation of natural dyes as replacements for synthetic counterparts in the textile sector
is progressively burgeoning, driven by the goal of mitigating environmental consequences by
adopting secure and suitable alternative materials [1]. Natural dyes derived from renewable
sources, like plants, algae, and fungi, are valued for their biodegradability, lack of toxicity and
carcinogenicity, and environmental compatibility. For example, Lawsone from henna offers an
environmentally sustainable alternative to synthetic dyes, as it does not require costly effluent
treatment systems [2]. Similarly, a dye derived from green algae is biodegradable and free from
harmful chemicals, making it a sustainable choice for textile industries [3]. The fungus
Talaromyces verruculosus also produces a natural pigment that is non-cytotoxic and safe for
use, providing an eco-friendly dyeing solution [4]. Furthermore, methylating br
second wood with dimethyl carbonate (DMC) enhances its colour stability ang
pH changes, while DMC’s environmentally benign properties align with sustai
principles [5]. Other source of natural dyes are banana plants, which are clagsif

comprises
chromophore compounds potential as natural dyes, including condg aiigg? flavonoids,

anthraquinones, and anthocyanins, rendering it a viable opi# unctional textile
applications [6]. The findings further validated that BFS can JiorMuedNt colour strength
(K/S =0.71) in cotton fabric [7].

Another concern for natural dyes is the weak adhere {abrics. For example, the

most famous natural fibre, cotton, has a high dggegy of atively charged groups from

it di¥ficult to dye with natural dyes

[8]. Natural dyes in aqueous solutions ar N hese charges, resulting in weak
colourfastness and poor colour absorptj @fOus techniques, including surface
modification using metal and biologic been carried out to enhance cotton
fabric dyeing performance [8]. Amo i ical mordants, such as chitosan, are used

to modify the surface of cot i its affinity for anionic dyes. Chitosan
polysaccharides are highly re d afhong natural materials due to their distinctive
chemical and biological feg eir accessibility to industrial applications [10].
Silk fabrics coloured wit ordifolia L. colours using the pad-dry method and
treated with chitosan r colourfastness of 5 (outstanding) to wash, rub, and
light [11]. This cation nique will be applied in the dyeing process for BFS on cotton

applying safe radiation technology to the environment is being
yma radiation at 30 kGy enhances the dyeing affinity of cotton fabric
1201d, improving colour strength and fastness, particularly when tannic
-mordant and copper as a post-mordant [12]. Similarly, electron beam

radiation also improves lutein uptake, increasing colour strength and fade
especially when applied for 90 min under optimal conditions [14]. Additionally,
plasma treatment enhances fabric properties, including antibacterial activity, while reducing
the use of hazardous chemicals, contributing to more sustainable dyeing processes [15].
Furthermore, microwave radiation in linen dyeing with natural lac optimises processing by
reducing both time and energy consumption, offering a safer and more eco-friendly alternative
to conventional heating methods [16]. Among these techniques, microwave irradiation, not
only for surface modification but also for the dyeing process simultaneously, provides
numerous benefits owing to its uniform heating, low cost, short processing time, and low
energy consumption with mass transfer dynamics [17]. Recent research indicates that
combining natural dye from the insect Laccifer lacca with microwave heating is effective for



linen dyeing, lowering dyeing time to approximately 7 min while ensuring sufficient
colourfastness and conserving energy [16]. Stimulation of dyeing with microwave assistance
for 4 min yields excellent colour strength [18]. Another study used microwave heating to dye
reactive dye and get a fixing duration of 3 min yielded superior results [19]. Furthermore, the
microwave method completes the fixation stage in just 3 min, unlike the conventional
technique, which takes 45 min to complete the process. Additionally, the colour strength of the
samples dyed using the microwave method was greater than that of those dyed via the
conventional method [19]. The prospective microwave dyeing combined with chitosan
cationisation should enhance the adherence of the BFS on cotton fabrics. The process will be
optimised by a statistical approach, specifically the Design of Experiments (DoE) approach
with Response Surface Methodology (RSM).

Response Surface Methodology is instrumental in constructing empiric els,
optimising processes, and analysing interactions among numerous factors to g

outcomes [20]. With Box-Behnken Design (BBD), RSM enhances efficiency the
concurrent optimisation of many process variables, thus minimi er of
experimental trials needed when compared with other RSM techniqiig entral
Composite Design (CCD) [21]. The absence of corner points @ B, avglds extreme
conditions, especially in the dyeing process using the microwaye! hnifque has been
successfully implemented in industrial-scale optimisation of @riou parameters [22].
To the best of our knowledge, there have been no repo, wifegicrowave and chitosan
on cotton dyeing with banana (Musa paradisiaca var. Nip dtract. In the present study,
the BBD was employed to refine the cotton dyeing proces which the variables of radiant

d to attain optimal lightness
levels and colour differences. Furthermore, a N sessment of treated and untreated
cotton samples was performed to evaluate di

MATERIALS AND METHODS
This section provides a compreh@nsive de tion of the methodology employed in this
study. The process begins with al dyes, followed by applying chitosan to fabric

samples. The dyeing process, a ity timization, is then carried out. Afterwards, the
samples are analysed using Tragsform Infrared Spectroscopy (FTIR) and Scanning
Electron Microscopy (

the samples is cond idin@®a thorough assessment of the effects of the treatments
applied.
Materials

Plain _108% cott ic (96 g/m2) was supplied by PT. Primissima, a Special Region of

s purghased from the local online market. Banana (Musa paradisiaca var. Nipah)
ected as a natural dye source and were gathered from Sungai Kakap,
sia, indigenous habitat. Chitosan (CssHi03NoO39) with medium molecular
r analysis, CAS number 9012-76-4), acetic acid (CH3:COOH) (Merck for analysis
, CAS number 64-19-7), and non-ionic detergent Triton X-100 (CisH2602) (GR for
analysis, CAS number 9036-19-5).
Dye extraction
A crude bio-source extract was formulated by boiling 50 g of banana (Musa paradisiaca var.
Nipah) floral stem powder with 1000 mL of distilled water. The extract was then heated at 60 °C
for 60 min, followed by filtration, and the resulting extracted material was preserved for
subsequent dyeing procedures.

Chitosan treatment



Before dyeing process, a clean cotton fabric (5 cm % 10 cm) was washed using non-ionic
detergents was impregnated for 1 h in a solution containing 0.5-1% (w/v) of chitosan and 1%
(v/v) of acetic acid in distilled water, then padded 100% wet pick up with a padder by a pad-dry-
cure method, dried at 80 °C for 5 min, and cured at 120 °C for 3 min.

Dyeing process
The dyeing process was conducted in a laboratory-based domestic microwave oven
(Electrolux, model EMM2308X, with an output power of 800 W operating at 2450 Hz). The

Fourier Transform Infrared Analysis

The functional groups present in irradiated cotton, non-irradi
chitosan-treated cotton were identified using Attenuated Total Jgfl8
Infrared (ATR-FTIR) spectroscopy using Thermo Scientific @ i

cm ! and a spectral range of 4000—550 cm ™!
iat&g cottOywas analysed using a scanning

The surface morphology of irradiated and non-iffidiat
electron microscope (SEM) JEOL JSM-6510L A#8petging 4
e

itosan, and
ourter Transform
i a resolution of 4

Scanning Electron Microscopy

Experimental design

The experimental design and statisigeal respgns ysis were conducted using the statistical
software Design Expert 13.0 (Stat-E@se, Minnedgplis, USA) to obtain optimal radiant power,
radiation time, and chitosan co trafign valables that yield the lowest lightness and highest
colour difference. The Box ig®, an RSM tool, optimised those three process
faci@rs represents the independent input parameters, their

lated in Table 1. The statistical software IBM SPSS
nited States) was utilised to evaluate the difference between
or experimental values by an independent-sample t-test for
Lightness and colour difference were designated as the

Statistics (IBM Co.,
the predicted val
lightness and cd
correspondi

n n n (1)
Y =pBo+ Z,BiXi + Zﬁiixiz + Z BijXiX; + €
i=1 i1 1575

Here, Bo, Bi, Pii, and Pjj represent regression coefficients; X; and Xj are coded independent
variables; Y is the response of lightness and colour difference, and ¢ is the model error.

Table 1. Experimental factor range

Code Factors Actual Factors Unit Low level  High Level

A Radiant power Watt 100 800

B Radiation time min 1 12
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Dyeing assessment
The colour analysis of the cotton fabri®safyples agcaffl stage was conducted. The optimisation
of three parameters of dyeing (radiarfi’ pOtwer, fadiatidon time, and chitosan concentration) used
lightness values from colour cogpdi ent, especially lightness (L*) and colour
difference (AE) as responses. THE Colguh HFBTE AMT516 was used to measure CIE L*,

a*, and b* parameters. L* 1 e level of lightness, a* ranges from redness to greenness,
and b* ranges from yellow " The values of AE mean the colour difference between
the sample and refereg areaghe treated cotton and untreated cotton fabric. The colour
difference (AE) was o sing Eq. (2):

= (AL)? + (Aa)? + (Ab)? @)

bs) and colour strength (K/S) of some selected dyed cottons were measured

UV-2401-PC Spectrophotometer. The Kubelka-Munk in Eq. (3) was
ute the colour strength value. Further, the colour fastness of the dyed cotton is
ternational Standards, utilising the grey scale for colour change and staining, rated
1 to 5. A grey scale value of 1 indicates very poor fastness, while a rating of 5 signifies
excellent tastness [23]. The dyed cotton samples were tested under ISO 105-C10:2006, ISO 105-
B01:2014, and ISO 105-B07:20009 to assess wash fastness, light fastness, and perspiration fastness
levels with colour changes assessed. The schematic illustration of the methodology is expressed
in Figure 1. The colour strength (K/S) was obtained using Eq. (3):

K_ (1-R)’ G)

S 2R

where K/S is the ratio of diffusion coefficient and reflectance coefficient and R is the reflectance
coefficient.
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RESULTS AND DISCUSSION

This section begins by demonstrating the effects of chitosan and the dyeing process assisted
by microwave radiation on the colour coordinate values (L*a b), colour difference (AE), colour
strength (K/S), and absorbance (Abs) of dyed samples. Subsequently, optimization is
conducted to determine the optimal values of radiation power, radiation time, and concentration
used in the dyeing process, along with its mathematical model, followed by experimental
validation. The section concludes with the evaluation of the colour fastness of both treated and
untreated samples towards wash, light, and perspiration.

Effect of chitosan and microwave-assisted dyeing treatment

The cotton fabrics were subjected to chitosan treatment through the pad-dry-curgffhethod to
impart a cationic charge, facilitating dyeing with banana (Musa paradisiaca va
stem dye without requiring metallic mordants. The infrared spectrophotometer [ ed to
determine the functional groups of the cotton samples and confirm the modj
surface with chitosan. The spectra of cotton fabrics, chitosan, and chitosa
are presented in Figure Al. After the dyeing process, the cotton i ere cjaluated and
compared between microwave dyeing and conventional dyeing. Fig s tl

on before dyeing
“Wbhis is indicated by the
otton fabrics with higher

high absorbance value in Figure 2. Greater dye absorption
absorbance levels [24]. Conversely, dyeing treatmeggmging

ntional dyeing
icrowave dyeing
chitosan-conventional dyeing

chitosan-microwave dyeing

1.2

0.0+ T
350 400 450 500 550 600 650 700 750 800

Wavelenght (nm)
ig Y Absorbance spectra of the dyed cotton with conventional dyeing, microwave dyeing,
entional dyeing with chitosan-coated, and microwave dyeing with chitosan-coated
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4
L7
OO

Sample L* a* b* AE
-

Cotton fabrics 92.84 0.77 -2.28 — |
Cotton dyeing with 1 g 4 55 1 0s 2541 0.25
conventional dyeing
Cotton dyeing with 7 35 533 N 14558 M4 044 028
microwave dyeing
Chitosan-coated
with  conventional 14 3674 086 0.42
dyeing
Chitosan-coated
with  mi 877 1477 3862 143 0.52
dyeing

at the dyeing of cotton fabrics treated with chitosan shows better colour
strength, and colour absorption ability than untreated cotton fabrics. This
attehitosan aids in absorbing and retaining the colours of banana flower stem extracts
brics. Lower L* values suggest that the sample darkens relative to the control sample.
Table 2 revealed that the presence of chitosan in dyed fabrics reduces lightness (L*) while
simultaneously increasing colour difference (AE), colour strength (K/S), and absorbance (Abs)
values. The colour strength (K/S) value of the dyed material exhibits a direct relationship with the
dye concentration within the material [23]. Chitosan-coated cotton fabrics exhibit a higher K/S
value than uncoated cotton. Amino groups of chitosan that are slightly protonated in acidic
environments may enhance the immobilization of chitosan molecules onto cotton via electrostatic
attraction [25]. Figure 3 illustrates the possible mechanism of dye adherence to cotton coated with
chitosan. The diverse functional groups in the cotton, chitosan, and dye structures allowed an
electrostatic force among the three [26].

Journal of Sustainable Development of Energy, Water and Environment Systems 7



Table 2 also demonstrates that chitosan-coated cotton dyeing assisted by microwave
irradiation yields superior results, with the lowest lightness value and the highest colour difference
and colour strength (K/S). Microwave-assisted heating is a more efficient method for chemical
reactions, significantly reducing reaction times. This method directly heats the reaction mixture,
providing uniform temperature throughout the system [27]. Unlike conventional heating,
microwave irradiation heats materials volumetrically, which only affects the surface. Polarised
molecules, such as water, reorient with the changing electromagnetic field, generating heat
through friction and facilitating dye penetration into the fabric. The microwave heating rate and
dye fixation reach equilibrium at a specific point, optimising dye adherence to the fabric and
producing superior colour depth in a shorter time than conventional methods [16]. The

impact on the chemical structure of cotton fibres as also observed by [
of cotton fabrics also displays no differences, as examined usin
(SEM) in Figure A3.

Microwave-assisted dyeing provides significant envir:
including reductions in water, chemical, and energy
friendly dyes [31]. When compared to other radiatiog-base ing methods, such as ultrasonic
and UV radiation, microwave-assisted dyeing off€ perioNgfficiency and environmental
benefits. This method reduces dyeing time, lo c consumption, and enhances colour
strength and durability [32]. Microwave-asgi 11 ore time-efficient than ultrasonic
dyeing, while UV radiation is typically rgéfg
industrial-scale implementation of nmy

large volumes of fabric [34].
efficiency and product quality.

Model fitting and statisti

Significant proces§t gables’(A) radiant power, (B) radiation time, and (C) chitosan
concentration weggsel
Box-Behnken apg
dyed samp 3
experimegts§lightne

ginimising lightness (L*) and maximising colour difference (AE) of
Box Behnken Design generated a total of 27 experiments. All
and colour difference (AE) are presented in Table 4.

e 3. Independent variables and levels according to Box-Behnken

Levels
Variables
-1 0 1
Radiant power 100 450 800
Radiation time 1.0 6.5 12.0
Chitosan concentration 0.50 0.75 1.00

Analysis of variance (ANOVA) was employed to assess the significance of the factors and
their interactions with the response. P-values below 0.05 indicate the statistical significance of the



model and its terms. Insignificant interactions were eliminated through a model reduction in this
study to enhance the model. Table 5 demonstrates that the model is adequate for exploring the
design space. The significance of the interaction terms (AB, AC, BC) indicates whether a
meaningful interaction effect exists between the two dependent variables. In this case, the
ANOVA model results indicate that A, B, C, AB, A2, B?, and C? are significant model terms as
the "Prob > F" values are less than 0.05. This table also confirmed that only the interaction
between A and B is significant. This implies that the relationship between term A and the
responses L* or AE is influenced by term B, or remains constant across different levels of the
other term B. Similarly, the significance of the quadratic terms (A2, B2, C?) suggests the presence
or absence of a significant quadratic relationship between the variables (A, B, C) and the responses

removing insignificant terms).

Table 4. Experimental design of the proce

A: Radiant B: Radiation Response 2:
. nse 1
Sample power time Lightness Colour
[W] [min] difference

1 450 6.5 . 36.52
2 450 6.5 61.71 35.26
3 100 6.5 . 69.28 28.17
4 450 1.0 69.44 28.22
5 800 12.0 75 66.28 32.01
6 100 1.0 68.64 29.41
7 450 0.75 60.31 36.57
8 800 0.75 63.17 35.85
9 800 0.5 68.63 28.30
10 450 5 0.75 62.17 34.68
11 45 . 0.75 62.32 34.60
12 4 .5 0.75 63.86 33.20
13 6.5 0.75 63.39 33.83
14 450 12.0 0.5 65.34 32.23
15 00 12.0 0.75 65.56 32.87
1 6.5 0.75 63.92 3341
17 1.0 0.75 71.22 26.06
450 1.0 1.0 66.68 30.87

19 450 6.5 0.75 62.71 35.84
20 450 6.5 0.75 61.24 35.96
21 450 12.0 1.0 65.30 32.23
22 450 6.5 0.75 63.85 33.73
23 450 6.5 0.75 60.87 36.73
24 800 6.5 1.0 63.70 33.68
25 450 6.5 0.75 61.36 35.87
26 450 6.5 0.75 62.74 35.05
27 450 6.5 0.75 64.79 32.52

Lightness (L*) = 62.42-1.62A-1.00B-1.05C+2.19AB + 2.51A% + 1.63B? + 2.64C* “4)



Colour difference (AE) 5)
= 34.92 + 1.67A + 1.04B + 1.16C-2.67AB-2.11A%* — 1.11B% — 2.92C*

where A is the radiant power of the microwave, B is radiation time, C is the chitosan concentration,
and AB is the interaction between the radiant power and the radiation time of the microwave.
The regression coefficients (R?) for the two responses (lightness and colour difference) are
0.8524 and 0.8374, respectively, indicating that only 0.1476% (lightness) and 0.1626% (colour
difference) are not explained by the model due to errors. The predicted R? and adjusted R? values
for lightness and colour difference are 0.7981 and 0.6823 and 0.7776 and 0.5830, respectively
(Table 6). The predicted R? agrees with the adjusted R? for lightness and colour differ, i

probability plot of the residuals. The assumption of normality was co
closely followed a linear correlation for both lightness and colour di
simplified quadratic model is reliable for the selection process
in the actual versus predicted lightness (Figure 5a) and coeu

Therefore, this relationship between experimental responsé @

Source Mean square p-value
L* AE L* AE
Model 2791 26 <0.0001 <0.0001 Significance

A-Radiant power 20.87
B-Radiation Time 8.06
C-Chitosan

0.0028 0.0030
0.0467 0.0467

. 8. 4.92 5.58 0.0390 0.0290
Concentration
AB 10.80 14.77 0.0039 0.0011
A? 17.27 11.30 0.0005 0.0033
B? . 7.34 3.14 0.0139 0.0927
C? 41.81 19.15 21.72 0.0003 0.0002

2.26 0.99 1.25 0.4562 0.3386  Insignificance

Lack of Fi Q
Table 6. ANOVA results of fit statistics
easuring item Lightness AE
d. Dev. 1.33 1.39
Mean 64.43 33.10

CV.% 2.07 4.19

R? 0.8524 0.8374
Adjusted R? 0.7981 0.7776
Predicted R? 0.6823 0.5830

Effects of dyeing parameters on lightness and colour difference

Figure 6 illustrates how both radiant power (A) and radiation time (B) influence the lightness
and colour difference of dyed samples. Eq. (4) and (5) were employed to simplify the plotting of
response surfaces, with two variables represented simultaneously while the third variable
remained constant at a specified value within each graph. The figure demonstrates that higher



radiant power and longer radiation times directly correlate with increased colour differences and
decreased lightness. An increase in radiant power and radiation time decreases the lightness value
and increases the colour difference value until reaching the optimum power of 554.12 W and
radiation time of 7.10 min. This relationship is attributed to the rise in system temperature as
radiation time extends. The elevated temperature enhances the diffusion of dye substances, leading
to more significant fibre swelling in cotton [37]. In low temperatures, the quantity of dye absorbed
is small, leading to a diminished value of colour difference. At elevated temperatures, more dye
molecules rapidly migrate to the surface from the dye bath and permeate the fabric through the
open pores of the cellulose material, resulting in a higher colour difference value. The solubility
of the dye, the rate of dye absorption, and the absorption of the dye are all improved at elevated
temperatures, leading to accelerated diffusion of dye molecules into the fabric throug#its open
pores, yielding a higher colour difference value [23].

Normal Plot of Residuals Normal Plot of Residuals
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Figure 5. The actual versus predicted plot for (a) Lightness responses and (b) AE responses

On the other hand, further increases in power (>554.12 W) and radiation time (>7.10 min)
have the opposite effect. Increased microwave power and radiation time cause more significant
damage to the natural dye matrix, and intense absorption of microwave energy leads to a swift



Melati, H. A., Wahyuningsih, T. D., et al. Year 2025
Sustainable Cotton Dyeing with Banana Floral Stem Extract... Volume 13, Issue 3, 1130576

temperature rise within the dyeing vessel [38]. Increasing radiant power and radiation time
accelerates temperature rise, leading to dye molecule degradation. The decline in colour difference
values beyond a specific dyeing temperature (more than 80 °C) may be attributed to the desorption
of dye molecules upon attaining equilibrium at this temperature, leading to diminished dye
absorption and, consequently, reduced colour difference values [23]. The chromophore compound
from banana floral stem extract is significantly retained within the cellulose matrix at 80 °C, which
expands the cotton pores, facilitated by the attractive interactions between the cellulose of cotton
and the chromophore anchoring sites. Nonetheless, elevating the temperature beyond 80 results in
the hydrolytic destruction of the chromophore compound of banana floral stem extract [7].
Insufficient heating levels fail to expedite the movement of dye molecules toward the changed

energy of the dye substances and the breakdown of dye aggregates occur at higft tegap&ratures
[39]. In the microwave mechanism, internal electric fields are produced through [
energy with substances at the molecular level. This ability converts electr @&y into
thermal energy within the irradiated material [40].

Lightness

Color Difference

Actual Factor ~~
: Chitosan Concentration = r.SD

—
—

5.4 400
B: Radiation Time (minutes)

5.4 —
B: Radiation Time (minutes) 22

(b)

Figure 6. Resp S tSshowing the effect of each significant parameter on (a) Lightness
and (b) AE responses of dyed samples

300
3.2 200 A: Radiant Power (Wat!
1100

on of the model
itions for dyeing cotton fabrics with banana floral stem extract were
Expert on the optimisation function. The study aims to discern the variance

specificd™ange. The findings are outlined in Table 7. The optimisation results indicated that the
optimal conditions for dyeing were achieved at a radiant power of 554.12 W, radiation time of
7.10 min, and chitosan concentration of 0.80% with 0.856 desirability. According to Design-
Expert 13.0, the ideal expected values for minimum lightness are approximately 62.04, and the
maximum colour difference is approximately 35.36.

Table 7. Optimised conditions for obtaining the lowest lightness (L*) and the highest colour

difference (AE)
Name Goal Lower Limit  Upper Limit  Optimum
A: Radiant power in range 100 800 554.12

Journal of Sustainable Development of Energy, Water and Environment Systems 12



B: Radiation time in range 1 12 7.10

C: Chitosan concentration in range 0.5 1 0.80
Lightness (L*) minimise 60.31 71.22 62.04
Colour difference (AE) maximise 26.06 36.73 35.36

Cotton fabric samples were arranged under the optimised conditions to validate the
experimental model. Table 8 shows that the predicted lightness and colour difference are closely
aligned with the experimental or exact values, further validating the experimental model's
accuracy. The predicted values exhibit significant agreement with the exact (experimental) values
and are deemed statistically insignificant, with p > 0.05. The values for prediction data exhibit

value (p > 0.05)
Microwave-assi
Dependent variable dyeing
Predicted
Lightness (L*) 62.04
Colour difference (AE) 35.3

Colourfastness properties
This study assessed the quality of d ec fabric via a colourfastness test for

e colour change with a colour change

standard. Proven standards include t i by the International Standards Organisation
(ISO), including a grey scale for ing colpur change in cotton samples. Table 9 presents the
colourfastness values of cotton Ygbri ing conventional and microwave methods, both
with and without chitosan n aqueous extract from a banana (Musa paradisiaca

var. Nipah) floral stem. ge of colourfastness properties is shown in Table Al,
Table A2, and Tabl ofton 1aWrics treated with chitosan exhibit good wash, light, and
perspiration fastne bring between 3—4, 4-5, and 4-5 on the grey scale, respectively,

with 5 being the
poor wash 1
coated with

. In contrast, cotton samples without chitosan treatment exhibit
® The highest colourfastness is achieved when the cotton fabric is

ventional dyeing methods and microwave-assisted dyeing on chitosan-
pth microwave assistance resulting in slightly better results. This improvement
to the ability of microwave radiation to modify the fabric surface, enhancing the

of a microwave-assisted process for cotton dyeing. The results highlight the effectiveness of
microwave irradiation and chitosan in improving colour difference, colour strength, and the
colourfastness of cotton fabrics dyed with banana floral stem extract.

Table 9. The colourfastness properties of dyed cotton

Samples Wash fastness Light fastness Perspiration
(ISO 105-C10:2006) (ISO 105-B01:2014) (ISO 105-B07:2009)
Conventional dyeing 1-2 4-5 2

Microwave dyeing 1-2 4-5 2



Conventional dyeing with 34 4-5 4-5
chitosan-coated
Microwave dyeing with 4 4-5 4-5
chitosan-coated

Note. 1-2 (very poor to poor), 2 (poor), 3—4 (fair to good), 4 (good), 4-5 (good to excellent)

Based on the literature, the aqueous extract of BFS (Musa sapientum) contains several
compounds, including condensed tannin, flavone, anthraquinone, and anthocyanin, contributing
to its dyeing properties. Among these, flavone and anthraquinone showed stronger exhaustion and
fixation on cotton than tannin and anthocyanin. Tannin, with its higher molecular weight,
exhibited lower fixation after dyeing and washing. The better fixation of flaygnes and
anthraquinone is likely due to their ability to form stronger interactions with cotton fa
hydrogen bonding and van der Waals forces [7]. Adding chitosan further enhanceg
by introducing functional groups (—OH, —NH>), which improve the binding of tRe
to the cotton matrix [45].

uptake, colour strength, and fastness, making it a versatile solution
While the technology provides notable energy savings and operationg
faster and more uniform heating, the high initial capital invest
to large-scale implementation [46]. Despite this, long-terig

ItieSn scaling the process for
industrial use, particularly for small-scale magfffaeg 48]. Furthermore, while the

electricity consumption and maintenance, diminish the anticipated energy
savings. Therefore, it is crucial to carcffly C economic feasibility of adopting
microwave-assisted dyeing on a large scaleNgonsNcie both initial and ongoing operational
costs [49].

CONCLUSION

The growing demand
study optimises micro
stem extract. The me
(RSM) with Boxise
natural dye sourdg

conditions radiant power, 7.10 min radiation time, and 0.80% chitosan
concentrgtiog. gthese tools to other botanical sources is recommended. Compared to
conventio A 5, microwave dyeing significantly reduces dyeing time. Chitosan as a bio-
mo c¥€0lour strength, and colour fastness, thus reducing environmental impact. A

n-treated cotton and microwave dyeing technique shall pave the way for
grogn dy Sy f natural dyes on cotton fabrics.
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NOMENCLATURE
Symbols
L* lightness
AE colour difference
w Watts
K/S colour strength
Y response of lightness and colour difference
X; and X; coded independent variables
A radiant power
B radiation time
C chitosan concentration
a* ranges from redness to greenness
b* ranges from yellowness to blueness
Abs absorbance
AB the interaction between the radigapgwer

and the radiation time of the @i ;
R? regression coefficients
p-value probability value
Greek letters

Bo, Bi, Bii, and Bij  regression coefficiQts
E the model edQr

Subscripts and supersc
ns 1M TTeRNC

Abbreviations
BSF oral Stem
DoE gy of Experiments
RSM sponse Surface Methodology
BB x-Behnken Design

CD Central Composite Design
ASNR-F Attenuated Total Reflectance-Fourier Transform Infrared
SE Scanning Electron Microscopy
ANOV Analysis of variance
Sig. significant
min minutes
Std. Dev. Standard Deviation
C.V. Coefficient of Variation
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molecule [50]. In Figure Al (a), the broad spect
cm ! indicates the —~OH stretching vibration of cQffq
evident around 2900 cm™!. There is a spect
wavenumber 1314 cm ~!. The complex a
the cotton's C—O-C stretching groups
functional group. In Figure Al (b),
NHo> groups of chitosan, with amig
is a characteristic absorbance b
C=0 stretching vibration cagiu

tes that cotton contains a cellulose
nd between 3500-3100 cm™! represents
appearing between 1650—1580 cm™!, which
osall, depending on the groups it connects [51]. The
absdiption band around 1646 cm™'. Furthermore, the
a broad spectrum at 3500-3100 cm! assignable to
NH2 and —OH groupgfin . 1641 cm™ corresponding to forming a C=N group
between the aldehydiSygrom chltosan There are peaks at wave numbers 1161 cm ! and
P64 cm! and 1031 cm™!, which are the peaks of the C—O—C
retching group respectively. This suggests successful binding
pn, affirming the effective coating of the cotton [42].
cfc obtained to observe the chemical properties. Figure A2 shows the
dyed cotton using conventional and microwave-assisted methods.

omposition of the fabric. This underscores another noteworthy benefit of microwave
radiation, as it preserves the fabric's chemical properties while offering energy, time, and cost
savings [20]. The distinctive peak associated with hydrogen bonding within the cellulose
structure of cotton fabric remains unchanged following microwave treatment lasting up to four
min. Infrared spectral analysis conducted on treated and non-treated cotton fabric reveals that
the peaks corresponding to —OH at 3300 cm™!, CH at 1200 cm ™!, and C=0 at 1075 cm™! exhibit
no alteration. The persistence of the characteristic hydroxyl linkage peak in the cellulosic fabric
suggests that the chemical composition remains unaffected by these rays, offering significant
advantages within the textile processing sector [52].
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The surface morphology of cotton fabrics was examn anning Electron
Microscopy (SEM). The sample was coated with a thin | M) to ensure proper

conductivity and reduce charging effects during SEM i
images with minimal distortion. Figure A3 presents

conditions, including untreated, treated with chig ill and

natural dye.

n Mgicroscope Images of (a) undyed cotton (b) chitosan-coated cotton

¢) chitosan coated-dyed cotton

yeing process use Box-Behnken Design
[oetion graph illustrating the main dependent variables (red dot) and the
or their responses (blue dot). The height's spot relative to the point is the

t ramp exhibits a uniform desired value (radiant power, radiation time, and
ncentration). A desirability achievement of 85.6% was attained under the specified
criteria when the cotton dyeing process employed a microwave with a radiant power of 554.12
W, aradiation duration of 7.10 min, and a chitosan concentration of 0.80%, yielding the lowest
lightness (62.04) and the highest colour difference (35.36).

I I N A

100 800 1 12 05 1

ARadiant Power = 554.122 B:Radiation Time = 7.1023 C:Chitosan Concentration = 0.799691
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6031 722 26.0586 367346

Lightness = 620373 delta E = 35.3571

Figure A4. Desirability ramps for optimisation variable—the optimal values of the design
variables (red points—optimal dependent variables values; blue points—optimal responses the
predicted values)

Colourfastness properties of dyed cotton

Table Al. The colourfastness properties to wash

Samples Greyscale Before

Conventional dyeing 1-2

Microwave dyeing

Conventional dyeing with chitosan-
coated

Microwave dyeing with chitosa
coated

Mic e dyeing

Conventional dyeing with chitosan-
coated

Microwave dyeing with chitosan-
coated
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Note. 4-5 (good to excellent)

Table A3. The colourfastness properties of perspiration

Samples Greyscale Before After
Conventional dyeing 2
Microwave dyeing 2

Conventional dyeing with chitosan-
coated

Microwave dyeing with chitosan-
coated

Note. 2 (poor), 4-5 (good to excellent)
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