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Evaluation of Dye Uptake and Fastness in Degummed Banana Fibre Across Different Dye Concentrations

ABSTRACT
Banana fibre, a natural and biodegradable material derived from pseudostem of the plant, has gained growing attention in the textile industry due to its strength, availability, and environmental advantages. However, its lignocellulosic structure requires systematic evaluation to understand its interaction with various dyeing conditions. This study focuses on the dyeing behavior of banana fibre using three different colour applied at three concentration levels, with the aim of assessing key colouration parameters relevant to textile performance and sustainability. The fibre was dyed with three red, blue and yellow each applied at 1%, 2% and 3%concentrations to examine how varying dye levels influence fibre–dye interactions. The samples treated were then subjected to standard tests for light fastness, wash fastness, and colour value. The L*, a*, b* and ΔE* value measurements were undertaken to quantify dye uptake and visual colour intensity, enabling an understanding of shade development across concentrations. The study highlights the potential of banana fibre as a viable alternative textile material, capable of achieving satisfactory colouration properties while supporting sustainable material development. 
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1. INTRODUCTION
Banana pseudostem, traditionally regarded as an agricultural waste by-product following bunch harvest, has recently emerged as a promising source of sustainable cellulosic fibre for textile and allied applications. Its fibre composition comprises cellulose (50–60%), hemicellulose (15–30%), lignin (12–18%), pectin (10–15%), waxes (3–5%) and other water-soluble components. It also confers unique physicochemical properties, including strong moisture absorption, low elongation, and light weight (Balda et al., 2021). Owing to its fineness and good spinnability, banana fibre is increasingly viewed as a viable substitute for conventional plant fibres, positioning it as a key candidate for green technological advancement within the textile sector (Balakrishnan et al., 2019). However, the high content of non-cellulosic gummy materials such as lignin, hemicellulose, pectin, and waxes necessitates an efficient degumming process to render the stiff raw fibres suitable for yarn formation and fabric production.
 Conventional degumming relies heavily on chemical treatments involving alkalis or acids, which despite their effectiveness, pose environmental and operational challenges. Consequently, recent research has shifted toward eco-friendly degumming approaches employing enzymatic treatments, microbial processing, ultrasonic irradiation, microwave-assisted methods and steam explosion techniques (Sheng et al., 2024; Bruhlmann et al., 2000). These emerging green technologies offer the potential to enhance fibre quality while reducing environmental impact, thereby supporting the development of sustainable value-added products from banana pseudostem biomass. 
Among the degumming techniques, enzymatic degumming offers an effective and environmentally sustainable approach for converting banana pseudostem fibres into textile-grade material. Owing to their substrate specificity, enzymes such as pectinases, hemicellulase, and lignin-degrading oxidoreductases selectively hydrolyse non-cellulosic components primarily pectin, hemicellulose, and lignin while preserving the structural integrity of the cellulose fraction (Kaur et al., 2020). The targeted action facilitates the controlled removal of gummy substances responsible for fibre stiffness, thereby enhancing fibre softness, fineness, flexibility, and spinnability (Chattopadhyay et al., 2020).
Degummed banana fibre exhibits improved dye fixation primarily because the removal of non-cellulosic portion and other surface impurities exposes more accessible cellulose hydroxyl groups. This cleaner and more porous fibre surface enhances dye penetration and increases the number of active binding sites, allowing dyes to interact more effectively with the cellulose structure and resulting in deeper, more uniform, and durable coloration (Ortega et al., 2016). Cellulosic fibres such as banana fibre are composed of microfibrils embedded within an amorphous matrix, with their strength and rigidity arising from hydrogen bonding and various intermolecular linkages. Despite this structural complexity, limited research has explored the dyeing performance of banana fibres following the degumming process.
Recent researches on banana fibre has largely concentrated on evaluating its mechanical behaviour, chemical composition, surface morphology, moisture-related characteristics, and processing performance for providing a strong foundation for its consideration as an eco-friendly alternative to conventional textile fibres (Khan et al.,2022; Balakrishnan et al.,2020). However, despite these advancements, research on the dyeing performance of degummed banana fibre remains limited, particularly in relation to how its unique structural and chemical properties influence colour uptake and fastness behaviour (Repon et al., 2017). To address this gap, the present study aims to assess the suitability of banana fibre for conventional dyeing processes by examining its tensile characteristics, the influence of varying dye concentrations on colour development using CIELAB colourimetric parameters, and the resulting washing fastness properties. Through this evaluation, the study seeks to provide a deeper understanding of the dye–fibre interaction in banana fibre and support its integration into value-added textile applications.

2. MATERIALS AND METHODS
Extraction of banana fibre 
The fibre from Grand Naine varieties was extracted using mechanical banana pseudostem fibre extractor. The pseudostem was collected from farmers field and the sheath layers were separated, and fed into the extractor. The extracted fibre was combed for removing the adhered debris and entangled fibre. The presence of non-cellulosic and gummy constituents causes the fibre to become stiff and impart a yellowish colouration. Hence degumming was necessary to remove non-cellulosic part that impair fibre flexibility, appearance, and overall processing performance.
Degumming of raw fibre 
 In the degumming process, the enzyme combination of laccase and hemicellulase were employed. The raw fibre was cut into 40-60cm long strands and immersed in the enzyme solution at a 1:25 w/v ratio, maintained at 50 °C in an orbital shaker for 2 hours. After incubation, the supernatant was carefully removed, and the fibres were then air-dried at room temperature (Paramasivam et al., 2022). The fibre became noticeably whiter because of enzymatic action, thereby eliminating the need for a separate bleaching step (Mushtaq et al., 2024). The fibre was dyed further using organic dyes.  
Dyeing 
The degummed samples were dyed with three standard colors (red, blue and yellow) each in different concentrations (1%, 2% and 3%). The enzymatically degummed fibres were dyed by immersion in the dye solution at a liquor-to-fibre ratio of 30:1 (v/w). Sodium chloride (10 g/L) was added as a mordant to promote dye uptake and soda ash 2g/l as dye fixative. The dyeing process was carried out at 80 °C at apH of 7–8, with the mixture maintained at boiling conditions for 30 minutes to ensure uniform colour uptake. After dyeing, the fibres were thoroughly washed using mild detergents to remove any unfixed dye and surface residues.
Tensile properties of banana fibre 
The tensile properties such as tenacity and mean breaking strength of fibre were determined using TA XT Plus texture analyser (stable micro systems, UK) following the ASTM D3822-01(Paramasivam et al., 2022). The diameter of the banana fibre was determined using a micrometer screw gauge following a standardized measurement protocol. The linear density (Tex) of the fibre was measured using the ASTM D 1577 test method (Zwane and Cloud, 2006). A definite number of fibres were cut to a standard length and weighed. The fibre linear density within a bundle was determined from the length and mass measurements of both the dyed and degummed fibre bundles. Since neither the dye colour nor the dye concentration had any significant effect on the tensile properties of the dyed fibre, a comparison was made between the dyed samples and the degummed fibre.
Colour value of dyed banana fibre 
The colour coordinates of the dyed banana fibres were measured using a reflectance spectrophotometer. Fibre samples were prepared in a uniform layer to ensure consistent surface coverage during measurement. The instrument was calibrated with a standard white reference tile prior to testing. Each sample was scanned under a D65 standard illuminant and 10° observer angle, following the CIE colour measurement guidelines (Chakraborty and Pal, 2024). The spectrophotometer recorded the L*, a*, and b* values, where L* represents lightness, a* indicates the red–green axis, and b* denotes the yellow–blue axis. From these values, chroma (C*) and hue angle (h*) were calculated.
Colour light fastness of dyed banana fibre
The colour lighting fastness of the dyed banana fibre were evaluated using an Atlas Xenotest 150S+ in accordance with ISO 105-B02:2014 standards. Specimens were mounted in designated rectangular holders and continuously rotated around a Xenon arc lamp, which served as the artificial light source. Test parameters were set at an irradiance of 42 W/m², chamber temperature of 35 °C, black standard temperature of 48 °C, and relative humidity of 40%. Following exposure, the extent of colour change in the test samples was assessed against the blue wool reference standards on a scale of 1 to 8, where a rating of 8 signifies excellent resistance to fading.

Washing fastness of dyed banana fibre 
 Washing fastness was evaluated for all samples using a multifibre fabric in accordance with the ISO 105 C06 method. During the test, the dyed sample is attached to a multifibre fabric, washed under specified conditions, and then assessed for colour change on the sample and staining on each fibre type in the multifibre strip (Brahma and Arju, 2022). The results provide a reliable indication of how well the dye is fixed to the fibre and how the material is likely to behave during routine laundering. Overall, ISO 105 C06 ensured a consistent and reproducible evaluation of wash fastness across different textile materials and dyeing treatments.

3. RESULTS AND DISCUSSION 
3.1 Tensile behaviour of degummed and dyed natural fibre
The diameter and linear density (Tex) of the fibre are given in Figure 1. The diameter increased from 0.03 mm in the degummed state to 0.06 mm after dyeing. This increase was attributed to swelling of the fibre during the dyeing process, as water and dye molecules penetrated the cellulosic structure, causing expansion (Balakrishnan et al., 2019). The degumming process removed non-cellulosic and gummy substances, which reduced fibre stiffness and loosened the structure, making it more receptive to dye absorption. Consequently, the combined effects of structural loosening due to degumming and dye uptake during dyeing resulted in a noticeable increase in fibre diameter, indicating enhanced hydration and effective dye penetration.


Fig 1. Comparison between (a) diameter (mm) and (b) mean breking strength of banana fibre before and after dyeing

The breaking strength of the fibre decreased from 220.79gF in the degummed state to 156.94gF after dyeing. This reduction was attributed to the chemical and thermal stresses imposed during the dyeing process. Exposure to elevated temperatures, moisture, and dyeing auxiliaries likely to have disrupted the hydrogen bonding and partially weakened the cellulose microfibrils, leading to reduced structural integrity (Kiruthika and Veluraja 2009). Although degumming removed non-cellulosic and gummy substances and initially increased fibre flexibility, the subsequent dyeing process imposed mechanical and chemical stresses that diminished the load-bearing capacity of fibre. These results indicated that, while dyeing successfully imparted colour to the fibres, it had a compromising effect on their mechanical strength. Despite the reduction in breaking strength following dyeing, values were within the required limits, indicating that the mechanical performance remained make it suitable for its intended uses.
Simultaneously there is was slight reduction in linear density of degummed fibre from 18.42tex to 17.7 tex, whereas the tenacity of fibre was found to increase from 9.7cN/Tex to 10.7cN/Tex (Figure 2). The decrease in linear density (tex) after dyeing effectively concentrated on the load-bearing capacity of the fibre, resulting in an increase in tenacity, even if the absolute breaking strength decreased (Manilal & Sony, 2011). Finer fibres, characterized by lower linear density, exhibited a higher surface area-to-mass ratio, which facilitated more effective dye penetration and resulted in more uniform colour development across the fibre. This also contributed to a softer and smoother fabric hand, which is desirable for textile applications.
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Fig 2. Bar chart representing the linear density (tex) and tenacity (cN/tex) of banana fibre

3.2 Comparison of colour parameters of dyed banana fibre 
The colour characteristics of banana fibres dyed with red, blue, and yellow dyes were evaluated using the CIELAB system (Table1). The hue angle (h*) of the dyed banana fibre showed a concentration-dependent change for all three dye colours. For red-dyed fibres, h* values increased slightly with higher dye concentration, indicating a shift toward a warmer, more intense red tone (Raza et al., 2017). The h* value was 18.01 for fibre with 1% red dye and 36.36 for 3% dye concentration. In the case of blue-dyed fibre, the h* values found increased, reflecting a subtle movement toward a lighter or less greenish-blue hue. For yellow-dyed banana fibres, the hue angle (h*) remained largely consistent across different dye concentrations. This stability can be attributed to the inherent nature of yellow dyes, which primarily enhanced the lightness or chroma of the fibre without significantly altering the basic hue. As a result, while the depth of the yellow colour increased with higher dye uptake, the overall hue position on the colour spectrum remained essentially unchanged, indicating that the perceived shade of yellow was preserved despite variations in dye concentration.
For red-dyed fibres, the a* values increased with higher dye concentration, indicating a stronger red tone, while L* decreased slightly, reflecting a deeper shade, and b* remained relatively stable. In blue-dyed fibres, increasing dye concentration led to more negative b* values, showing enhanced blueness, with a slight decrease in L* and minimal change in a*. For yellow-dyed fibres, b* values increased with concentration, reflecting a brighter yellow, whereas L* and a* remained largely unchanged, indicating that the lightness and red–green component was stable. The observations demonstrated that increasing dye concentration primarily intensified the chromatic component of each colour while producing minor shifts in lightness and hue, depending on the dye type (Canbolat et al., 2015).
The overall colour difference (ΔE*) of the dyed banana fibres was calculated with respect to the degummed fibre to quantify the perceptible change resulting from dyeing (Samanta et al., 2023). The increased ΔE* measurements quantitatively confirmed the effectiveness of dye uptake and the influence of dye concentration on the visual appearance of the dyed fibres.

Table 1. Colorimetric values of dyed banana fibre
	Dye
	Concentration
	h
	C*
	L*
	a*
	b*
	ΔE

	Blue
	1%
	211.00
	21.92
	37.17
	-20.00
	-8.06
	49.79

	
	2%
	201.00
	26.19
	31.39
	-22.00
	-13.87
	49.61

	
	3%
	223.00
	24.64
	31.52
	-17.00
	-16.88
	53.10

	Red
	1%
	18.01
	41.92
	40.17
	28.00
	24.85
	41.75

	
	2%
	21.61
	42.72
	36.36
	33.00
	15.74
	47.81

	
	3%
	36.35
	49.62
	24.28
	39.00
	9.15
	50.73

	Yellow
	1%
	80.43
	50.78
	65.72
	3.39
	52.20
	33.23

	
	2%
	80.45
	55.01
	61.88
	6.60
	55.27
	42.20

	
	3%
	80.46
	57.70
	56.01
	9.58
	56.90
	43.30


L*: the lightness; a*: green/red; b*: blue/yellow; C*: chroma; h*: hue angle.

3.3 Assessment of lighting and washing fastness of dyed banana fibre
The dyed banana fibre exhibited a light fastness rating of 5-6 (Table 2), indicating good resistance to colour fading upon exposure to light and demonstrating satisfactory stability of the dye–fibre interaction (Michael. 2016). In contrast, the washing fastness rating was 3-4, suggesting moderate resistance to colour loss during laundering. This rating implies that although the dye adhered reasonably well to the fibre, some dye molecules were not fully fixed and were susceptible to removal under washing conditions (Islam et al., 2019). Overall, the fibres showed good light stability but only fair wash durability

Table 2 Light fastness and washing fastness details od dyed banana fibre
	Sample
	Light fastness (1 – 8)
	Washing fastness
(0-5)

	Y1
	5
	4

	Y2
	5-6
	4

	Y3
	5-6
	3

	R1
	5-6
	3

	R2
	5
	3-4

	R3
	5-6
	3

	B1
	5
	4

	B2
	5-6
	3

	B3
	5
	3






4. CONCLUSION
The present study demonstrated that degumming and dyeing significantly influenced the physical, mechanical, and colour properties of banana fibre. Degumming effectively removed non-cellulosic and gummy substances, improving fibre cleanliness and enabling better dye penetration. Dyeing resulted in measurable changes in fibre characteristics, including an increase in diameter and a slight reduction in linear density, while the breaking strength decreased yet remained within the acceptable range for textile applications. Colour evaluation through L*, a*, b* and ΔE* values confirmed the successful development of distinct shades for red, blue, and yellow dyes, with variations based on dye concentration. Fastness testing revealed good light fastness and moderate wash fastness, indicating reasonable colour durability. Overall, the combined treatment processes enhanced the visual quality of the fibres while maintaining functional performance, supporting the suitability of banana fibre as a sustainable material for coloured textile products.
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